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Many gas wells suffer a loss in productivity due to liquid accumulation in the near 

wellbore region. This problem starts as the flowing bottom hole pressure drops below the 

dew point in wells producing from gas condensate reservoirs. Chemical stimulation may 

be used as a remedy, by altering the wettability to non-liquid wetting. Successful 

treatments decrease liquid trapping, increase fluids mobility, and improve the well’s 

deliverability. The main focus in this research was to develop an effective chemical 

treatment to mitigate liquid blocking in gas wells producing from carbonate reservoirs. In 

the initial stages, screening tests were developed to quickly and effectively identify 

suitable chemicals from a large pool of compounds. X-ray Photoelectron Spectroscopy 

(XPS) measurements, drop imbibition tests, and contact angle measurements with water 

and n-decane were found to be necessary but not sufficient indicators of the effectiveness 

of the chemicals and were used as screening tools.  
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An integral part of the development of the treatment solution was the selection of 

a solvent mixture capable of delivering the fluorinated chemical to the rock surface. The 

treatment solution, mixture of chemical dissolved in solvent, must be stable in the 

presence of both brine and condensate so that it will not precipitate and will not reduce 

permeability of the rock. Through phase behavior studies the compatibility of the 

treatment solution and in-situ brines were investigated to reduce the risk of failure in the 

coreflood experiments. The measured relative permeability values in Texas Cream 

Limestone and Silurian Dolomite cores are demonstrate from high-pressure, high-

temperature coreflood experiments before and after treatment. Measurements were made 

using a pseudo-steady-state method with synthetic gas-condensate mixtures. To enhance 

the durability of the treatment a special amine primer is introduced.  
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 1 

Chapter 1: Introduction 

 

Energy was one of the most important supporters in the course of advancement in 

different branches of science and technology in the recent developments of the human 

civilization. Back to 1950s all of the energy was supplied by fossil fuels, such as coal, 

crude oil, and natural gas. With the advancement in the technology, new sources of 

energy have been discovered by human although a very small fraction of the total 

demand is currently supplied in these new forms. Meanwhile as the population and 

consequently the demand increased, the supply in all forms increased to keep up with the 

needs. Since half a century ago, primary energy supply either as fossil energy, or non-

fossil energies such as hydro, biomass, and nuclear, and other renewable forms such as 

wind and solar have had an increasing trend.  Fossil energies have been on the top of the 

sources list although there have been changes in their share from time to time. This top 

place for fossil energy will remain until competitive replacements which are expected to 

be storable, transportable, renewable, and especially economically viable show up.  The 

evolution and large-scale production of new energy resources may take more than a 

century to happen. Now and until then fossil energies, oil and natural gas along with coal, 

are the cheapest and most reliable resources. In terms of cleanliness fossil fuels could be 

ranked as natural gas, first rank, oil, as a second and coal as the one with the highest 

carbon content therefore the least clean one.  

Because of insufficient production in the countries with more demand, 

hydrocarbons have always been transported from some parts to the other parts of the 

words. Oil has been the most popular energy may be due to easier production in the 

initial stages, compared to coal, and also ease of transportation, compared to natural gas. 

However, recently as the energy demand goes up natural gas, compared to coal, is 
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gaining more attention than before and is going to take an increasing percentage of the 

role already played by oil. This could be mainly due to decrease in the world oil 

resources and the fact that natural gas is cleaner and recently more percentage of 

produced gas is converted to liquid which makes it much easier to be transported all 

around the glob. Table 1-1 is the projected energy supply published by OPEC in 2009 

which shows some decrease in the oil and increase in the gas share though oil will remain 

as the leading. The projection made by OPEC was based on the oil price of 70-80 $/b. 

Even though market has been witnessing a volatile environment for the oil price in recent 

years but the trend for the importance level of each energy type is less likely to change.  

Figure 1-1 depicts the numerical values predicted by OPEC.  

There is another difference between natural gas and crude oil in terms of how 

easily the former is producible. In general natural gas in conventional accumulations 

needs less effort to be produced, compared to oil, and especially in the case of dry gases 

high recoveries can be achieved at high production rates simply by natural fluid 

expansion. Low viscosity and density as well as less interaction with the reservoir rock, 

being non-wetting, are among the reasons. But the trouble free production of gas is not 

always the case. Let's take a closer look at two common problems in the course of 

production in gas wells to highlight the motivation behind this PhD research. 

Multiphase flow in porous media is quantified by the effective or relative 

permeability of the flowing phases. The relative permeability of each phase is strongly 

dominated by the presence of other phases even if they are at immobile saturations. In gas 

condensate fluids, once the pressure falls below the dew point pressure, a liquid phase, 

called condensate, starts to form. Producing wells, which act as pressure sinks, are the 

first spots where condensate formation begins in the reservoir. The saturation of this 

phase increases near the wellbore as more gas is produced and more liquid drops out of 
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the flowing gas phase.  The condensate bank grows as production time increases and the 

reservoir is further depleted. This liquid phase is retained in the pores by capillary forces 

and does not flow until its saturation reaches a critical value. After this point it starts 

flowing along with the gas to the wellbore. The presence of condensate causes a 

significant decrease in the gas relative permeability. This has been accepted as the main 

reason for rapid decline in the well productivity and is supported by the field data 

[Afidick et. al. 1994 and Engineer 1985]. 

Gas production can be also impaired because of presence of high water saturation 

near the wellbore. This high water saturation around the wellbore caused by loss of 

water-based fluids during drilling, completion and work-over operations also has been 

implicated in the reduction in gas well deliverability [Cimolal et. al. 1993, Kamath and 

Laroche, 2000]. Loss of aqueous fluids during these operations causes a high liquid 

saturation around the wellbore to buildup. This water bank is retained by capillary forces 

similar to the condensate phase, and reduces the relative permeability to gas. This 

phenomenon and the resulting reduction of gas flow into the well are called 

waterblocking. The reduction if well productivity is more severe in low permeability 

rocks where capillary forces are significant and also in low pressure gas reservoirs where 

drawdowns are small and therefore the pressure gradients around the wellbore are lower.  

Different techniques have been proposed to either delay banking of condensate or 

to temporarily remove the condensate bank. These include hydraulic fracturing, drilling 

horizontal wells, pressure maintenance, “Huff ‘n’ Puff” gas injection, and methanol 

treatment (please see the literature review section for references)..These methods are not 

feasible everywhere because of cost or safety concerns.  

Water blocking can be reduced by either reducing the capillary forces with 

surface active agents or by accelerating the rate of evaporation or both.  Alcohols such as 
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methanol and isopropanol have been used to increase the rate of water evaporation. 

However, in some cases gas has to flow in the presence of high water saturation as in 

watered out wells. In this case, similar to condensate blocking, the approaches mentioned 

above are not effective. A permanent solution should increase the mobility of water and 

reduce its saturation in the near wellbore region. This reduced liquid saturation increases 

the gas relative permeability, the well productivity, and eventually facilitates the recovery 

rate.  

 

1-1: OBJECTIVE OF THIS RESEARCH 

The objective of this research was to identify and evaluate chemicals capable to 

increase the gas and condensate relative permeability in carbonate formations.  This 

objective is sought by changing the rock surface wettability from liquid wetting to neutral 

wetting. Chemical treatment has been proven to be effective in reducing the impairment 

due to both condensate and water blocking in numerous sandstone coreflood experiments 

(Bang 2007, Bang et al. 2008, Baran et al. 2007), but for carbonates no successful 

treatment has been reported by the time this research was initiated.  

 

1-2: CHAPTERS SUMMARY 

The outcome of this study is organized in the following chapters. Chapter Two 

presents a review of literature most relevant to the research. The topics related to gas 

condensate reservoirs is broad; however, the focus has been directed toward the subjects 

related to this particular research. The materials in this chapter are also presented under 

different subsections although they are somehow related and affect the well performance. 

Chapter Three deals with the experimental setup, the description of different equipments 
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used, the procedures and calculations as well as data recording and analysis. During 

coreflood experiments three synthetic mixtures were used to make gas condensate. The 

composition and other properties of these fluids are provided at the end of this chapter. In 

Chapter Four the methodology develop to screen the chemicals including solubility, 

stability, and compatibility tests; X-ray Photoelectron Spectroscopy (XPS); contact angle; 

and drop imbibition are explained. Typical results for XPS and drop imbibition is 

provided. The results for all solubility and compatibility between brine and either 

treatment or preflush are tabulated in this chapter. Chapter Five presents the coreflood 

results from experiments conducted using a fluorochemical successfully passed all the 

screening tests, an Epoxide. The application of an amine primer is presented which was 

used to enhance the durability of epoxide treatment. We did not extend the application of 

this chemical treatment beyond few preliminary experiments due to environmental issues 

with the chemical that was used. Therefore, the focus of all the subsequent efforts was 

turned to environmental-friendly chemicals synthesized by 3M Company. The results 

from corefloods using 3M chemicals are explained in Chapter Six.  The effectiveness of 

these chemicals as a remedy for both condensate and water blocking were evaluated in 

both Texas Cream Limestone and Silurian Dolomite cores at temperatures up to 275 oF. 

Chapter Seven concludes the findings of this research and provides the recommendation 

for future work. Appendix A provides the results of all coreflood experiments conducted 

during this research.  
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Table 1-1: World supply of primary energy - OPEC World Oil Outlook 2009. 
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Figure 1-1: World supply of energy by fuel type - OPEC World Oil Outlook 2009. 

 

Figure 1-2: Natural Gas Reserves, 2007 (Top 10 Countries).BP Statistical Review of 
World Energy, 2009. 
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Figure 1-3: Natural gas demand, (Top 10 Countries).BP Statistical Review of World 
Energy, 2009. 
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Chapter 2: Review of Relevant Literature 

 

In this chapter a review of the materials in the literature more pertinent to the 

topic is given. The subject of gas condensate reservoirs is broad. The focus of this review 

is; phase behavior of gas condensate, flow in porous media, production problems 

associated with condensation in the near wellbore region, and the solutions proposed to 

lessen the effects of liquid blocking in gas wells.  For clarification, this chapter is 

organized under few subtitles so that materials can be presented in a stand-alone fashion 

although complete separation seems almost impossible.    

 

2.1 PHASE BEHAVIOR  

Kokal et al. (2000) reported results from experiments comparing the phase 

behavior of a real gas condensate fluid after contacting it with water and brine. The brine 

had high salinity of more than 200,000 ppm.  Results showed that changes in dew point 

pressure and liquid drop out were not significant when the gas was contacted with brine.  

Analysis of dissolved gas in the water showed that carbon dioxide and methane had high 

solubilities when compared to the other compounds. The other components had relatively 

low solubilities. The gas to water ratio at 1000 psi and 260 oF were 31 and 12.6 scf/bbl 

for water and brine, respectively.  They concluded that the presence of brine reduced the 

solubility of both gas in water and water in gas.  

Shapiro et al. (2000) studied the effect of porous media on phase behavior of five 

condensate fluids with different degree of richness. The common specific characteristic 

of all the fluids was high carbon dioxide content, 15%.  The porous medium used was a 

ten-meter long coiled sandpack with porosity of 32% and permeability of around 60 md. 

They observed some differences in the composition of produced fluids during CVD 
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conducted in the presence and absence of porous medium. They have done some 

numerical phase behavior study and included the effect of capillary pressure in the 

calculations. Including the capillary pressure in the numerical model did not lead to 

match the experimental results derived in the presence of porous media. They concluded 

that the non-equilibrium effects in porous media caused the results to be different in the 

two cases. 

Ayyalasomayajula et al. (2002) investigated the phase behavior of a system 

composed of a synthetic hydrocarbon, methanol, and water at 145 oF. They used Peng-

Robinson (PR) and Statistical Associated Fluid Theory (SAFT) Equation of States.  The 

main focus was to investigate the effect of polar compounds, methanol/water, on phase 

behavior of gas condensate mixtures.  They observed that as the methanol-hydrocarbon 

ratio increased the mixtures showed a transition from a dew-point to a bubble-point fluid 

type. As temperature increased, this transition occurred at higher methanol 

concentrations. Binary interaction coefficients between methanol-water/hydrocarbon 

were used to match the experimental data with the EOS predictions.  Their conclusion 

was that when water was present, the SAFT model resulted in a better match of 

experimental data than did the PR EOS.  

Bang et al. (2006) conducted a series of phase behavior measurements on 

mixtures of synthetic hydrocarbon-water-alcohol mixtures. Measurements were reported 

over a wide range of compositions at various temperatures up to 300 oF.  They found that 

water alone, has a minor effect on the phase behavior of a hydrocarbon mixture. The 

effect of methanol on the phase behavior of a hydrocarbon-water mixture was, however, 

significant.  They found that methanol, prefers the aqueous phase, while isopropyl 

alcohol prefers the oil phase.  They were able to match the experimental data using PR 
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EOS by tuning the binary interaction coefficients and appropriate use of temperature-

dependent volume shifts. 

 

2.2 THE PROBLEM OF CONDENSATE BANKING 

Although the topic of gas condensate fluid is familiar to most in petroleum field, 

to refresh the reader's mind a short abstract may be beneficial here. A single-phase 

hydrocarbon mixture that exhibits a dew point upon reduction in pressure at constant 

temperature is a retrograde fluid. A simpler definition of this fluid is possible using a P-T 

diagram which depends on the composition only. Gas condensate refers to those fluids in 

a reservoir having a temperature between the critical temperature and the cricondentherm 

of the phase envelope.  For this type of reservoir, as long as the pressure is above the dew 

point pressure the fluid will be single-phase.  Therefore in the early production life of the 

well the performance is similar to any other gas well, both dry and wet, until the bottom 

hole flowing pressure falls below the dew point pressure. Below this pressure, a liquid 

phase, called condensate, starts coming out of the flowing gas phase. This phenomenon 

first happens in the near wellbore region where the producing gas experiences the 

minimum pressure during its journey from heart of the reservoir to the wellbore. This 

liquid phase is retained in the pores by capillary forces. As the production continues and 

more gas flows by the well, the saturation of the liquid increases and forms a 

condensation zone, a ring, around the wellbore. The radius of this ring grows outward as 

more gas is produced. The liquid in the ring does not flow until its saturation reaches a 

critical value. This critical value depends on the properties of both rock and fluids. The 

condensate phase, regardless of it saturation, will occupy a fraction of the pore space 

which was previously available to gas flow. The presence of condensate causes the gas 



 12 

relative permeability to drop in the condensation zone, hence, reducing the well 

deliverability. Another drawback of condensation is losing of a considerable percentage 

of the valuable condensate in the reservoir upon depletion.  The recovery of condensed 

liquid can be increased by injecting or recycling dry gas to evaporate the condensate 

which is not the topic of this research.  

The problem associated with condensate accumulation has been documented in 

the literature. Here two of these field examples will be briefly discussed. Accumulation 

of condensate liquid in the near wellbore region, in Arun Field, Indonesia, (Afidick et al., 

1994), caused significant loss in productivity, 50% reduction, although maximum liquid 

dropout for the fluid in this reservoir was only around 1%. Investigation of gas relative 

permeability at measured critical liquid saturation and also a plot of productivity index of 

producing wells versus average reservoir pressure demonstrated that condensate 

accumulation restricted the gas flow near the wellbore. A single-well, single layer, radial, 

compositional model was able to capture the effect of liquid accumulation on pressure 

transient behavior of a model well and was shown to be the reason for rapid decline in 

productivity.  

Reduction in gas relative permeability due to accumulation of condensate and, 

water and severe to moderate liquid loading caused a poor primary recovery in Cal Canal 

Filed in California (Engineer, 1985). The rich gas condensate reservoir, 280 bbl/MMSCF, 

was producing from a tight sand formation with average porosity of 12%, permeability of 

0.01 to 0.1 md, and initial water saturation of about 60%. Very limited success was 

achieved after acidizing in an attempt to increase productivity.  A pressure drawdown test 

was conducted on one of the wells when the average reservoir pressure was above the 

fluid dew point pressure.  Analysis revealed a drastic decline in gas transmissibility, 

change in calculated skin factor from negative to positive, and finally a sharp increase in 
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production rate followed by rapid decline to a much lower rate.  These results were 

believed to be attributed to accumulation of condensate and/or non-Darcy flow effects.  

Many investigators have tried to study the performance of gas condensate 

reservoirs and understand the effects of condensate blocking using numerical models. 

Hinchman and Barree (1985) used a one dimensional compositional radial model to 

investigate the effect of fluid composition and relative permeability on loss of 

productivity due to condensate accumulation. In their study, they examined the effect of 

liquid dropout of a lean and a rich fluid. They found that rich fluids and also gas 

condensate fluids with high viscous liquid dropout had higher stabilized condensate 

saturation around the wellbore which results in severe impairment in well productivity.  

They found that relative permeability is the most influential parameter on well 

productivity prediction.  

Aziz (1985) introduced a projection model to forecast the deliverability in over–

pressured gas condensate reservoirs. His model took into account the reduction in 

effective permeability to gas due to two phenomena: first, increase in overburden 

pressure because of depletion, and second, increase in condensate liquid saturation, in 

near wellbore region when the pressure falls below the dew point pressure. This model 

included three different pressure regimes covering the depletion path of a gas condensate 

reservoir: first, the flowing BHP and average reservoir pressure are both above dew point 

pressure; second, well is flowing at a pressure below dew point while average reservoir 

pressure is still above saturation pressure; and finally, when pressure is below dew point 

pressure everywhere in the reservoir. His model showed a drastic reduction in well 

deliverability as soon as the well produced with a BHP less than dew point pressure. 

Barnum et al. (1995) used a finely gridded radial simulation model to better 

understand the well productivity loss when a gas condensate reservoir is depleted. They 
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used a Corey relative permeability model and matched the pressure and production 

history of two wells, one in a clastic reservoir and one in a carbonate, with 4 and 2 md 

permeabilities and 6.8 and 17.4% maximum liquid drop out in CVD tests, respectively. 

For the first case, they assumed 30% critical condensate saturation. They picked this 

value from published data in literature for core samples with a similar permeability to the 

reservoirs they were studying. For the second case, they changed the exponents in 

relative permeability model based of the authors experience with other carbonate 

reservoirs. They had to use critical condensate saturation of 10% to match the production 

history of the well in carbonate reservoir. They attributed this to stripping of liquid due to 

high velocity, fundamentally difference in relative permeability in clastic and carbonate 

reservoirs, and or due to altered phase behavior because of high CO2 and H2S content in 

condensate fluid which may change the IFT to a level to change the relative permeability. 

Simulation results from their study showed significant loss in gas final recovery because 

of liquid condensation for reservoirs with permeability-thickness below 1000 md-ft.  

Some gas condensate reservoirs are exploited having a relatively strong water 

drive. For such reservoirs final recovery depends on the residual hydrocarbon saturation 

after water displacement. Eldon and Pockett (1990) conducted some experiments using 

real reservoir fluids to measure critical condensate saturation and trapped hydrocarbon 

saturation after waterflood. For natural depletion, no water drive, they did not observe 

flow of condensate with saturations as high as 15%. For the water flooded case, they 

observed residual waterflooded hydrocarbon saturation as high as 50%.   
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2.3 DELAY OR REDUCE THE EFFECT OF CONDENSATE BANKING 

Several techniques have been proposed to either delay condensation or increase 

the deliverability of gas condensate wells after the initial decline due to condensate 

accumulation in the near wellbore region. The main purpose of these techniques is to 

either reduce the saturation of the condensate already built up near the wellbore or to 

bring a larger area of the formation into contact with the production well so that higher 

production rate can be achieved from a given pressure drawdown. The latter was the case 

with the hydraulic fracturing of the wells which is not discussed further. However, two 

techniques proposed to evaporate of near wellbore liquid are addressed.  

Al-Wadhahi et al. (2007) documented the application of “Huff ‘n Puff” injection 

to revaporize the condensate liquid from near wellbore region. This technique was used 

in Saih Rawl Filed in Oman, where a lean gas cross flowed from a highly pressurized 

bottom layer to a nearly depleted rich gas zone during shut-in. The well was then put on 

commingled production. They found the proper tailoring of each cycle duration as a key 

to get the most advantage out of this technique especially in layered systems where each 

layer takes a fraction of injection gas proportional to its permeability-thickness product. 

Al-Anazi et al. (2003) investigated the possibility of methanol treatment to 

remove the damage due to both water and condensate blockage in a producing well in 

Hatter’s Pond Field. They performed coreflood tests to ensure that injected methanol did 

not cause damage to the formation due to salt precipitation. Field production data after 

methanol treatment showed a 100% increase in the gas and condensate production for a 

period of four months and still 50% higher production compared to pre-treatment 

thereafter. Analysis of pressure transient tests before and after treatment showed a change 

in total skin from 0.68 to -1.9. 
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Jamaludin et al. (2001) used phase behavior studies to investigate the possibility 

of using propane and carbon dioxide as vaporizers of condensate liquid. They found that 

propane was a better candidate then carbon dioxide under the conditions they examined. 

 

2.4 NON-DARCY EFFECTS IN GAS FLOW 

The flow of Newtonian fluids in porous media is governed by Darcy's equation 

which relates the flux to the pressure gradient, viscosity of fluid, and the permeability of 

porous medium. In multi-phase flow, the definition and use of relative permeability 

makes it still possible to use the Darcy equation. The Darcy equation is reliable under 

very low flow rates where inertia effects are not present or are negligible. This kind of 

flow is called laminar or viscous flow. In the case of high flow rates, e.g., in the vicinity 

of producing gas wells, the flow might not be laminar. If so, the pressure drop is not 

proportional to the flux as is predicted by Darcy's equation. Forchheimer in 1901 

proposed the addition of another term to Darcy's equation to take into account the extra 

pressure drop which is caused by the inertia effects. This new term is called the beta 

factor, and the effect becomes greater as the fluid velocity increases. The presence of 

another phase also causes the beta factor to increase.  

In cases of gas flow in the presence of condensate, high velocity flow may be 

beneficial to gas relative permeability because the viscous forces, which tend to displace 

condensate, become stronger and begin to overcome the capillary forces which tend to 

retain the liquid in the pores. Therefore, in the near wellbore region of gas condensate 

wells there are two opposing effects resulting from high velocity flow: non-Darcy and 

velocity stripping or capillary number effects. The Non-Darcy effect tends to decrease the 

effective gas permeability while the capillary number effect, tends to increase the relative 
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permeability.  A short review of the literature discussing the non-Darcy coefficient for 

single and two-phase flow will follow. And the effect of capillary number will be 

discussed in the next section. 

The non-Darcy coefficient is also called the turbulence factor, the coefficient of 

inertial resistance, the Forchheimer coefficient and the beta factor.  Katz and Firoozabadi 

(1959) were among the first investigators to study non-Darcy flow. They correlated the 

turbulence factor with the porosity and the permeability of the porous medium. They 

found a linear relation between beta and the porosity-permeability product on a log-log 

scale. They noted that the beta factor decreased as the porosity-permeability product 

increased. 

Gewers and Nichol (1969) found that Katz and Firoozabadi's correlation tended to 

underestimate the true turbulence factor for carbonates. They investigated the turbulent 

factor in low permeability vugular carbonates and found the beta factor for this kind of 

core to be an order of magnitude higher than a rock of similar mineralogy and same 

permeability. In the presence of static liquid phase, they observed that the beta factor 

decreased when the liquid saturation increased from 0 to 10 percent, but it increased 

sharply for liquid saturations between 20 and 30 percent. The gas relative permeability 

decreased in the normal manner. They attributed the decrease in beta factor at low liquid 

saturations to streamlining of the gas flow paths and smoothing of the pore edges by the 

liquid. 

Wong (1970) studied the effect of mobile liquid phase on the non-Darcy factor 

during gas flow in limestone cores. It was observed that an increase in water saturation 

from 40 to 70 percent caused an eight-fold increase in the beta factor.  

For gas flow in a dry medium or in the presence of an immobile liquid phase 

Geertsma (1974) proposed an equation to calculate the non-Darcy coefficient from the 
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properties of the medium including porosity, permeability, and the immobile liquid 

saturation. Based on this correlation the beta factor decreases with increase in 

permeability or porosity and increases as water saturation increased.  

Evans et al. (1987) measured the non-Darcy coefficient in the presence and 

absence of immobile liquid saturation. They used Berea sandstone cores with varying 

permeability from 50 to 800 md. Glycerin was used as liquid phase because of its low 

volatility and high viscosity. Using their own measured data they developed a correlation 

taking into account not only the porosity, gas effective permeability, and liquid 

saturation, but also the viscosity and density of flowing gas phase as well as the net 

overburden on the non-Darcy factor. They found that the Geertsma correlation 

overpredicted their measured non-Darcy factors for cores with higher permeability 

especially at higher liquid saturations. However, they found the Geertsma correlation 

capable of predicting the general trend of the data which showed an increase in beta with 

increasing liquid saturation or decreasing permeability or porosity. Another finding was 

that for low permeability cores the prediction using Geertsma correlation is closer to the 

measured data compared to its predication at for cores with high permeability. 

Norman and Archer (1988) examined the non-Darcy coefficient in sandstone 

cores during gas flow in the presence of an immobile liquid. It was noticed that the 

coefficient increased as the liquid saturation increased. They observed a consistent 

increase in the non-Darcy coefficient with increase in the immobile liquid saturation, 

unlike the carbonates that have already been reported to show a minimum at some non-

zero immobile liquid saturation. The increase in the non-Darcy coefficient at mobile 

liquid saturation was also less than the case with carbonates. Photomicrograph analysis 

showed that the wetting phase was not actually covering the whole grain surface instead 

it was in the smaller intergranular pores and also in places with high surface curvature 
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such as inside pore filling aggregates, the point of contact between the grains, and inside 

intergranular porosity formed by partial dissolution of unstable grains. In these regions 

the capillary force is so strong that the moving non-wetting phase cannot displace the 

wetting phase. 

Fredrick and Graves (1994) developed a polynomial correlation based on a large 

number of data points from both sandstone and limestone to correlate the non-Darcy 

coefficient to porosity, effective permeability, and liquid saturation. Comparison with 

experimental data showed that the correlation is equally applicable for the case of mobile 

liquid saturation if effective gas permeability is used in the correlation. The measured 

data showed the significant effect of water saturation on the non-Darcy coefficient. 

Narayanaswamy et al. (1999) investigated the effect of heterogeneity on the non-

Darcy flow coefficient. Based on results from analyzing the field data, they concluded 

that the beta values calculated from examination of field data were significantly higher 

compared to predictions derived from correlations developed using laboratory data. In the 

field scale, the coefficient is higher for a heterogeneous rock compared to a homogeneous 

one having the same permeability.  It was also suggested that to better capture the effect 

of non-Darcy effects; it is better to use finer grids in the near wellbore region. 

Li and Engler (2001) discussed the theoretical and experimental driven 

correlations for beta factor for both single and two-phase flows. A more comprehensive 

discussion is also provided by Huang and Ayuob (2008). What is seen in the literature is 

that the developed correlations definitely give a good prediction of the measured data 

used to develop them, but they might predict the non-Darcy factor for another rock far 

different from the measured value if the sample has a different lithology or properties out 

of the range of data used to develop those correlations. 
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2.5 VELOCITY-DEPENDENT RELATIVE PERMEABILITY IN GAS CONDENSATE SYSTEMS 

The gas relative permeability for gas condensate fluids is affected by two special 

factors.. First, the interfacial tension between gas and condensate varies from extra low 

values, close to zero, near the dew point pressure to much greater values at lower 

pressures. Second, the gas in the near wellbore region flows at very high velocities, 

which has a significant effect on gas relative permeability. The combined effect of widely 

variable IFT and high velocity is not generally observed with gas and crude oil.  

The effect of these two parameters, IFT and velocity, on gas relative permeability 

has been the subject of research for many years. It took researchers some time to realize 

the fact that it is the combined effect of IFT and velocity that matters. The combined 

effect of IFT and velocity has been collapsed in the dimensionless variable, Capillary 

number, Nc. This number indicates the relative strength of viscous over the capillary 

forces. At high velocity gas flow which is typical near the wellbore, inertial effects also 

may become significant. Therefore, there will be two effects in opposition, generated by 

high velocity: Capillary number, which tends to increase the gas relative permeability and 

the inertial effects which tends to reduce it. 

Boom et al. (1995) used a centrifuge method to study the effect of high flow rates 

on the improvement in mobility of condensate in the near wellbore region. They assumed 

that the effect of change in Bond number on relative permeability is comparable to that of 

Capillary number. Results of experiments on diverse cores and fluids with different 

interfacial tension showed that the high flow rate near the producing wells can lead to 

high Capillary number and hence improve the mobility of condensate. They highlighted 

that it is the Capillary number which is important and not interfacial tension alone.  

Henderson et al. (2001) reported the measured relative permeability data of a 

binary gas condensate using a methane-butane mixture in a Berea core. The main 
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objective was to study the effect of velocity and interfacial tension on relative 

permeabilities. It was found that even at high IFT values relative permeabilities showed 

sensitivity to flow velocity increasing with increasing velocity. At low IFT values, 0.14 

mN/m, both gas and condensate relative permeabilities increased with increasing velocity 

while at higher IFT values, 0.9 mN/m, the effect was more pronounced on gas relative 

permeability. At low IFT values hysteresis between drainage and imbibition was minimal 

while it was more profound at high IFT. They showed that Capillary number is a good 

correlating parameter to account for effect of both velocity and interfacial tension on gas 

relative permeability.  

Kumar et al. (2006) measured the relative permeability of gas and condensate 

phases at elevated temperature using steady state method in the absence of initial water 

saturation. Experiments were conducted using synthetic fluids that mimicked retrograde 

behavior. Their data within a wide range of capillary numbers examined, 10-6 to 10-3, 

clearly showed that the gas relative permeability increased with an increase in capillary 

number. A very sharp increase in relative permeability to gas was observed at critical 

capillary number of 10-4.  

Blom and Hagoort (1998) provided reasons why relative permeability of both 

phases increase and the curves tends to straighten as capillary number increases. They 

attributed these changes to decrease in the tortuosity of the fluids flow paths and 

reduction in non-conductive saturations. They highlighted the strength and weaknesses of 

the two common approaches: Corey functions and interpolation between immiscible and 

miscible relative permeabilities. They also evaluated the success of some correlations 

which attempt to correlate Capillary number with changes in relative permeabilities, by 

matching experimental relative permeability data to correlation predictions. Based on 
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their examination the correlation given by Whitson and Fevang (1998) gave the best 

match to the data they used. 

Pope et al. (2000) proposed a model to take into account the flow rate and IFT 

effects on relative permeabilities. They used Trapping number as a correlating parameter. 

When the model predictions were compared to data from the literature, it was able to 

capture the trend and match the data reasonably well. They employed their relative 

permeability model in a multi-layered single well simulation of a gas condensate fluid. 

Results showed that the high velocity flow near the wellbore enhanced the productivity 

this was not the case in low permeability layers with low trapping number. They 

concluded that relative permeability was more a function of trapping number than IFT 

alone. They highlighted the difficulty associated with analytical prediction of well 

performance due to the  large number of parameters such as heterogeneity, change in 

fluid phase behavior and interfacial tension with pressure, velocity, non-Darcy flow, and 

Trapping number.  All of these parameters interact in a very complicated manner.  

Sumnu-Dindoruk and Jones (1998) proposed a method to estimate the gas and 

condensate relative permeability from production data. Their approach was based on a 

modification of the Fetkovitch method for solution gas drive oil reservoirs. One of the 

assumptions they made was that the initial gas in place is known which is a weakness in 

this method. Their approach has more limitations: first, it cannot capture the whole 

relative permeability curve because during depletion the gas saturation changes over a 

limited range as average reservoir pressure decreases; second, it requires an iterative 

method to predict the skin effect associated with condensate bank near the wellbore; and 

third, it does not take into account the drainage and imbibition taking place in different 

part of the reservoir. 
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Ali et al. (1997) gave a thorough explanation of the dynamics of fluid flow in gas 

condensate reservoirs under a depletion scenario. Effect of fluid velocity on relative 

permeability is proposed by these authors to be accounted for by a change in the residual 

saturation of each flowing phase represented as a function of capillary number. 

Coefficients in this function are believed to be related to rock lithology, wettability, 

permeability, and porosity. 

Mott at al. (2000) investigated the effect of high capillary number flow on relative 

permeability in gas condensate systems. Measurements of relative permeability were 

made using the pseudo-steady-state method on a 10 md sandstone core at 60 oC using a 5-

component synthetic fluid. They found that at a fixed IFT the gas relative permeability 

increase with increase in Nc while at a fixed Nc it decreases with increasing velocity 

probably due to non-Darcy effects. At low condensate saturations the non-Darcy effect 

will be dominant and reducing the krg while at high condensate saturations, due to 

velocity stripping, the net effect would be an increase in krg. It was also found that krg is 

more sensitive to Nc than to krg/kro ratio.  

App and Mohanty (2002) were able to develop a two-parameter relative 

permeability model for each of the gas and condensate phases as a function of Capillary 

number, Reynolds number, and condensate saturation. Synthetic data generated from 

simulations, covering a wide Nc range, were used to determine these parameters using 

non-linear regression. These data were derived in forward modeling where Corey-type 

relative permeability functions were used. The Corey coefficients used in the forward 

simulations depended on Nc and the g rg/ k ratio. The reason for using variable Corey 

coefficients was to account for inertial effects. One of the key findings was that non-

Darcy coefficients can significantly affect krg. It was also found that the reduction in krg 
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due to inertial effects will reduce the condensate relative permeability even though the 

non-Darcy effects for condensate phase were not included.   

Jamiolahmady et al. (2006) attempted to develop a correlation for relative 

permeability in gas condensate systems accounting for both coupling and inertial effects. 

Similar to most other correlations, this one also used a base relative permeability curve 

(high IFT, low velocity) and a miscible relative permeability curve. In both of these 

curves the inertial effects are accounted for. In this model, the need for a separate 

correlation for condensate phase is alleviated by relating condensate relative permeability 

to that of gas by fractional flow.  

 

2.6 GAS AND CONDENSATE FLOW BEHAVIOR IN POROUS MEDIA 

In gas condensate reservoirs, when pressures are below the dew point, two 

hydrocarbon phases, gas and condensate, are present. Due to variations in saturation and 

IFT different flow regimes may occur. In this section the effect of IFT on displacement is 

presented.  

Fishlock and Smith (1993) performed some experiments on water-wet sandstone 

cores to investigate three phase flow performance. Their result confirmed the reduction of 

gas relative permeability due to condensate accumulation. They also found that the 

presence of a liquid condensate reduced both residual gas saturation to waterflood and 

critical gas saturation during depressurization. 

Wanger and Leach (1966) investigated the effect of interfacial tension on 

displacement efficiency in a consolidated sandstone core of 500 md permeability. They 

used mixtures of methane and normal pentane, for gas and liquid, as non-wetting and 

wetting phases. The effect of interfacial tension in the range of 0.01 to 5 dynes/cm was 



 25 

examined on the recovery at breakthrough of the displacing phase. Their study showed 

that for both water and oil-wet systems, the displacement efficiency can be improved if 

IFT can be sufficiently reduced. They found a threshold value of 0.07 dyne/cm below 

which reductions in IFT resulted in large increases in displacement efficiency. It worth 

mentioning that the increase in displacement efficiency was obtained at pressure 

gradients around 0.06 psi/ft which is low compared to the pressure gradients on the order 

of 0.2 to 0.5 psi/ft which is typical of most waterfloods. 

Ham and Eilerts (1967) investigated the effect of saturation on flow and mobility 

of low liquid-vapor ratio fluids using steady state flow experiments. They used nitrogen 

as a gas and a real condensate liquid as an oil phase. In their experiments, they noticed 

that the flowing fluids velocity affect both critical liquid saturation and mobility of the 

phases. In contrast Osoba et al. (1950) found that in regular two-phase systems, high IFT, 

as far as capillary end effect are eliminated fluids velocity is not an affecting factor in 

laboratory measurement of relative permeability. The discrepancy between the findings 

of these two researches clearly showed the effect of extra low IFT on relative 

permeability which makes the gas condensate systems to behave differently.  

Saeidi and Handy (1974) studied the flow and phase behavior of gas condensate 

and volatile oils in a sandstone core at 68 oF. The core was five-feet long, and two inches 

in diameter. It had 17% porosity and a permeability of 86 md. They used mixtures of 

C1/C3 at different ratios with a maximum liquid condensate saturation of 18%. They 

depleted the sandpack and measured the composition of produced fluids. The results of 

their experiments showed that porous media has no effect on the equilibrium of the 

phases. The equilibrium was found to be established in the presence of porous medium at 

different stages of depletion with pressure drops much greater than expected in the 

reservoir. This was noticed when the compositions from depleting the sandpack were 
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comparable to those derived from regular PVT data. The flow of condensate was not 

observed with or without having an interstitial water saturation of 30% in the sandpack. 

They also found the critical condensate saturation and gas to oil relative permeability 

ratio to be considerably less than common gas-oil systems. Also, they found that in the 

presence of water the critical condensate saturation was lower than with condensate 

alone. 

Bardon and Longeron (1980) carried out a series of unsteady state laboratory 

displacements using a binary mixture of methane and normal heptane to investigate the 

effect of low IFT on relative permeability. The key findings were: at IFT values greater 

than 0.07 mN/m relative permeability to gas did not change considerably as IFT was 

increased; major changes in the shape of relative permeability curves observed in IFT 

values close to or less than 0.04 mN/m; and that relative permeabilities can be 

represented by two straight lines with slopes of plus and minus one in relative 

permeability-saturation plot as IFT approached zero. 

Alonso and Nectoux (1984) studied both experimentally and numerically the 

depletion of a very rich gas condensate in a fractured dolomite medium. The medium was 

two meters long with average matrix porosity of 10% and the permeability of 5 md. 

Fracture permeability was of the order of a few Darcies. The condensate fluid had a 

liquid drop out of 45% in a constant volume depletion test. They found that in the vicinity 

of the critical point, gravity drainage is very efficient due to the very low IFT. The 

experiments demonstrated 70% recovery of liquid in a highly fractured system. They also 

noted that at very low IFT values the relative permeabilities approached straight lines on 

a conventional plot of relative permeability versus saturation. This type of relative 

permeability was necessary for a simulation model to match the experimental depletion 

results at low IFT region. 
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Gravier et al. (1986) measured relative permeability to gas and condensate under 

reservoir conditions for eight carbonate reservoir samples from the Middle East. The 

permeabilities ranged from 0.5 up to 40 md. The hydrocarbon fluid was a ternary 

synthetic mixture of methane/pentane/nonane. The condensate was deposited by cooling 

the core initially saturated with a critical fluid above its dew point. Their measurements 

showed that the gas effective permeability was much less than that expected in standard 

gas/oil systems having similar liquid saturation. They concluded that the condensation 

may cause a drastic decrease in production well deliverability. They found the critical 

condensate saturation in the range of 24.5% to 50.5% with a total saturation of connate 

water plus condensate of 54% to 68.8%. They found no clear correlation between critical 

condensate saturation and petrophysical properties of the rock. 

Asar and Handy (1988) used a binary mixture of C1/C3 to study the influence of 

IFT on relative permeability in a fired, 100 md Berea sandstone using a steady state 

method at 70 oF. Relative permeabilities were measured at different IFT levels by 

changing either composition or pressure. They concluded that as the IFT decreases the 

curvature of relative permeability curves diminish; the critical and residual saturation 

decrease; and the level at which oil and gas relative permeability are equal increases. 

Relative permeability to oil decreases more rapidly compared to that of gas as IFT 

increases. At an IFT value of 0.83 dynes/cm the relative permeability results approached 

those for a Kerosene/N2 system with IFT= 30 dynes/cm. Therefore, only at very low IFTs 

in the vicinity of the critical point, the relative permeability differs from the normal 

curves. 

Danesh et al. (1988) investigated the retrograde phenomena of a six-component 

synthetic gas mixture in a visual micromodel and in two sandstone cores at room 

temperature. The micromodel gave considerable insight into the mechanism of liquid 
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condensation. In the near critical region, filmwise flow of condensate due to gravity was 

observed. They found the minimum condensate saturation for downward flow of 

condensate to be quite low, in the range of 9 to 12 %. At the pressures where maximum 

condensation occurs, due to high interfacial tension, Bond number is generally low and 

capillary forces are dominant.  They highlighted the need for choosing realistic rates 

when conducting depletion laboratory experiments.  

Munkerud (1989) measured the relative permeability of gas and condensate and 

investigated the flow properties of a synthetic gas condensate mixture during natural 

depletion and pressure maintenance in a 220 md Berea sandstone core. He noticed a 

drastic decrease in gas relative permeability as interfacial tension increased from 0.04 to 

0.07 mN/m during displacement of condensed liquid by equilibrated gas. During natural 

depletion, the calculated relative permeability to gas was always greater than 0.3. These 

measurements were taken under unsteady flow conditions so they should be considered to 

be approximate values. The pressure depletion rate was 1.2 bar/min, which is much 

higher than the depletion rates observed in real reservoirs.  

Haniff and Ali (1990) used a C1/C3 fluid system as gas condensate. They found 

the critical value of interfacial tension to be 0.05 mN/m. Below this critical value, 

capillary forces are negligible and liquid spreads along pore walls. This established 

complete wetting. They observed no hysteresis in relative permeability curves at low IFT 

(0.001 mN/m). For interfacial tensions above critical value, distribution of fluids is 

controlled by capillary forces and residual liquid saturations are higher.  

Danesh et al. (1991) investigated retrograde condensation phenomena 

experimentally in water-wet pores in a micromodel as well as in long cores to determine 

critical condensate saturation and to evaluate the significance of interstitial water 

saturation on mobility of condensate. They used a five-component synthetic fluid with a 
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maximum liquid drop out of 15%. Although the presence of interstitial water lowered the 

critical condensate saturation, it also reduced the initial recovery rate of condensate liquid 

by restricting condensate drainage. In a medium with high permeability or in close 

vicinity of critical conditions gravity forces can cause condensate to flow. 

Morel et al. (1992) studied the mobility of condensate phase by depleting a long 

core saturated initially with a real reservoir fluid under reservoir conditions. The 

depletion rate was below 1 bar/day. It was observed that the liquid phase drainage started 

quickly, but only a small fraction was produced. Simulation of experiments revealed that 

relative permeability was dependent on IFT below a threshold value of 0.15 dynes/cm. 

Schechter and Haynes (1992) investigated the effect of IFT on two phase relative 

permeability. Measurements were made using mixtures comprised of two liquid 

components, hexane and methanol at room temperature in a 200 md sandstone core. They 

found a low non-wetting residual saturation at a capillary number range of 10-4-10-2. The 

residual saturation of the wetting phase was high even at IFT values as low as 10-2 mN/m. 

At a small IFT value of 10-3 mN/m and high capillary number of 10-2 the wetting phase 

residual saturation was 8%. The curvature of the wetting phase relative permeability 

curve decreased as Nc increased, and at conditions close to critical it approached a 

straight line.  

Henderson et al. (1993) investigated the flow of condensate in both near wellbore 

region, where viscous forces are dominant, and deep in the reservoir where capillary and 

gravity forces have strong control over the flow behavior. The permeabilities of the cores 

used were in the range of 100 to 1000 md. Their results showed that the condensate phase 

was more mobile than it was previously thought. They highlighted that critical 

condensate saturation could be a function of the experimental procedure used to measure 

it, e.g. in-situ condensation versus co-injection of gas and condensate. When the cores 
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containing condensate were flooded with equilibrium gas in the horizontal direction at 

capillary number of the order of 10-4 residual saturations were as low as 12%.They also 

noticed that residual condensate saturation depends on capillary number, decreased with 

increase in capillary number. At low IFT values the condensate phase with 14% 

saturation introduced by either condensation or injection could be drained to 7% 

saturation by film flow of condensate in the vertical direction when the only driving force 

was gravity.  

Hartman and Cullick (1993) investigated the effect of IFT on the oil/gas relative 

permeability and oil residual saturation. Experimental data was obtained by conducting a 

series of slim-tube displacements of oil by equilibrium gas. The slim-tube was 70 ft long, 

had 0.25 inch diameter, porosity of 33%, and permeability of 30 darcy. A relative 

permeability model was developed using a transition function between miscible and 

immiscible relative permeabilities. The required parameters for the model were derived 

by simulating and matching the experimental results derived from four slim-tube 

displacements using a binary mixture of C1/nC4. The developed model was used to 

predict the behavior of three additional floods using a ternary mixture of CO2/nC4/nC10. 

Simulations using the proposed relative permeability model gave an excellent match of 

breakthrough time. Since other significant parameters including flow rates were constant 

they used only IFT to develop their model. Using this model requires to experimentally 

determine the base IFT where changes in relative permeability start to occur.  

Hjelmeland et al. (1995) studied the flow of gas and condensate during the 

depletion process of two gas condensate mixtures using a 50 cm core composed of seven 

plugs from the North Sea having permeabilities in the range of 70-340 md. Variations in 

the core plugs petrophysical properties resulted in large variations in condensate 

saturation along the core stack. They found that close to the dew point the flow is mainly 
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controlled by gravity forces while at lower pressures capillary forces and fluid velocity 

also have a significant effect. 

Whitson et al. (1995) used a closed loop flow system to investigate gas and 

condensate relative permeability according to their proposal of representing gas relative 

permeability as function of gas to condensate relative permeability ratio. Their 

measurements showed a minor hysteresis effect on gas relative permeability due to 

changes in flow rate or fluid characteristics. A transition function dependent on capillary 

number was used to link miscible and immiscible relative permeabilities.  

Henderson et al. (1995 and 1998) investigated the effect of flow rate and IFT on 

gas and condensate relative permeability. Measurements were made using a steady state 

method on a Berea core 61.5 cm, having an initial water saturation of 26.4% and effective 

gas permeability of 92 md. Measurements were made at different condensate gas ratios 

(CGR) and different gas velocities at two different IFT values, 0.14 and 0.9 mN/m. Their 

findings were: with increasing fluid velocity relative permeability of both phases 

increased, for the condensate phase this increase was more evident at higher CGR while 

increases for the gas phase did not show such variation. Hysteresis effects with saturation 

appear as IFT increased. The increase in relative permeability with increase in flow rate 

was accompanied by a small increase in condensate saturation; therefore, the increase in 

relative permeability could be associated to fluid redistribution. They also discussed the 

existence of a correlation between relative permeabilities with IFT and flow velocity. 

Using the same system Henderson et al. (1996) investigated the effect of IFT and 

fluid velocity on gas and condensate relative permeability. Results of two sets of 

experiments are reported. In the first set, the initial condensate saturation was established 

by condensation processes then increased by co-injection of equilibrium gas and 

condensate until steady state was established. The core was then flooded with equilibrium 
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gas. Gas condensate tests were conducted at two IFTs of 0.05 and 0.4 mN/m. In the 

second set, conventional tests were conducted.  A core was initially saturated with 

equilibrium oil from C1/nC4 mixture and was then flooded with equilibrium gas at the 

IFT 0.14 mN/m. Production data during gas condensate tests and those from conventional 

tests after breakthrough were used to calculate relative permeability. For gas condensate 

tests at both IFT’s the velocity dependence of relative permeabilities was evident. The 

gas relative permeability decreased with increasing in IFT more than observed for the 

condensate phase. In conventional tests, although the IFT was in between the two values 

in gas condensate floods; however, sensitivity to fluid velocity was marginal. The authors 

attributed this difference to the difference in the measurement procedures.  

Fang et al. (1996) examined the effect of few parameters on the critical 

condensate saturation using a circular network model. They found the interfacial tension 

and contact angle hysteresis of the most pronounced effect on the critical condensate 

saturation. In their network model the critical condensate saturation generally increased 

as interfacial tension increased.  

Chen et al. (1999) investigated the relative permeability and performance of two 

North Sea gas condensate reservoirs by conducting core flood experiments. The study 

was performed on composite plugs using real reservoir fluids. It was found that under 

reservoir conditions, critical condensate saturation and relative permeability were 

sensitive to interfacial tension. Relative permeability also showed some sensitivity to the 

flow rate with increasing as flow rate increased. An unconventional convex curvature of 

oil relative permeability was observed where relative permeability to condensate first 

increased and, at higher condensate saturations, began to decrease. They attributed this 

change to interfacial tension. Waterflooding was found effective in recovering part of the 

condensate which could not be produced by gas alone. No condensate already trapped by 
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water was produced during the blowdown stage. Gas was produced during both water 

injection and blowdown. 

 

2.7 WELL PERFORMANCE IN GAS CONDENSATE RESERVOIRS 

Allen and Roe (1950) calculated the performance of the Bacon Lime gas 

condensate reservoir using simple flash and differential liberation experiments. This 

reservoir with an average porosity of 10%, initial water saturation of 30%, and maximum 

permeability around 40 md was believed to perform volumetrically. They reported both 

actual and predicted performance data. It was found that the early life performance of the 

reservoir was characterized by higher butane-plus fractions in the producing well stream 

compared to predictions based on the simple flash and/or differential liberations. It was 

also found that a fraction of produced liquid passed through producing wells under liquid 

phase flow. Production data showed that both molecular weight and specific gravity of 

produced heptane-plus fraction decreased slightly during the producing life of the 

reservoir. 

Al-Hussainy and Ramey (1966) developed a method based on real gas pseudo-

pressure concept which alleviates the need of the assumption of small pressure gradients. 

This model can be used for deliverability forecasting in gas condensate reservoirs with 

the assumptions of immobility of condensed liquid phase and that the effective gas 

permeability is a function of pressure which accounts for condensate blocking. 

Abel et al. (1970) investigated the performance of Carson Creek carbonate gas 

condensate field under different schemes. The reservoir had 7% porosity, 28% water 

saturation, and permeability in the range of 25-75 md with some values about 2 Darcy. 

The reservoir was initially at its dew point pressure of 3,767 psi at 198 oF. The maximum 
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liquid dropout was about 9%. Since they believed that the simulation results depended 

mostly on the correct prediction of phase equilibrium; they first matched experimental 

results to validate their model. Using a two-dimensional three phase compositional model 

they were able to predict the performance of the reservoir under different cycling 

scenarios. Their simulation results showed that partial gas cycling seemed to be the best 

plan for the reservoir under study, taking into account the injection costs and delay in sale 

of produced gas. 

Fussell (1973) used a compositional radial model to investigate the performance 

of a producing well penetrating a gas condensate bearing formation. He was able to 

capture the effect of condensate accumulation on the productivity loss using his 

simulation model. He found that the condensate saturation in the vicinity of the wellbore 

is generally much higher than that observed in constant volume depletion experiments. 

He also found the steady state model capable of predicting the saturation of condensate in 

the near wellbore region as long as the average reservoir pressure is higher than the 

saturation pressure of the in-place fluid. However, for accurate performance prediction 

the simulation model should be used when the average reservoir pressure is below dew 

point or when dealing with heterogeneous formations. He also found that shutting in the 

production well has no benefit to restore productivity because the volume of gas in the 

near wellbore region is much less than the volume required to revaporize the condensed 

phase. 

Duggan (1977) reported the performance of an abnormally high pressured gas 

condensate sand block, having a 0.843 psi/ft gradient. Side-well samplings showed a 

porosity of 24%, permeability from 0.1-100 md with an effective permeability of 8 md 

from well test data. A decrease in the condensate yield was observed in the well stream as 

soon as the flowing bottom-hole pressure dropped below the dew point pressure. Periodic 
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analysis of well stream fluids showed a decrease in composition of heavy components 

and an increase in the API Gravity of produced condensate which is typical of condensate 

reservoir performance when producing under a depletion scenario. The prediction of 

production performance from early P/Z data points showed a significantly higher ultimate 

recovery compared to volumetric gas in place. 

Clarke (1985) used a single well, two-dimensional compositional model to 

forecast the behavior of the Nugget reservoir. Simulation results confirmed the severity 

of damage due to condensate accumulation in the near wellbore region, which manifested 

itself as a loss in well productivity. Flowing the well at a lower producing bottom hole 

pressure did not show any negative impact on final recovery of condensate. However, 

producing at lower flowing bottom hole pressure predicted a larger radius of condensate 

accumulation; greater skin effect, and lower productivity index in terms of pressure drop 

over producing rate. This model was also used to predict the pressure maintenance 

scheme. Simulation results showed that to maximize the condensate recovery it is better 

to produce the wells at higher bottom hole flowing pressure after injection gas 

breakthrough.  

Ali et al. (1993) using a dynamic test in a one meter long sandstone core 

investigated the effect of IFT on the condensate recovery. Two IFT values of 0.05 and 

0.92 mN/m were investigated in displacement experiments using equilibrium gas. Under 

natural depletion less than 20% of the condensate was recovered up to the abandonment 

pressure. Displacements under higher IFT of 0.92 mN/m led to 6.5% additional recovery 

in a horizontal core and 17.2% in a vertical direction. At lower IFT of 0.05 mN/m, 24.1% 

and 51.6% additional condensate recoveries were achieved for horizontal and vertical 

displacements respectively. In the vicinity of the dew point since IFT is low and the 
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density difference is high, the gravity force may play a significant role in mobility of 

condensate phase in the vertical direction. 

Wu et al. (1998) studied the effect of non-equilibrium mass transfer in the near 

well bore region on the productivity of a producing gas condensate well using a 

compositional model. Mass transfer coefficients were derived from a correlation taking 

into account gas velocity and diffusion coefficients. If present, non-equilibrium can lead 

to a reduction in condensate saturation. Compared to the case where equilibrium 

condition is held, the oil composition was noticeably different. The reduction in liquid 

saturation mitigates the effect of condensate blocking on well deliverability to some 

degree.  

Mott el al. (1999) carried out a series of experimental measurements of gas and 

condensate relative permeabilities in a sandstone core from the North Sea having a 

permeability of 100 md and porosity of 25%. Depletion experiment in which the gas 

relative permeability was measured while the IFT was changing resulted in an s-shaped 

curve of gas relative permeability versus saturation. In contrast, high rate steady state 

measurements were made at constant IFT of 0.4 mN/m using a 5-component synthetic 

fluid. Measurements clearly showed that the mobility of the phases increased with 

increasing flow rates. They were not able to draw any general conclusion about the 

interaction of the capillary number and non-Darcy effects although in the range of 

capillary number they examined the dominance of the capillary number over non-Darcy 

effects was evident. IFT and Nc were used as scaling parameters in the correlating 

functions developed to model the data from depletion and high rate experiments 

respectively. They introduced the pseudo-steady-state method as a fast and reliable way 

of measuring gas and condensate relative permeabilities. No hysteresis with flow rate was 

observed during measurements. Similar result is also reported by Cable et al. (1999). 
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Shi and Horne (2008) in an effort to enhance the recovery of gas condensate 

reservoirs have conducted a series of coreflood experiments as well as simulations. 

Coreflood experiments were conducted at room temperature using a binary mixture of 

methane and butane. A single phase mixture was injected into the core and flashed into 

two phases. Pressure gradients during the flood were unrealistically high, 1000 to 1500 

psi/ft. They sampled the gas and measured the compositional variations during both flow 

and shut-in time. Although the average shut-in pressure was close to the dew point of the 

original fluid the liquid saturation remained high simply because the local composition 

was much richer than the injection fluid, and thus accumulated due to condensation. They 

also reported the results of simulation studies run to determine the effect of bottom hole 

pressure (BHP) on the final recovery of gas and condensate. The simulation results are of 

limited valuable because the production forecast is only for a short period of time on the 

order of months or at most a year. The authors’ final conclusion was that there is no 

standard way to optimize the production simply by manipulating the well production rate 

or BHP. 

 

2.8 WETTABILITY ALTERATION TECHNIQUE  

Wettability has a significant effect on the distribution and immiscible 

displacement of fluids from porous media. For this reason it has been extensively studied 

for many years.  

Wagner and Leach (1959) investigated the effect of wettability on the efficiency 

of oil displacement by water from a sand pack. They observed that the recovery could be 

increased by alteration of wettability from oil-wet to preferentially water-wet. Wettability 

alteration was achieved by manipulating the salinity or pH of the displacing water phase. 
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Contact angle measurements on quartz or calcite surfaces were used to quantify the 

wettability. They emphasized the importance of ageing during wettability alteration. 

Denekas et al. (1960) evaluated the effect of different surfactant components on 

the wettability of sandstone and limestone. Different fractions of crude oil were derived 

by distillation or using chromatography. Samples of rock were aged in each fraction for 

24 hrs. The wettability was evaluated by assessing the initial rate of natural imbibition of 

brine into oil-saturated samples. Results showed that for the oil samples evaluated 

sandstone responded to a wide rage of surfactants in terms of molecular weight and 

structure while limestone samples seemed to be more sensitive to basic nitrogenous 

surfactants. 

Jadhunandan and Morrow (1995) studied the effect of rock wettability on 

waterflood performance using Berea sandstone samples. Alteration of wettability was 

achieved by ageing cores, containing an initial water saturation, in asphaltic crudes. They 

found that in crude oil/brine/rock system, rock mineral composition, brine composition, 

crude oil content, ageing temperature and initial water saturation will all influence the 

wettability. Results from their coreflood displacement of crude oil with brine showed 

higher recovery for weakly water-wet cores. 

Dixit et al. (1998) using network modeling provided a good comparison between 

wettability indices derived using Amott-Harvey and USBM methods. The results showed 

some sensitivity to the selected parameters in the model. They found that the numerical 

values of these two indices would be the same for weakly-wetted porous media with 

randomly distributed oil- and water-wet pores. 

Fleury et al. (1999) reported a procedure for alteration of wettability to neutral 

wet in sandstones. The alteration in wettability was achieved by polymerization of water-

soluble potassium methylsiliconate when the pH was lowered below seven using carbon 
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dioxide. The degree of alteration was evaluated through measurement of capillary 

pressure both using centrifuge and micropore membrane as well as end point relative 

permeability of water. For cores treated in the absence of oil, the effect of treatment on 

forced imbibition residual oil saturation was more profound, 0.39 before treatment in 

contrast with 0.1 after treatment on the scale of one. Under this condition there was no 

instantaneous imbibition under zero imposed pressure. Treatment conducted in the 

presence of oil was not as effective resulting in a residual oil saturation value of 0.28 

after treatment compared with 0.1 after treatment in the absence of oil. 

In gas condensate reservoirs, the main influencing factor in liquid accumulation is 

the low mobility of liquid because of the wetting properties of the porous media. 

Therefore, it seems reasonable to expect some changes in mobility of phases if the 

wettability of the rock is manipulated in the right direction.  

Li and Firoozabadi (2000) examined the effect of different factors such as gravity, 

viscous forces, interfacial tension, and wettability of the rock surface on the flow 

behavior of gas and condensate using a simple network model. They found that 

wettability will affect both critical condensate saturation and relative permeability. The 

gas phase relative permeability increased significantly over the whole saturation range 

when the wettability was altered from strongly liquid-wet to intermediately gas wet. 

Based on these results, they suggested the wettability alteration to intermediate wetting in 

the near wellbore region as a means of enhancing well deliverability in gas condensate 

reservoirs. 

Li and Firoozabadi (2000) were able to successfully change the wettability of 

Berea sandstone and Kansas chalk using two chemicals at room temperature. The 

alteration of wettability was examined through evaluation of the imbibition of water and 

normal decane into the cores before and after chemical treatment. Drop tests on the 
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surface of the rocks showed a clear change in the contact angle after treatment. Entry 

capillary pressures were measured to quantify the extent of wettability alteration.  

Tang and Firoozabadi (2003) extended the wettability alteration work to higher 

temperatures up to 93 oC. Imbibition tests as well as recovery from a saturated core were 

used to examine the wettability alteration. Change in gas and oil relative permeabilities 

were also evaluated before and after wettability change. Air and normal decane were used 

in relative permeability measurements. Later, Fahes and Firoozabadi (2005) continued 

this work to higher temperatures up to 140 oC without measuring the relative 

permeability of gas and oil before and after wettability alteration. 

Kumar et al. (2006) reported improvement by factor of 2 to 3 in gas and 

condensate relative permeabilities when Berea and reservoir sand stone cores were 

treated using a non-ionic surfactant soluble in methanol-water mixture.  No damage to the  

core absolute permeability was observed due to treatment. Measurements were made 

using gas condensate fluids by a steady-state method over a wide range of reservoir 

conditions. The measured relative permeability data was used to tune the relative 

permeability model developed by Pope et al. (2000) and to compare productivity of an 

untreated well against different chemical treatment scenarios using a single well 

compositional radial model (Kumar, 2006). 

Liu et al. (2006) reported some experimental results with a core from Dongpu gas 

condensate reservoir, with permeability less than 0.1 md, which was successfully treated 

with the aim of wettability alteration from water-wet to less water-wet or gas-wet. The 

success to alter the wettability was measured by observing the change in imbibition of 

water into a gas saturated core as well as change in air and water relative permeabilities 

measured using an unsteady state method. The treatment chemical was reported to be 

stable at temperatures of 170 oC, but apparently no treatment was conducted at this 
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temperature. No measurement was reported on gas and condensate permeabilities before 

and after treatment at reservoir conditions. It is worth mentioning that adsorption may be 

affected by temperature, therefore, any assessment of wettability alteration needs to be 

performed at temperature.  

Bang (2007) and Bang et al. (2008) reported the successful application of a non-

ionic fluorinated surfactant in two different treatment solutions composed of 

butoxyethanol/ethanol or propylene glycol/isopropyl alcohol to alter wettability and 

enhance the gas and condensate relative permeabilities in sandstones. The relative 

permeabilities in coreflood experiments were increased by a factor of two. Both outcrop 

and reservoir sandstone cores were treated at different temperature ranging from 150 oF 

to 320 oF and salinities up to 78,000 ppm. Wettability alteration was evaluated by 

calculating the USBM index of treated cores. Numerical simulation showed that treating 

2-3 m around the wellbore can increase the well productivity by 50%. A successful field 

application of this treatment is reported by Butler et al. (2009). 

Weiss et al. (2009) documented a successful application of chemical treatment to 

alter the wettability from water-wet to neutral wet in near wellbore region of wells drilled 

in a deep sandstone fresh water aquifer used as gas storage in Illinois. The treatment 

surfactant was delivered as a micro emulsion in water. Results, although initially 

disappointing, later showed a one third increase in the gas withdrawal rate during 

production. To evaluate the success of treatment production rate versus cumulative 

production was compared before and after treatment. 
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2.9 WATERBLOCKING IN GAS WELLS 

Similar to condensate blocking, waterblocking has been suspected to reduce 

deliverability in gas reservoirs. 

McLeod et al. (1966) discussed the application of surfactants and alcoholic acids 

to facilitate the water cleanup following well drilling, completion or work-over 

operations. Surfactants were found to be less effective because of poor penetration into 

the formation, the reduction of water evaporation rate subsequent to gas breakthrough, 

and in some cases, the possibility of foaming. On the other hand, alcohols were found to 

be more successful due to lowering of the interfacial tension of the liquid and increasing 

the water activity and evaporation rate. The successful field application of alcoholic acids 

for cleanup is reported by Penny et al. (1983) and Al-Anazi et al. (2006).  

Methven (1971) made a comparison between the rates of cleanup of various 

drilling filtrates. His study showed that wells drilled using oil-based mud showed a faster 

cleanup rate when compared to those drilled using water-based or inverted emulsions. 

Tannich (1975) employed a simulation model, with some simplifying 

assumptions, to predict the cleaning process after hydraulic fracturing. The reported 

results showed that cleanup is very fast when the fracture is short and highly conductive. 

For waterblocking to be insignificant, the fracture must have high a conductivity 

compared to formation permeability. 

Abrams and Vinegar (1985) reported the results from some laboratory 

experiments conducted to mimic the process of cleanup after hydraulic fracturing. They 

pointed out that waterblocking is not significant if the pressure gradient is several 

hundred psi/inch greater than entry pressure. They found methanol and 

methanol/surfactant mixtures inefficient in reducing the required pressure gradient for 

cleaning which was contrary to others findings. 
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Cimolal et al. (1993) reported a severe reduction in gas relative permeability and 

well productivity by water invasion during drilling and well completion. Laroche et al. 

(2000) quantified the damage using laboratory measurements. 

Mahadevan and Sharma (2003) performed laboratory experiments to quantify the 

effect of selected parameters on the rate of clean up. Results showed that an increase in 

permeability or temperature will increase the rate of evaporation. Even for a high 

permeability rock, thousands of pore volumes of gas were needed to restore gas 

permeability to an acceptable level. 

The strong influence of some parameters such as pressure drawdown, formation 

permeability, fracture length, shape of relative permeability curves, the amount of water 

leak-off, and formation heterogeneity on the speed of the post-fracturing cleanup process 

is reported by Parekh and Sharma (2004) in their simulation study. Similar results are 

reported by Kamath and Laroche (2000). 

 Panga et al. (2006) examined few chemicals for the purpose of wettability 

alteration to prevent water block damage. Results from contact angle measurements, 

imbibition tests, and flow test were used to asses the success of treatment used. The 

degree of success was low either because of minor damage to the core, non-uniform 

alteration of wettability, or a small improvement in water block removal. 

Panga et al. (2007) reported the results of an effort to develop a treatment to 

prevent water block in gas wells. They used contact angle and imbibition tests to screen 

the potential chemicals. The best two chemical selected, were used in core flood tests in 

which water was displacement by gas. However, the chemical treatments were not 

successful due to uneven treatment along the core, face plugging and damage to the core 

permeability.  
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Chapter 3: Equipment, Procedures, Calculations, and Fluids 

 

This chapter presents the procedures and experimental set up used for conducting 

the core floods and other experiments.  This includes a description of the equipment used, 

the experimental setup, methodology for preparing core and fluid samples, and the 

procedures used for conducting the experiments and analyzing data.  Specifications as to 

the accuracy and ranges of the instruments used in the experiments are discussed.  The 

procedures and methods are explained and any variation from the typical procedure is 

noted.  All of the equations used to analyze the data are given as well as the underlying 

assumptions.  Three derivations are given in this section. The first two equations derived 

are used to calculate the gas and condensate flow rates. These flow rates are used for 

calculating relative permeabilities from measured steady state pressure drops and fluids’ 

viscosities using Darcy’s equation. The third one is the derivation of the equation used to 

derive core permeability and inertial beta factor from single phase gas flow on dry cores 

or cores at initial water saturations.  

The chapter concludes with a discussion of the composition of fluids and the 

relevant properties used in the calculations.   Plots of phase volume fraction, density, 

viscosity, and the interfacial tension at the experimental temperature are given as a 

function of pressure.  

 

3.1 EQUIPMENT USED 

Numerous pieces of equipment were required to conduct the experiments which 

include pumps, accumulators, core holders, balances, back pressure regulators, ovens, 

auto-samplers, pressure transducers, etc.  A description of these items is provided below. 
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The sketch of experimental setup is given in Chapter 5 (Figure 5-1) where the first 

coreflood results are explained. 

 

3.1.1 Pumps 

Five different types of pumps were used to conduct the high pressure coreflood 

experiments.  Positive displacement pumps; RUKSA and Quixiz QX 6000 pumps were 

used to inject fluids, pressurize accumulators and in some cases pressurize the back 

pressure regulators (BPRs).  A vacuum pump was used to remove air from accumulators 

before loading them with gas condensate mixtures and also was used to apply a vacuum 

on the cores while heat-shrink tube was applied. A gas phase booster pump was used to 

load gases, such as methane, nitrogen, butane, and propane into accumulators and a 

hydraulic hand pump was used to pump confining oil into the core holder annulus to 

provide the appropriate overburden pressure. 

3.1.1.a Ruska pumps 

Ruska syringe pumps were used in some experiments mainly to deliver brine 

during water-blocking experiments and in a small number of experiments for gas 

condensate injection. Two types were used, one with a pressure rating of 5,000 psi and a 

two liter capacity the another with a pressure rating of 10,000 psi and a capacity of one 

liter.  The pumps are mechanically driven and provide a flow range from 2 to 896 cc/hr.  

The pump pressure was read from dial gauges with divisions of 25 psi.  A mirror strip 

was installed to help read the pressure more accurately. 
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3.1.1.b Quizix pumps 

For the majority of the experiments a Quizix Model QX6000 pump was used to 

inject all of the fluids.  The pump is a continuous flow model and has a flow rate range of 

0.001 to 3000 cc/hr with a published accuracy of 0.1% and a pressure rating of 6,000 psi.  

3.1.1.c Vacuum pump 

The vacuum pump used was manufactured by GAST Manufacturing Inc, Model 

Number 1VSF-10-M100X. It was able to create a vacuum of up to 28.5'' of Hg and was 

mainly used to remove the air from accumulators before loading the gas condensate 

mixture and also to apply vacuum on the cores during applying heat shrink tubing as a 

last stage of preparation.  

3.1.1.d Hydraulic hand pump  

This pump manufactured by Enerpac, Model P-39 was used to inject the 

confining fluid that applies the overburden pressure. The pump had a pressure rating of 

10,000 psi.  

3.1.1.e Booster pump  

This was a pneumatic gas booster manufactured by Maxpro Technologies, Inc., 

Model DLE75-1. The pump was mainly used to load gasses into accumulators at 

pressures above the gas cylinder pressure.   

 

3.1.2 Accumulators 

Accumulators were stainless steel with a free floating Peek piston.  They were 

rated for pressures up to 5,000 psia at temperatures of 350o F.  They were manufactured 

by Temco Inc. Tulsa, OK, and were 2.5 inches in diameter and had capacities of 1000, 
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1,500, and 2000 cc.   Water was used as the driving fluid to displace the fluids from the 

accumulator and inject them into the core.   

 

3.1.3 Back pressure regulators 

Temco Inc. Models BPR-50 and BPR-100 dome loaded back pressure regulators 

were the regulators used for these experiments.  They were rated for 5,000 psi and 10,000 

psi respectively.  The BPRs were used to control the core's upstream and downstream 

pressures to the required pressure.  Nitrogen was used to pressurize the dome.   

 

3.1.4 Pressure regulators 

They were used to regulate the pressure on the BPRs as well as the confining 

pressure on the core. The latter was a hydraulic high pressure regulator model KHR from 

Swagelok and is rated for 10,000 psi and temperatures up to 212 oF. This was used to 

regulate the pressure on the core while heating from room temperature to experiment 

temperature and was used to release the pressure from the core at the end of experiment. 

Those used to regulate the pressure on the BPRs were manufactured by Tescom and were 

rated to 6,000 psi and 225 oF. All were spring loaded and kept outside the oven. 

 

3.1.5 Core holder 

The stainless steel core holders were manufactured by Phoenix Instruments.  

These were fitted with a Viton sleeve to hold the core. The working pressure and 

temperature were 3,000 psi and 400oF, respectively. They can accommodate cores one 

inch in diameter and up to 8.5 inches in length. Spacers were used when cores shorter 
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than 7 inches were tested. Viton sleeves and O-rings were used to hold the core and seal 

against the caps. Mineral oil was used to apply the confining pressure on the core.  

 

3.1.6 Pressure transducers 

Digital pressure gauges were used to read the pressure at the inlet and outlet of the 

core, the net confining pressure on the core, and the dome pressures of the upstream and 

downstream BPRs.  These pressures were measured using either a Mensor Digital 

Pressure Gauge Model 2101 SN 532062 or a HEISE Modular Digital Indicator (MPI) 

Model ST-2H.  The gauges had ranges of either 0- 5000 or 0-10,000 psi.  The Mensor 

gauges had an accuracy of 0.010 % of full range and the Heise had an accuracy of 

0.025% of full range. 

 

3.1.7 Differential Pressure Transducer 

Rosemount 3051CD Differential Pressure Transmitters were installed to measure 

and display the pressure drop across the core. The units ranged from 0-3 to 0-300 psi and 

had a minimum accuracy of 0.1% of full range for the ranges used in these experiments.  

Independent measurements were made using two pressure transmitters with different 

ranges during each experiment.  

 

3.1.8 Oven 

All the coreflood experiments were performed inside a 4'x4'x3' temperature-

controlled oven.  The controller on the oven was a single set point STAT-350 from 

Lindberg and Blue M which was able to keep the temperature within 1oF of the set point. 

The temperature could be set to any temperature greater than ambient up to 750 oF.  The 
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oven is equipped with fans to circulate the air to provide a more uniform temperature 

distribution. There was an exhaust installed on the side of the oven which could be used 

to better regulate the temperature in the oven. Through opening or closing this exhaust 

the rate of air exchange from ambient to the oven is controlled. To keep the oven at low 

temperatures, close to ambient, it is necessary to open the exhaust while for higher 

temperatures the oven works better with the exhaust less open.   

 

3.1.9 Digital Reactor Block 

The digital reactor block is a heating unit manufactured by Hach Company and 

was used to conduct the solubility and compatibility test for various mixtures including 

treatment solution.  The operating temperature range is 37-165oC. Samples could be kept 

at temperature for duration of 0-480 minutes. The unit has two separate heating blocks, 

each one capable of heating up to 15, 16 cc samples.  

 

3.1.10 Fraction Collector 

Samples were taken either manually or using a sampler collector manufactured by 

Spectrum Chromatography.  Three different models were used but all worked essentially 

the same.  The samplers have multiple rotating racks which accommodate the sampling 

vials and are moved to place using a timer.  The sampler was primarily used for 

collecting effluent liquid samples during treatment injection and was also occasionally 

used to collect condensate samples. The samples were collected for various purposes 

such as to observe the color of the effluent, to analyze for water content to check if the 

treatment solution has been able to remove all the brine from the core, or to measure the 
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concentration of the chemical in the treatment solution used mainly for adsorption 

calculations.  

 

3.1.11 Balances  

All of the fluids used in the experiments including methane or nitrogen gas, gas 

condensate mixtures, treatment solutions and brines were made and loaded into the 

accumulators based on mass. The mass of liquid condensate collected during condensate 

floods were generally measured and recorded with time to check if the fluid injected was 

single-phase or not and also to check the  consistency of different batches of condensates. 

Four different balances all manufactured from Aldinger Company with different ranges 

and accuracies were used. 

 

3.2 PROCEDURES 

In this section the experimental procedure for the coreflood experiments is 

explained and includes: porosity measurement, core preparation, fluid preparation, 

coreflood tests for measuring absolute and relative permeabilities, core treatment, and 

assessment of the treatment success.  

 

3.2.1 Porosity Measurement 

The experimental procedure required that the porosity of the core be determined.  

This can be difficult for cores taken from carbonate formations because there can be large 

variations from one formation to another and even within a given formation.  The 

mineralogy and subsequently the grain density varies widely. All of the pores may not be 

connected so the effective porosity cannot be calculated accurately from the sample 
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weight and core dimensions. It was important to determine the accessible pore volume of 

the core so that the proper brine volume could be injected to obtain target Swi values and 

that treatment volumes could be calculated correctly.  For core samples shorter than 4 

inches in length, a helium porosimeter was used.  For longer core samples, a different 

procedure, described below was used.    

An accumulator with a known volume was used as a porosimeter.  The core 

sample was put into the accumulator and a vacuum was applied.  A given mass of 

nitrogen was put into the accumulator which was connected to a digital pressure gauge 

and put in an oven at 100 oF.  The pressure of the accumulator was recorded versus time 

until the observed pressure was unchanged. Using a fixed temperature, 100 oF, and the 

final equilibrium pressure in the accumulator, the density of nitrogen was determined 

using PVTSIM.  The volume available for gas was calculated using the density and the 

mass originally loaded into the accumulator.  The grain and dead volume was calculated 

as the difference between the initial volume of the accumulator and the calculated 

volume.  The connected porosity was then calculated knowing the grain and dead volume 

and the core bulk volume. It was noticed that in almost all of the cases the measured 

porosity was less than calculated porosity when assuming a typical grain density for the 

limestone. This means that either the carbonate samples used in the experiments contain 

isolated pores or that the method was not very accurate. This method was susceptible to 

possible errors in the mass measurement. Because of low gas density a small error in the 

mass, say one gram, could result in up to five cc error in the calculated grain volume 

which could led to more than 20% error in porosity calculation. Therefore we used this 

method for few experiments only. 

It was noticed that the pore volume calculated using a helium porosimeter was 

close, (slightly higher), to the volume of water imbibed into the core. Therefore, for most 
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of the Texas cream limestone cores we used the difference in wet and dry weights as a 

measure of accessible pore volume. For Silurian dolomite cores, however, we vacuumed 

and saturated the core with alcohol. The volume of imbibed alcohol provides a good 

measure of accessible pore volume. 

 

3.2.2 Core Preparation 

A one inch diameter core, four to eight-inches long, was drilled from a Texas 

Cream limestone block.  The core is then dried in an oven at 130 oC for 24 hours or more.  

After cooling, loose grains are removed from the outer surface of the core using 

compressed air. The core was weighed, the dimensions measured, and the porosity of the 

core was determined using one of the methods described above.  A layer of Teflon tape 

was applied overlapping the tape with each pass.  This was followed by a layer of 

aluminum foil. The core was then wrapped in a heat shrink tube by applying heat to the 

tube and vacuum to the top of the core. The core is then loaded into a Hassler-type core 

holder, confining pressure is applied and the core is placed in an oven.  

 

3.2.3 Coreflood System  

A schematic of the core flood set up is shown in Figure 5-1.  The core, BPRs, and 

accumulators are housed inside a temperature-controlled oven.  Two back pressure 

regulators are used to keep the fluids at the desired pressure.  The fluids are injected into 

the core at a constant rate using a positive displacement pump.  During gas condensate 

injection, the upstream BPR (BPR1) is generally set at a pressure 500 to 1000 psi higher 

than the gas condensate dewpoint pressure. The downstream BPR (BPR2) is set to keep 
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the fluid at the desired core pressure.  The confining pressure on the core is typically set 

at 1000 psi higher than the BPR2 setting.  

Pressure, temperature, and effluent mass data are measured and are displayed in 

real time and logged using Labview.  Data logged include; BPR dome pressures, core 

inlet and outlet pressures, pressure drop across the core measured using three independent 

pressure transducers, pump pressure, temperature, confining pressure, effluent mass, and 

pump flow rate. 

 

3.2.4 Fluid Preparation 

Various fluids used to complete an experiment must all be loaded into an 

accumulator and heated to the experimental temperature before injection.   Methane and 

nitrogen were loaded into accumulators to a target pressure using a booster pump and 

when necessary put in the oven and allowed to heat up to the experimental temperature.  

These gases were used to measure the core permeability and permeability at initial brine 

saturation.  Treatment solutions were loaded into an accumulator by first putting in a 

piston and filling one side of an accumulator with treatment solution.  The cap was then 

replaced making sure that there was no air space present.  The other side was then filled 

with water and the accumulator was placed in the oven and allowed to heat up for 3-4 

hours.  The pump is connected to the accumulator and put in a constant pressure mode to 

remove water as the liquids expand.  

Gas condensate mixtures consisting of a mixture of hydrocarbon components 

were made using the following procedure.  The liquid components were weighed in a 

beaker.  An accumulator was prepared by inserting a piston with Teflon seals into one 

end.  Water was then poured in and the cap replaced being careful that no air was left in 
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the accumulator.  A vacuum was then applied on the other side; the liquid portion of the 

condensate was poured into a graduated burette that had been connected to the 

accumulator.  A valve was opened to allow this liquid mixture to flow into the 

accumulator.  The accumulator is then placed on a balance, the balance is zeroed and a 

given mass of gas (methane or propane) is pumped into the accumulator.  The 

accumulator is put in an oven and pumped up to the desired pressure and allowed to heat 

up for a minimum of 16 hours.  It was determined that for most condensate mixtures a 

minimum of 16 hours at a pressure at least 500 psi above the dew point was required for 

the fluid to reach equilibrium.   

 

3.2.5 Dry permeability Measurement 

The single phase permeability of the dry core was measured by flowing methane 

or nitrogen through the core.  Several flow rates are used and the flow rate is not changed 

until the pressure drop across the core has reached steady state.  Darcy's equation is used 

to calculate the permeability. Corrections are made using the Forchheimer equation 

(Eq.(3.12)) for cases where there were non-Darcy effects. 

 

3.2.6 Establishing Initial Water Saturation (Swi) and Measuring Gas Relative 
Permeability at Swi. 

To establish Swi in the core, a brine solution of the desired composition is 

prepared.  The solubility of calcium carbonate decreases with increasing temperature so 

the brine solution must contain a low concentration (700 mg/l) of CaCl2 to prevent 

dissolution/precipitation of calcium carbonate as the brine heats up.  To establish the 

given initial water saturation in the core, the desired volume of brine is injected into the 
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core based on the core pore volume. To do so, the desired volume of brine is loaded into 

a loop made form 1/8” OD stainless steel tubing and pressurized using nitrogen so that 

when heated to the experimental temperature the loop reaches the core pressure. The 

presence of the nitrogen in the loop will prevent or reduce the evaporation of water and 

also provides some room for brine to expand during heating without over-pressurizing the 

loop.  The loop is connected to the core inlet and nitrogen, pre-saturated with water, is 

used to push the brine into the core. A large number of pore volumes (PV) of nitrogen are 

injected into the core at high flow rates (and consequently high pressure gradients) to 

distribute the brine into the core as uniformly as possible. Krg at Swi is then measured 

following the same procedure used to measure dry permeability. In some experiments we 

decided to inject the initial brine at room temperature. To induce the brine at room 

temperature, vacuum was applied at one end of the core, then the desired volume of brine 

was allowed to be sucked into the core.  

 

3.2.7 Gas and Condensate Relative Permeability Measurement 

To measure the gas and condensate relative permeabilities, a single-phase 

hydrocarbon mixture above its dew point is prepared in an accumulator and  pumped into 

the upstream BPR and then into the core.  The upstream BPR is set at a pressure 500 to 

800 psi higher than the dew point pressure of the fluid so the fluid flowing upstream of 

BPR1 is single phase.  As the fluid passes through BPR1 it is flashed to the core pressure 

established by the downstream BPR.  This pressure is below the dew point so liquid 

drops out and two phases, condensate and gas, are now present.  Liquid condensate 

begins to build up in the core and eventually two-phase flow is established. The time 

duration of this buildup phase depends on the core permeability, initial water saturation, 
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injection rate as well as on the percent liquid drop out at the core pressure.  This time, in 

terms of number of pore volumes injected into the core, is shorter when injecting richer 

fluids keeping everything else unchanged. The injection is continued at a constant rate 

until the pressure drop across the core levels off and remains stable for at least 40 pore 

volumes. The relative permeability is calculated using Darcy’s equation based on the 

final steady pressure drop, the flow rate of each phase, and the viscosity of each phase.  

 

3.2.8 Core Treatment 

The treatment solution is made by mixing few percent of the treatment chemical, 

around 2%, in the delivering solvent. The choice and percentages of the solvents used for 

each chemical is based on the results of screening tests. These tests are conducted to 

evaluate the solubility of chemicals in the solvent and the stability of treatment solution at 

temperature in both the presence and absence of brine and condensate.  Preference is 

generally given to those solvents which are cost effective, easily available, more volatile, 

and less viscous. The last two specifications are very important so that there is a quick 

back flow and clean up of solvent after putting the treated well on production.  

The treatment solution is stirred to become homogeneous and then is loaded into 

an accumulator. It is then heated in the oven for three to four hours before being injected 

into the core. The treatment is injected at a rate that provides a residence time of 

treatment solution in the core that is not less than 3 minutes.  The volume of treatment 

injected into the core is between 10 to 20 PVs. The core is then shut in for a minimum of 

15 hours. 
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3.2.9 Relative Permeability Measurement after Treatment and Assessment of 
Treatment 

The post-treatment gas condensate flood is conducted under the same flow rate 

and conditions as the pre-treatment condensate flood.  The improvement factor (IF) is 

defined as the ratio of gas relative permeability after treatment to that before treatment for 

each flow rate. If a treatment results in an IF greater than or equal to 1.5, it is considered 

to be successful. The durability of treatment is evaluated by injecting multiple 

accumulators of gas condensate through the core and evaluating the possible changes in 

IF. The treatment is considered durable if upon injection of these extra pore volumes of 

gas condensate mixture, the IF does not drop significantly, to below 1.5.    

 

3.2.10 Final Permeability Measurement 

The treatment solution should not in any way damage the core permeability. 

Damage is caused by plugging a significant fraction of the pores contributing to flow. 

Plugging could result from the release of fines or injected particles by either precipitation 

or from undesirable interaction between the rock and the treatment solution. It is very 

important to eliminate such plugging especially in low permeability cores, which are 

more susceptible to damage and reduction in permeability due to the smaller pore size. 

Therefore, the measurement of the damage, if any, is of great importance. For this 

purpose, the final permeability of the core is measured by injecting a large number of 

pore volumes of methane through the core.   

The flowing methane removes the liquid condensate from the core through two 

mechanisms; displacement and evaporation.  Viscous forces remove the displaceable 

fraction; the remaining liquid is generally evaporated and carried out by the flowing gas. 

The latter is a very slow process and takes injection of a large number of pore volumes of 
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methane to complete. For this reason, it is not practical to evaporate all of the condensate 

by injecting one accumulator. It is assumed that, upon injection of about 200 PVs or more 

of methane that if the permeability of the core is within 85-1000% of the initial 

permeability then there was negligible damage to the core. 

 

3.3 CALCULATIONS 

In this section the equation for calculation of gas and condensate flow rates is 

derived using a mass balance approach. The flow equations are also reviewed briefly. 

Explanations are given for the underlying assumptions and for the preference of one 

equation over another. 

 

3.3.1 Flow rate Calculations for Condensate and Gas Floods 

The gas and condensate relative permeabilities were measured in the corefloods 

using the dynamic flashing method. In this method, a single-phase condensate mixture 

passed at a constant rate through BPR1 at the upstream of the core which was set at least 

500-700 psi above the dew point pressure of the gas condensate mixture. Upon passing 

BPR1 and entering the core the fluid flushed into two phases; gas and condensate.  The 

volume ratio and thermodynamic properties of each phase is a function of composition, 

temperature, and the core pressure.  The core pressure was regulated by BPR2.  

In some cases, due to the low permeability of the rock samples used in these 

experiments, the fluid experienced a high pressure drop (on the order of 100 psi or more) 

across the core depending of flow rate and the core absolute permeability. For this reason 

the properties used for the relative permeability calculations were calculated using the 
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average of the upstream and downstream pressures.  The flow rate of each phase at the 

core condition can be calculated using mass balance as follows:  

Assume the pump injection rate to be pumpq and the single-phase gas condensate 

mixture to have density s . The gas condensate mixture undergoes a flash at the core 

which results in a two-phase system composed of gas and condensate phases having 

density of g  and c  and the volume fractions of g and c  respectively. The sum of 

g and c  equal one: 

 g c = 1    (3.1) 

 

Writing a simple mass balance, one can have  

  

 
gpump s g c cq q q      (3.2) 

Where g
q

and cq  are the gas and condensate flow rates in the core. When steady state is 

established in the core, these two flow rates are related by their volume fractions: 
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Therefore, 

 

 
c = 

c
g

g
q q




 (3.4) 

Substituting Eq.(3.4) into Eq.(3.2) gives 

 

 
s g

c
pump g g c

g
q q q

   


 (3.5) 

Multiplying both sides by g yields: 

 
s g gpump g g g c cq q q         (3.6) 
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Then the gas rate can be calculated as  

 
 

pump g g
g

g g c c

q
 q  =  

 
   

 (3.7) 

Similarly, 

 
 

pump c c
c

g g c c

q
q  =  

 
   

 (3.8) 

 

For the case of injecting single phase gases such as methane or nitrogen, the core rate can 

be simply calculated by incorporating the expansion due to change in the pressure and 

subsequently in the gas density as follows: 

 1
core = pump 

2
q q




 (3.9) 

 

Where 1  and 2  are the gas density at BPR1 and BPR2 pressures. A similar equation 

can be derived by setting the oil fraction to zero in Eq. 3.7. 

 

3.3.2 Absolute and Relative Permeability Calculations 

The flow of Newtonian fluids in porous media at low velocity is governed by the 

Darcy's equation, which relates the pressure gradients to the flux of flowing fluids 

through the ratio of permeability of the medium to the viscosity of the flowing fluid as 

follows: 

 
q p

u = 
A L

 


 (3.10) 

 

Where, 

u = Flux, or Darcy velocity, cm/sec 
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q = Flow rate, cc/hr 

A= Cross sectional area, cm2 

 = Permeability, darcy 

  = Fluid Viscosity, cp 

p  = Pressure drop, atm 

L  = Length, cm 

 

The application of this equation was extended to multiphase flow through the 

concept of relative permeability as follows:  
  

 ri i
i

i
u

L

 


 (3.11) 

The index i represents the quantities or properties associated with phase i.  

When the flow rate increases, especially for gas flow, the pressure drop for a 

given flow rate could be higher than that predicted by Darcy's equation due to non-Darcy 

or inertial effects caused by higher fluid velocity. Forchheimer introduced a new term 

into Darcy's equation, rewritten explicitly in terms of pressure gradient, to capture this 

extra pressure drop caused by high fluid velocity as follows: 

 2u u
L

   


 (3.12) 

The  term which is called, beta factor, non-Darcy coefficient factor, inertia 

resistance factor and so forth depends on the porous medium and for the case of gas flow 

in the presence of a liquid phase it also depends on the saturation of the liquid phase. 

When the single phase gas is flowing above a certain flow rate the apparent permeability 

calculated using Darcy's equation decreases with increasing flow rate, this is associated 

with inertial effects. 
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The gas permeability at 100% gas saturation was measured by flowing a gas, 

either nitrogen or methane, at different flow rates and measuring the pressure drop for 

each flow rate across the core. Measurements were made generally at both ambient and at 

elevated temperature in each experiment. The core outlet pressure was in the range of 

1000-1200 psi. The pressure drop across the core were different at different flow rates for 

different cores and was at most 100 psi for the highest flow rates used in low 

permeability cores (permeability in the range of a few md).  

It is clear that for the gas flow, due to compressibility effects, the flow rate 

increases as the outlet of the core is approached. When the pressure drop is low, which is 

the case at low flow rates in higher permeability cores, the changes in the volumetric flow 

rate across the core might not be significant; hence the correction for fluid expansion 

could be neglected without introducing a significant error in the calculations. Under this 

condition, the Forchheimer Equation (Eq. 3-12) was used to calculate both permeability 

and beta factor. However, there have been cases for low permeability cores where as the 

flow rate increased the permeability derived using Darcy's equation increased which in 

turn resulted in a negative beta factor when Eq.(3-12) was used to analyze the data. This 

was mainly due to ignoring the changes in the gas density and flow rate across the core.  

To overcome this issue, the changes in the gases density, deviation factor, and 

viscosity were investigated. Within the range of  core outlet pressures  (1000-1200 psi) 

the maximum change in the viscosity is less than 2%, in the gas deviation factor less than 

1% while the gas density can change by up to more than 10% for pressure drops of 100 

psi across the core. Therefore, it is reasonable to assume the gas deviation factor and 

viscosity are almost constant over the inlet and outlet pressure range. With this 

assumption, the following modified version of Forchheimer was used to calculate the 

permeability and beta factor using flow and pressure data.  
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In this method, we take into account the changes in the gas volumetric flow rate. 

At constant temperature, the gas density can be calculated using gas deviation factor 

according to the following equation: 

 
PM

ZRT
   (3.13) 

Where, 

 = Gas density, kg/m3 

M = Gas molecular weight, kg/kg-mol 

P = Absolute pressure, Pa 

Z = Gas deviation factor, dimensionless 

R = Gas law constant, 8.31451x103, kg.m2/s2.kg-mol.K 

 

The superficial velocity u in Forchheimer equation can be replaced as 

 
W

q W
u

A A A
  


 (3.14) 

Where W is the mass rate of flow in kg/s. Replace for u in the differential form of 

Eq.(3-12) gives 

 
2

dp W W

dx A A

        
 (3.15) 

Multiplying both sides by 
A

W




 and separating derivatives gives 

 
A 1 W

dp dx
W A

        
 (3.16) 

Replacing for density from Eq.(3.13)  and integrating over the core length from 0 

to L and pressure from Pin to Pout 
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out

in

P L

P 0

AM 1 W
Pdp dx

WZRT A

       
   (3.17) 

The final form will be 

 
 2 2

in outAM P P W 1

2 WZRTL A


  

  
 (3.18) 

So, plotting the left hand side of Eq.(3.18) versus 
W

A
 will gives a straight line of 

which the slope is the beta factor and the intercept will be the reciprocal of permeability. 

For the case of liquid flow, for example during treatment injection, Darcy's 

equation in its original form was used to calculate the permeability.  

Under steady state flow condition and neglecting the capillary pressure and non-

Darcy effects, the ratio of gas to condensate relative permeability ratio is controlled by 

the fluid properties. This can be easily shown by a little mathematical manipulation of 

Eq.(3.3) and application of Eq.(3.11) for relative permeability calculation in the 

following form: 

 rg g g

rc c c

  


  
 (3.19) 

The Capillary Number, Nc, a dimensionless number, is the ratio of viscous to 

capillary forces. This number has a profound effect on the gas relative permeability and 

generally enhances it as it exceeds a threshold value. Different definitions are available in 

the literature. We used the following: 
 

N = c L



 (3.20) 

In lab units, including conversion factors, it is shown as: 

 
7

cN 2.6784x10
L

 


 (3.21) 
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Where, 

 = Permeability, md 

p  = Pressure drop, psia 

L  = Length, inches 

  = Interfacial tension between gas and condensate, dyne/cm 

 

3.4 PHASE BEHAVIOR CALCULATIONS  

For gas condensate flow, the fluid properties such as density, viscosity, and 

volume fraction of each phase were calculated using the PVTSIM package from Calsep. 

Since we were using synthetic hydrocarbon gas mixtures there was no need for tuning the 

EOS parameters because the properties of pure hydrocarbon components are available in 

the PVT package library. The flow rates in the core were calculated using Equations (3.7) 

and (3.8). Eq.(3.11) was used for calculation of the relative permeability of both phases. 

 

3.5 EQUATION OF STATE 

The relation between volume, pressure, and temperature of fluids is represented 

by an equation called equation of state or simply EOS. A review of few of these EOSs is 

given below. 

 

3.5.1 Ideal gas EOS 

An ideal gas is defined as a homogeneous fluid in which there is no attraction or 

repulsion between molecules; the volume occupied by the molecules is insignificant 

compared to the volume occupied by the gas; and all molecular collisions are perfectly 

elastic. For such a fluid, the EOS has the following form: 
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 PV RT  (3.22) 

Where, 

 

P = Absolute pressure, Pa 

V = Molar volume, m3/kg-mole 

R= Universal gas constant, kg.m2/s2.kg-mol.K 

T = Absolute temperature, K 

At low pressures, the above equation can give a good prediction of PVT behavior. 

At higher pressures and temperatures, predictions using ideal gas relation deviates from 

the real behavior of gases. This led to introduction of a new parameter called, gas 

deviation factor, compressibility factor or z-factor into the ideal gas equation. 

 

3.5.2 Non-Ideal Gas EOS 
 

 PV zRT  (3.23) 

The z-factor is a dimensionless number defined as a ratio of the actual volume 

occupied by the gas divided by that assuming ideal behavior. This EOS is one of the most 

commonly used in the petroleum industry.  Large numbers of z-factor charts are available 

for different components showing changes in the z-factor with changes in pressure and 

temperature. The law of Corresponding States through defining reduced pressure and 

reduced temperature allows a general correlation of z factors. 

 r
c

P
P

P
  (3.24) 

 r
c

T
T

T
  (3.25) 
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According to the law of corresponding states, all pure gases have the same z-

factor at the same values of rP  and rT . The law of corresponding state has been extended 

to the gas mixtures using supercritical pressure and supercritical temperature defined as 

below: 
 

 
i

i
pc y ciT T  (3.26) 

 
i

i
pc y ciP P  (3.27) 

 

Where yi is the mole fraction of component i and Pci and Tci are its critical 

pressure and temperature respectively. Later, corrections have been made to correct for 

the effect of non-hydrocarbon component such as nitrogen and hydrogen sulfide.  

The variation of z-factor makes direct mathematical manipulation difficult and 

requires either numerical or graphical techniques to solve the EOS. Other equations of 

states were introduced where corrections for the non-ideality were represented in a 

simpler mathematical form. A large number of EOSs have been introduced with a 

varying number of parameters.  

 

3.5.3 Van der Waals EOS 

Van der Waals was among the earliest to improve the ideal gas equation by taking 

into account molecular volume and the attraction and repulsion forces between 

molecules: 

  MV2
M

a
P b RT

V

 
    

 
 (3.28) 
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Here the parameters 
2
M

a

V
 and b represent the attractive and repulsive forces and 

MV  is the molar volume.  If written in terms of volume or compressibility factor; the van 

der Waals equation takes a cubic form hence all EOS of this type are called cubic EOS. 

For a pure component at the critical point, the following relation exists: 

 

c

2

2
T Tc T T

P P
0

V V 

            
 (3.29) 

This will determine the value of a and b for pure components as 
 

 
2 2

c
c c a

c

R T9
a RT V

8 P

 
    

 
 

 (3.30) 

  

 c
c b

c

RT1
b V

3 P

 
    

 
 (3.31) 

Where, 

a = 0.42748 

b = 0.08664 

 

3.5.4 Soave-Redlich-Kwong EOS  

It takes the following form while considering the parameter a temperature 

dependent, 
 

 
RT a(T)

P
V b V(V b)

 
 

 (3.32) 

The parameter b is derived as in Eq.(3.31) while the new parameter a(T) is a 

multiplication of the new parameter  (t) by a from Eq.(3.30) or 
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 a(T) a (T)   (3.33) 

Where 

 

2
0.5

c

T
(T) 1 m 1

T

               

 (3.34) 

 2m 0.48 1.574 0.176     (3.35) 

The acentric factor   is defined as follows: 

 
r 0.7

vap
10 r Tlog P 1     (3.36) 

Where vap
rP is the reduced vapor pressure of the component. With the Peneloux 

volume corrections the SRK equation takes the following form, 

 
  

RT a
P

V b V c V b 2c
 

   
 (3.37) 

The Peneloux molar volume V is less than SRK molar volume V by a volume 

shift c defined as a combination of two terms c' and c'' according to the following 

equation: 
 c c ' c ''(T 288.15)    (3.38) 

Where, T is temperature in K. The parameter c' is independent of temperature 

while c'' is temperature-dependent and is set to zero by default in PVTSIM except for 

plus pseudo components. The parameter c' can be found from the following equation: 

  c
RA

c

RT
c' 0.40768 0.29441 Z

P
   (3.39) 

Where ZRA is the Racket compressibility factor calculated using the following 

equation: 

 
 RAZ 0.29056 0.08775    (3.40) 
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3.5.4 Peng-Robinson /PR78 EOS  

Takes the following form 

 
   

RT a(T)
P

V b V V b b V b
 

   
 (3.41) 

Where 

a(T)= a (T)  
2 2

c
a

c

R T
a

P

 
    

 
 

2
0.5

c

T
(T) 1 m 1

T

               

 

c
b

c

RT
b

P

 
   

 
 

a = 0.45724 

b = 0.07780 

m=0.37464+1.54226 - 0.2699222  

 

With the PR78 m is calculated from above correlation for 0.49  otherwise 

from 

 

m=0.379642+ (1.48503-0.164423+0.016662) 
 

With Peneloux volume corrections PR/PR78 becomes  

 
     

RT a(T)
P

V b V c V 2c b b c V b
 

      
 (3.42) 

c is as was defined for SRK and c' is calculated using the following equation 
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  c
RA

c

RT
c' 0.50033 0.25969 Z

P
   (3.43) 

ZRA is as defined for Peneloux modification of SRK EOS. 
 

3.5.5 Classical mixing rules 

In the mixture, the following classical mixing rules can be used for parameters a, 

b, and c 

 
N N

i j ij
i 1 j 1

a z z a
 

   (3.44) 

 
N

i i
i 1

b z b


  (3.45) 

 
N

i i
i 1

c z c


  (3.46) 

Here zi and zj are the mole fraction of components i and j and aij is defined as  
 

  ij i j ija a a 1 k   (3.47) 

 

kij is the binary interaction between i and j components.  

We used PR78 EOS with Peneloux temperature dependent volume corrections 

and binary interaction of zero between components to calculate the properties of the 

synthetic fluids we have been using in our studies.  

3.6 Fluid Composition 

The core flood experiments were designed to calculate the gas and condensate 

relative permeabilities using a steady-state method. The fluids used were either gas 

condensate or volatile oil mixtures. Measurements were made over a wide range of 
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pressures, temperatures, and liquid volume fractions at the core condition. Synthetic 

fluids were designed to meet the requirements of the experiment in terms of liquid 

volume fraction while the saturation pressure of the fluid was required not to exceed the 

safe operating limits of our experimental setup at any temperature. Table 3-1 lists the 

composition of the three fluids used in this study. For gas condensate mixtures the P-T 

phase diagram, the liquid drop out, the viscosity and density of phases at different 

pressures, at the temperature used are shown in Figures 3-1 through 3-12. These data 

were generated by doing flash calculations under constant composition expansion (CCE) 

using the PVTsim package. 
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Table 3-1: Composition of synthetic fluids used in the experiments. 

Composition 
Component 

Mixture # 1 Mixture # 2 Mixture # 3 

C1 86 85 83 

C3 6 6 7 

nC7 5 5 5 

nC10 3 3 3 

nC12  1 2 
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Figure 3-1: P-T diagram for Mixture#1. 
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Figure 3-2: Liquid drop out and IFT for Mixture#1 at 175 oF. 
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Figure 3-3: Liquid and gas densities at different pressures for Mixture#1 at 175 oF. 
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Figure 3-4: Liquid and gas viscosity at different pressures for Mixture#1 at 175 oF. 
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Figure 3-5: P-T diagram for Mixture#2. 
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Figure 3-6: Liquid drop out and IFT for Mixture#2 at 275 oF.  
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Figure 3-7: Liquid and gas densities at different pressures for Mixture#2 at 275 oF. 
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Figure 3-8: Liquid and gas viscosity at different pressures for Mixture#2 at 275 oF. 
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Figure 3-9: P-T diagram for Mixture#3. 
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Figure 3-10: Liquid drop out and IFT for Mixture#3 at 175 oF.  
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Figure 3-11: Liquid and gas densities at different pressures for Mixture#3 at 175 oF. 
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Figure 3-12: Liquid and gas viscosity at different pressures for Mixture#3 at 175 oF. 
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Chapter 4: Screening Tests to Select Appropriate Chemicals  

 

4.1 INTRODUCTION 

The objective of this study was to develop a treatment to mitigate the effect of 

liquid blocking in gas wells in carbonate reservoirs. The aim is to enhance the gas and 

condensate relative permeabilities by altering the wettability to non-liquid-wet using 

chemical treatments. To meet this objective, the right selection of chemicals, solvents, 

composition ratios, as well as the correct evaluation of their performance were critical. 

Our goal was to develop a chemical treatment system composed of a chemical which is 

able to alter the rock wettability to neutral-wet and a solvent to deliver this chemical, at 

appropriate concentration, to the rock surface.  In order for a treatment system to be 

considered for core flooding, it must be stable at ambient and reservoir conditions to 

avoid damaging the rock permeability.  Therefore, the treatment solution should not 

polymerize, precipitate before or during injection into the core, or upon heating, and it 

should not cause any unwanted reaction in the core with either rock minerals or other 

fluid(s) initially present in the core resulting in damage to the permeability.  The solvent 

system should be designed in a way that it brings the chemical into direct contact with the 

rock surface so that the chemical adsorbs readily to the rock surface and alters the 

wettability. 

Due to the large number of chemicals available for testing, see Table 4.1, it was 

essential to find a simple and cost-effective method to quickly screen a large number of 

treatment solutions with the above-mentioned characteristics. A solubility/compatibility 

test was developed and used along with X-ray Photoelectron Spectroscopy (XPS), drop 
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imbibition tests, and contact angle measurement to evaluate each solution's adsorption 

potential and to determine which chemicals are the most promising. 

 

4.2 SOLUBILITY AND COMPATIBILITY TESTS 

For a chemical to be considered for testing in a coreflood experiment an 

appropriate solvent must be developed to deliver the chemical. A good solvent must be 

able to dissolve the chemical at concentration(s) deemed appropriate for use in the 

experiment. Solvents are selected based on either recommendation from the chemical 

manufacturer or from past experience working with the specific class of materials. The 

chemical is the most expensive part of the treatment solution. Practically, it is the best to 

keep its concentration as low as possible, but at the same time high enough to give 

satisfactory adsorption to the rock surface.  

The solubility, stability, and compatibility between the chemical and the solvent 

and between the treatment (chemical + solvent) and the reservoir brine were assessed by 

a series of phase behavior studies.  First, solutions of the each chemical in its associated 

solvent were made at different concentrations. These simple tests help to find a good 

solvent, if it exists, for a given chemical and also to determine each chemical's solubility 

limit. The stability of the different treatments was evaluated at each experiment's 

temperature (remaining clear and single-phase). After this test, the selected treatment 

solution was mixed with reservoir brine at varying ratios at room temperature and heated 

to the experimental temperature where it was held for an hour. The samples were 

observed over time to see if they were stable (no phase separation occurred and that no 

unwanted reaction(s) or precipitation took place). The observation of more than one 
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phase, a cloudy or opaque phase, or any solid phase was considered as an indication of an 

un-stable solution.  

 

4.3 SCREENING OF CHEMICALS USING XPS METHOD 

At the initial phase of development, it was not clear which class of fluoro-

chemicals were most likely to be adsorbed to the limestone surface while providing 

repellency to both oil and water.  An initial assessment was based only on the molecular 

structure of the chemicals.  At this stage, it would be useful to know the adsorption  on 

the rock surface. Owing to the fact that all the chemicals we considered were fluorinated, 

we were interested in measuring the fluorine content on the rock surface after a sample of 

rock have been treated with and aged in treatment solutions.  

We found XPS analysis (see Brundle and Baker (1977-1981) and Briggs and Seah 

(1990) for more details) to be an easy and quick way to qualitatively check for the 

presence of fluorine on the rock surface. The following procedure was developed to 

prepare the XPS samples in a unique way to eliminate the effect of sample preparation as 

much as possible. 

 Cut three-millimeter thick chips from one-inch diameter core samples. 

 Age the samples by keeping them in the treatment solution (composed of 

chemical and solvent) at temperature over night. 

 Take the samples out of the solution and blow air through the samples. 

 Rinse the samples in the corresponding solvent at temperature. Stir for 3 

hours. 

 Blow air to remove the solvent. 

 Dry the samples by keeping them at temperature overnight. 
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The chemicals were then rated based on the fluorine content on the sample's 

surface as reported from XPS. Those with high fluorine content, compared to others, 

were considered for further tests.  

 

4.5 CONTACT ANGLE AND IMBIBITION TESTS 

The enhancement in the gas and condensate relative permeability is achieved 

through alteration of rock wettability from water-wet to preferential gas-wet. There are 

different methods available to assess the wettability of the rock samples such as Amott 

method using centrifuge (Amott–Harvey index); USBM method; contact angle 

measurement; and imbibition tests. Although the Amott method is the most accurate one, 

it is the most time-consuming method as well. Therefore, we employed drop imbibition 

and contact angle to assess the changes in wettability as the most easy and quick methods 

providing a qualitative measure of wettability.  We observed the imbibition of a drop of 

water and n-decane (representing oil) before and after treatment on small samples which 

had been prepared for XPS analysis. 

 

4.6 RESULTS AND DISCUSSION 

Table 4.2 shows the solubility for some of the chemicals listed in Table 4.1. As 

shown in Table 4.2, most of the chemicals from SynQuest and some of the chemicals 

from Aldrich were screened out simply because we could not find a good solvent for 

them. 

As an example of compatibility tests, Figure 4.1 shows the appearance of the 

samples summarized in Table 4-41.  This figure shows the appearance of the samples 

after heating to 250 oF and being aged at this temperature for an hour. The first sample 
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on the right side is the treatment only which is stable at temperature. The rest of samples, 

starting from the left, have increasingly higher volume percent brine in them, starting 

from 13% (sample#1) to about 47% (sample#8).  All of the brine-containing samples are 

clear and single-phase with the exception of the one with the highest brine volume 

percent, sample number eight. This sample looks hazy meaning that there is no guarantee 

this treatment solution at 250 oF will be able to dissolve and displace this volume 

percentage of brine from the core. We have also observed other issues such as salt 

precipitation, surfactant precipitation and in some cases phase separation. Figure 4-2 

shows sample pictures for each of these cases highlighted within the ellipse. 

Tables 4.3 through 4.9 summarize the stability of different chemicals in different 

solvents at room and higher temperatures. In these tables, the term “Clear” refers to a 

clear single-phase with no precipitation. Tables 4-11 through 4-44 summarize the results 

of compatibility tests between treatment and brine and in some cases between a solvent, 

preflush, and brine. Table 4-10 summarizes the concentration of brine and treatment 

solution for each of these compatibility results in Tables 4-11 through 4-44. Some of the 

treatment solutions, provided by 3M, had already been mixed; therefore, the solvent 

system was not known. The term “NA” was used for these solvent systems. 

Figure 4-3 presents the results from XPS analysis of four samples. Two of the 

substrate samples are Berea sandstone and the remaining two are Texas Cream 

Limestone. Samples from each rock were treated with two different treatments. One of 

the treatments is 2% of a chemical, #474088, an epoxide from Aldrich, in IPA and 

another is 2% FC-X, a 3M chemical, in 2BE-EtOH (70-30). The XPS results showed that 

the epoxide has higher adsorption on both TCL and Berea sandstone compared to FC-X. 

Knowing that FC-X works fairly well for sandstone, this new chemical is expected to 

show better results in terms of enhancing the mobility of gas by alteration of wettability 
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toward less liquid-wetting. Another point is that XPS showed higher fluorine content on 

TCL than on Berea sandstone for FC-X.  FC-X has shown its effectiveness in alteration 

of wettability of sandstones under different conditions, but it has been much less effective 

for limestone. As such, the reliability of this method can be easily questioned. The 

explanation might be that although XPS analysis shows a semi-qualitative comparison of 

the adsorption of different fluorinated chemicals, but it does not provide any information 

about how strong the bonding is or what degree of repellency can be expected. Therefore, 

the results of this test alone cannot be the basis of evaluation of effectiveness of any 

chemical. 

Figure 4-4 shows the drop imbibition results for the Epoxide chemical that 

successfully passed compatibility and adsorption tests for our TCL samples. Neglecting 

the variations in the size of the drops and roughness of the surfaces, the imbibition of 

brine and n-decane drops were complete and quick before the treatment was applied. The 

contact angle was visually observed to be essentially zero, because it imbibed 

immediately. In contrast, after the treatment, the presence of a n-decane drop, was still 

evident even after thirty seconds. For brine, the drop presence stood out and no 

imbibition was observed even after a couple of minutes. The contact angles were 

estimated to be 30 and 150 degrees for n-decane and brine after treatment, respectively. 

Figure 4-5 shows the drop imbibition results for samples of TCL treated with six 

different chemicals. The numbers on each sample refers to the corresponding chemical 

described in the figure title. The start, or zero time, for all of these samples is when the 

drop of water is put on its surface. The imbibition status of the initial water drop after few 

seconds (mentioned on each figure) can be seen. A drop of n-decane is put on the third 

image of each sample. There were no more images beyond three of any of samples unless 

n-decane was not imbibed immediately. 
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4.7 CONCLUSIONS 

A quick and relatively inexpensive method to screen a large number of fluoro-

chemicals for wettability alteration was developed and applied. This method includes 

solubility, stability, and compatibility tests to ensure that the treatment solution is stable, 

remains single-phase with no reaction or polymerization upon heating and mixing with 

the brine in the core. This simple test is crucial to eliminate the possibility of damage due 

to treatment instability or treatment/brine incompatibility.  However, when the treatment 

contacts the rock there is a possibility of damage as a result of treatment/rock interaction. 

This clearly emphasizes the importance of coreflood experiments as the only way to fully 

ensure that the chemical is non-damaging.  

XPS analysis provides a semi-qualitative and relative measure of the presence of 

each atomic element (such as fluorine), and hence the only compound having it (here the 

treatment chemical) on the rock surface; however, results from this test should be 

interpreted with care.  This test does not provide an analysis of the strength of the 

bonding to the surface or the degree of wettability alteration and repellency the adsorbed 

fluorinated chemical demonstrates. These are the factors influencing the effectiveness of 

the chemical in terms of adsorption and durability. Drop imbibition and contact angle 

measurements are inexpensive screening tests and provide a quick measure of wettability 

alteration, if it occurs. The results from these tests can be a good guide to select 

chemicals for corefloods and to reduce the risk of failure.  

Results from these screening tests showed that the epoxide chemical # 474088 

should have a high chance of success in altering the wettability and enhancing the gas 

and condensate relative permeabilities. 



 87 

Table 4-1: List of chemicals considered for carbonate treatment. 

Name 
Physical 

state 
at RT 

Solvent Name/Structure 

474088 6 Liquid IPA1 
 

47414-2 6 Solid Not Found 
 

47414-3 6 Liquid Not Found  

474053 6 Liquid 2BE2-EtOH3 ,PG4-IPA 
 

49629-4 6 Liquid 2BE-EtOH, PG-IPA 
 

49629-5 6 Liquid PG-IPA  

474118 6 Liquid PG-IPA 
 

    
31-30-3-05 7 Liquid 2BE-EtOH, PG-IPA  

PN 3130-3-08, 1%7 Liquid Not Found 
 

PN 3130-3-09, 1%7 Liquid Not Found  

PN 3130-3-07, 2%7 Liquid Not Found 

 

PN 3130-3-10, 1%7 Liquid Not Found 
 

21093-147 Liquid 2BE-EtOH (70-30) 
 

1 Isopropyl alcohol 2 2-Butoxyethanol 3 Ethanol 4 Propylene glycol 
5 Water 6 Aldrich 7 SynQuest  
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Table 4-1: Continued. 

Name 
Physical 

state 
at RT 

Solvent Name/Structure 

FC-X 8 Liquid 2BE2-EtOH3 
Non-ionic polymeric 

fluoro-surfactant 
L-18961 8 Liquid 

2BE-EtOH-
IPA1(60-30-10) 

Silane 

L-19446#1 8 Solid 2BE-EtOH (70-30) 
Ca-Salt 

Carboxylate 

L-19446#2 8 Solid 2BE-EtOH (70-30) 
K-Salt 

Carboxylate 
L-20294 8 Liquid 2BE-EtOH 

Acrylate Poly. 
Epoxy 

L-20637 8 Liquid IPA-W5 (93-5-2)  
L-20886 8 NA 2BE-EtOH (70-30)  
L-20296 8 NA IPA  
L-20297 8 NA Ethanol  
L-20836 8 Liquid 2BE-EtOH(70-30)  

L-20891 8 Liquid 
2BE-EtOH-IPA(60-

30-10) 
Silane 

L-19973#6 8 NA NA Anionic 
153239-80 8 NA NA Ca-Salt 

153239-29E1 8 NA NA  
153239-29E2 8 NA NA  
153239-21A 8 NA NA  
154670-48 8 NA NA Ca-Salt 

153239-91B 8 NA NA Nano-Solution 
1 Isopropyl alcohol 2 2-Butoxyethanol 3 Ethanol 5 Water 8 3M 
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Table 4-2: Solubility for selected chemicals listed in Table 4.1 in different solvents. 

Chemical Solvent 
Solubility at Room 
Temperature, wt% 

474088 Ethanol < 1% (0.67%) 
474088 IPA > = 2% 
47414-2 Ethanol < 1% (0.4%) 
47414-3 IPA < 1% (0.4%) 
49629-4 2BE-EtOH > = 2% 
49629-5 PG-IPA > 2% 
474118 2BE-EtOH > 2% 
474118 PG-IPA > 2% 
L-20294 2BE-EtOH >2% but <5% 
L-20295 2BE-EtOH > 5% 
L-20296 IPA <1% 
L-20297 Ethanol <1%, hazy 

 

Table 4-3: Stability/Compatibility of chemical L-20294 in different solvents. 

Chemical 
Conc., % 

Solvent Room Temperature 175 oF 230 oF 280 oF 

1 PG-IPA (70-30 Not completely dissolved Clear  Clear  Clear  
2 PG-IPA (70-30 Not completely dissolved Clear  Clear  Clear  
5 PG-IPA (70-30 Not completely dissolved Saturated Saturated Saturated 
1 IPA Undissolved Clear  Clear  Clear  
2 IPA Undissolved, hazy Clear  Clear  NA 
1 EtOH Undissolved, hazy Clear  Clear  NA 
2 EtOH Undissolved, hazy Clear  Clear  NA 
5 EtOH Undissolved, hazy Clear  Clear  NA 
1 2BE-EtOH (70-30 Clear  Clear  Clear  Clear  
2 2BE-EtOH (70-30 Clear  Clear  Clear  Clear  
3 2BE-EtOH (70-30 Clear  Clear  Clear  Clear  
4 2BE-EtOH (70-31 Clear  Clear  Clear  Clear  
5 2BE-EtOH (70-32 Clear  Clear  Clear  Clear  
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Table 4-4: Stability of chemical 474053 in different solvents. 

Chemical 
Concentration, 

% 
Solvent Room Temperature 175 oF 275 oF 

1 2BE-EtOH Clear Clear Clear 
2 2BE-EtOH Clear Clear Clear 
1 PG-IPA Clear Clear Clear 
2 PG-IPA Clear Clear Clear 

Table 4-5: Stability of chemical 13-30-3-05 in different solvents. 

Chemical 
Concentration, 

% 
Solvent Room Temperature 175 oF 275 oF 

1 2BE-EtOH Clear Clear Clear 
2 2BE-EtOH Clear Clear Clear 
1 PG-IPA Clear Clear Clear 
2 PG-IPA Clear Clear Clear 

Table 4-6: Stability of chemical L-18961 in a three-alcohol solvent system. 

Chemical 
Concentration, 

% 
Solvent Room Temperature 175 oF 

2 
2BE-EtOH-IPA 

(60-30-10) 
Clear Clear 

Table 4-7: Stability of chemical L-20886 in different solvents. 

Chemical 
Concentration, 

% 
Solvent Room Temperature 175 oF 221 oF 276 oF 

5 
2BE-EtOH-IPA 

(60-30-10) 
Clear -1 Phase Clear Clear Clear 

1 2BE-EtOH (70-30) Clear -1 Phase Clear Clear Clear 
2 2BE-EtOH (70-30) Clear -1 Phase Clear Clear Clear 
5 2BE-EtOH (70-30) Clear -1 Phase Clear Clear Clear 
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Table 4-8: Stability of chemical L-20836 in 2BE-EtOH (70-30) at different 
concentrations. 

Chemical 
Concentration, 

% 
Solvent Room Temperature 175 oF 275 oF 

1 2BE-EtOH (70-30) Clear Clear Clear 
2 2BE-EtOH (70-30) Clear Clear Clear 
3 2BE-EtOH (70-30) Clear Clear Clear 
4 2BE-EtOH (70-30) Clear Clear Clear 
5 2BE-EtOH (70-30) Clear Clear Clear 

Table 4-9: Stability of chemical 21093-14 in 2BE-EtOH (70-30) at different 
concentrations. 

Chemical 
Concentration, 

% 
Solvent Room Temperature 175 oF 275 oF 

1 2BE-EtOH (70-30) Clear Clear Clear 
2 2BE-EtOH (70-30) Clear Clear Clear 
3 2BE-EtOH (70-30) Clear Clear Clear 
5 2BE-EtOH (70-30) Clear Clear Clear 
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Table 4-10: Brine and treatment specification for different compatibility data in Tables 4-
11 through 4-38. 

Table 
Number 

Brine, gm/L Chemical,  % Solvent 

Table 4-11 30 - NaCl 474088, 2% Ethanol 
Table 4-12 30 - NaCl 474142, 2% Ethanol 
Table 4-13 30 - NaCl 474142, 2% IPA 
Table 4-14 30 - NaCl 474088, 2% IPA 
Table 4-15 30 - NaCl - Methanol 
Table 4-16 30 - NaCl 474088, 1% IPA 
Table 4-17 30 - NaCl 474088, 2% IPA 
Table 4-18 20 NaCl -10 KCl L-20637, 2% IPA- 1% KCl Brine (95-5) 
Table 4-19 30 - NaCl L-20637, 2% IPA-DI Water (95-5) 
Table 4-20 30 - NaCl L-20637, 2% IPA 
Table 4-21 30 - NaCl L-20637, 2% 2BE-EtOH (70-30) 
Table 4-22 30 - NaCl L-18961, 2% 2BE-EtOH-IPA (60-30-10) 
Table 4-23 30 - NaCl L-18961, 1% 2BE-EtOH (70-30) 
Table 4-24 30 - NaCl L-18961, 1% 2BE-EtOH-IPA (60-30-10) 
Table 4-25 30 - NaCl L-18961, 1% 2BE-EtOH-IPA (50-30-20) 
Table 4-26 30 - NaCl L-18961, 1% 2BE-EtOH-IPA (40-30-30) 
Table 4-27 30 - NaCl - Ethanol 
Table 4-28 30 - NaCl - Methanol 
Table 4-29 30 - NaCl - IPA 
Table 4-30 30 - NaCl 154670-48 Treatment 21B 
Table 4-31 30 - NaCl L-20886, 2% 2BE-EtOH (70-30) 
Table 4-32 30 - NaCl L-19446 #2, 2% 2BE-EtOH (70-30) 
Table 4-33 30 - NaCl - 2BE-EtOH (70-30) 
Table 4-34 30 - NaCl L-20294, 2% 2BE-EtOH (70-30) 
Table 4-35 30 - NaCl L-20891, 2% 2BE-EtOH (70-30) 
Table 4-36 30 - NaCl L-19446 #1, 2% 2BE-EtOH (70-30) 
Table 4-37 30 - NaCl 153239-21A NA 
Table 4-38 30 - NaCl 153239-29E1 NA 
Table 4-38 30 - NaCl 153239-29E2 NA 
Table 4-40 30 - NaCl 153239-21A NA 
Table 4-41 30 - NaCl 154670-48 NA 
Table 4-42 30 - NaCl L-19446#1, 2% 2BE-EtOH (70-30) 
Table 4-43 30 - NaCl 153239-80 NA 
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Table 4-11: Compatibility data for 2% 474088 in Ethanol. 

Brine Mass 
% 

Room 
Temperature 

175 oF 225 oF 

15 Cloudy Cloudy -Precipitate Clear- Precipitate 
20 Clear Cloudy -Precipitate Clear- Precipitate 
25 Clear Cloudy -Precipitate Clear- Precipitate 
30 Clear Cloudy -Precipitate Clear- Precipitate 
35 Clear Cloudy -Precipitate Clear- Precipitate 

Table 4-12: Compatibility data for 2% 47414-2 in Ethanol. 

Brine Mass 
% 

Room 
Temperature 

175 oF 225 oF 

15 Clear Clear -Precipitate Clear- Precipitate 
20 Clear Cloudy -Precipitate Clear- Precipitate 
25 Clear Cloudy -Precipitate Clear- Precipitate 
30 Clear Clear -Suspension Clear- Precipitate 
35 Clear Cloudy -Precipitate Clear- Precipitate 

Table 4-13: Compatibility data for 2% 47414-2 in Isopropyl Alcohol (IPA). 

Brine Mass 
% 

Room 
Temperature 

175 oF 225 oF 

15 Cloudy Clear -Precipitate Clear- Precipitate 
20 Cloudy Clear -Precipitate Clear- Precipitate 
25 Clear Clear -Precipitate Clear- Precipitate 
30 Clear Clear -Precipitate Clear- Precipitate 
35 Clear Clear -Precipitate Clear- Precipitate 

Table 4-14: Compatibility data for 2% 474088 in IPA. 

Brine Mass 
 % 

Room Temperature 275 oF 

10 Cloudy Precipitation 
20 Clear Precipitation 
30 Clear Precipitation 
40 Clear Precipitation 

Treatment Alone Clear Clear 
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Table 4-15: Compatibility data for Methanol and brine or treatment (2% 474088 in IPA). 

Brine Mass 
% 

Room Temperature 275 oF 

10 Clear Clear 
20 Clear Clear 
30 Clear Clear 
40 Clear Clear 

Treatment/Methanol 
(50/50) Clear Clear 

Table 4-16: Compatibility data for 1% 474088 in IPA. 

Brine Mass 
% 

Room Temperature 175 oF 

10 Precipitate Precipitate 
15 Clear Clear 
20 Clear Clear 
25 Clear Clear 
30 Clear Clear 
35 Clear Clear 
40 Clear Hazy 

Table 4-17: Compatibility data for 2% 474088 in IPA. 

Brine Mass 
% 

Room Temperature 175 oF 

10 Precipitate Precipitate 
15 Clear Clear 
20 Clear Hazy 
25 Clear Hazy 
30 Clear Hazy 
35 Clear Hazy 
40 Clear Hazy 
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Table 4-18: Compatibility data for 2% L-20637 in IPA- 1% KCl Brine (95-3). 

Brine Mass 
% 

Room Temperature 175 oF 

10 Clear Cloudy 
20 Clear Clear 
30 Clear Clear 
40 Clear Clear 
50 Clear Clear 

Table 4-19: Compatibility data for 2% L-20637 in IPA-DI Water (95-5). 

Brine Mass 
% 

Room Temperature 175 oF 

10 Clear-Precipitate Clear-Precipitate 
20 Clear Clear-Precipitate 
30 Clear Clear-Precipitate 
40 Clear Clear-Precipitate 

Table 4-20: Compatibility data for 2% L-20637 in IPA. 

Brine Mass 
% 

Room Temperature 175 oF 

10 Hazy Clear-Precipitate 
20 Clear Clear-Precipitate 
30 Clear Clear-Precipitate 
40 Clear Clear-Precipitate 

Table 4-21: Compatibility data for 2% L-20637 in 2BE-EtOH (70-30). 

Brine Mass 
% 

Room Temperature 175 oF 

10 Clear-Precipitate Clear-Precipitate 
20 Clear-Precipitate Clear-Precipitate 
30 Clear-Precipitate Clear-Precipitate 
40 Clear-Precipitate Clear-Precipitate 
0 Clear-Precipitate Clear-Precipitate 
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Table 4-22: Compatibility data for 2% L-18961 in 2BE-EtOH-IPA (60-30-10). 

Brine Mass 
% 

175 oF 230 oF 275 oF 

25 Clear  Clear  Clear  
30 Turbid Turbid Clear  
35 Turbid Turbid Clear  
40 Turbid Turbid Turbid 
45 Turbid Turbid Turbid 
50 Turbid Turbid Turbid 
55 Turbid Turbid Turbid 
60 Turbid Turbid Turbid 

Table 4-23: Compatibility data for 1% L-18961 in 2BE-EtOH (70-30). 

Brine Mass 
% 

Room Temperature 175 oF 

5 Clear  Clear  
10 Clear  Clear  
15 Clear  Clear  
20 Clear  Clear  
25 Clear  Clear  
30 Cloudy  Clear  
35 Very Cloudy  Little Cloudy  
40 Very Cloudy  Cloudy  

Table 4-24: Compatibility data for 1% L-18961 in 2BE-EtOH-IPA (60-30-10). 

Brine Mass 
% 

Room Temperature 175 oF 

5 Clear  Clear  
10 Clear  Clear  
15 Clear  Clear  
20 Clear  Clear  
25 Clear  Clear  
30 Little Cloudy  Clear  
35 Cloudy  Clear  
40 Cloudy  Little Cloudy  
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Table 4-25: Compatibility data for 1% L-18961 in 2BE-EtOH-IPA (50-30-20). 

Brine Mass 
% 

Room Temperature 175 oF 

5 Clear  Clear  
10 Clear  Clear  
15 Clear  Clear  
20 Clear  Clear  
25 Clear Clear 
30 Cloudy Clear 
35 Cloudy Clear 
40 Cloudy Little Cloudy 

Table 4-26: Compatibility data for 1% L-18961 in 2BE-EtOH-IPA (40-30-30). 

Brine Mass 
% 

Room Temperature 175 oF 

5 Clear  Clear  
10 Clear  Clear  
15 Clear  Clear  
20 Clear  Clear  
25 Clear  Clear  
30 Cloudy  Clear  
35 Very Cloudy  Clear  
40 Very Cloudy  Little Cloudy  

Table 4-27: Compatibility data for Ethanol and brine. 

Brine Mass 
% 

Room Temperature 175 oF 230 oF 

25 Clear  
 

Precipitate  Precipitate 
30 Clear  Precipitate  Precipitate 
35 Clear  Clear  Precipitate 
40 Clear  Clear  Precipitate 
45 Clear  Clear  Precipitate 
50 Clear  Clear  Precipitate 
55 Clear  Clear  Precipitate 
60 Clear  Clear  Precipitate 
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Table 4-28: Compatibility data for Methanol and brine. 

Brine Mass 
% 

Room Temperature 175 oF 

25 Clear Clear - Precipitate 
30 Clear Clear - Precipitate 
35 Clear Clear - Precipitate 
40 Clear Clear - Precipitate 
45 Clear - Precipitate Clear - Precipitate 
50 Clear - Precipitate Clear - Precipitate 
55 Clear - Precipitate Clear - Precipitate 
60 Clear - Precipitate Clear - Precipitate 

Table 4-29: Compatibility data for IPA and brine. 

Brine Mass 
% 

Room Temperature 181 oF 

25 Clear  Clear  
30 Clear  Clear  
35 Clear  Clear  
40 Clear  Clear  
45 Clear  Clear  
50 Clear  Clear  
55 Clear  Clear  
60 Clear  Clear  

 

Table 4-30: Compatibility data for 154670-48 (also called 21B). 

Brine Mass 
% 

Room Temperature 175 oF 250 oF 

15 Clear Clear Clear 
20 Clear Clear Clear 
25 Clear Clear Clear 
30 Clear Clear Clear 
35 Clear Clear Clear 
40 Clear Clear Clear 
45 Clear Clear Clear 
50 Clear Clear Slightly Hazy 
0 Clear Clear Clear 
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Table 4-31: Compatibility data for 2% L-20886 in 2BE-EtOH (70-30). 

Brine Mass 
% 

Room Temperature 175 oF 

20 Clear Clear 
25 Clear Clear 
30 Clear Clear 
35 Clear Clear 
40 Clear Clear 
45 Clear Clear 
50 Clear Clear 

Table 4-32: Compatibility data for 2% L-19446#2 in 2BE-EtOH (70-30). 

Brine Mass 
% 

Room Temperature 175 oF 

20 Clear Clear 
25 Clear Clear 
30 Clear Clear 
35 Clear Clear 
40 Clear Clear 
45 Clear Clear 
50 Clear Clear 

Table 4-33: Compatibility data for 2BE-EtOH (70-30) and brine. 

Brine Mass 
% 

Room Temperature 175 oF 275 oF 

10 Clear  Clear  Clear  
20 Clear  Clear  Clear  
30 Clear  Clear  Clear  
40 Clear  Clear  Clear  
50 Clear  Clear  Clear  
60 Clear  Clear  Clear  
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Table 4-34: Compatibility data for 2% L-20294 in 2BE-EtOH (70-30). 

Brine Mass 
% 

Room Temperature 175 oF 275 oF 

10 Clear  Clear  Clear  
20 Clear  Clear  Clear  
30 Clear  Clear  Clear  
40 Clear  Clear  Clear  
50 Clear  Clear  Clear  
60 Clear  Clear  Cloudy 

Table 4-35: Compatibility data for 2% L-20891 in 2BE-EtOH (70-30). 

Brine Mass 
% 

Room Temperature 175 oF 

5 Clear  Clear  
10 Clear  Clear  
15 Clear  Clear  
20 Clear - 2 Phase  Clear - 2 Phase  
25 Clear - 2 Phase  Clear - 2 Phase  
30 Clear - 2 Phase  Clear - 2 Phase  
35 Clear - 2 Phase  Clear - 2 Phase  
40 Clear - 2 Phase  Clear - 2 Phase  

Table 4-36: Compatibility data for 2% L-19446#1 in 2BE-EtOH (70-30). 

Brine Mass% Room Temperature 175 oF 
20 Clear  Clear  
25 Clear  Clear  
30 Clear  Clear  
35 Clear  Clear  
40 Clear  Clear  
45 Clear  Clear  
50 Clear  Clear  
0 Clear  Clear  
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Table 4-37: Compatibility data for 153239-21A. 

Brine Vol.% Room Temperature 175 oF 
15 13.5 Clear 
20 18.1 Clear 
25 22.7 Clear 
30 27.5 Clear 
35 32.2 Clear 
40 37.1 Clear 
45 41.9 Clear 
50 46.9 Clear 

Table 4-38: Compatibility data for 153239-29E1. 

Brine Mass% Room Temperature 175 oF 
20 Clear  Clear , 1-Phase 
25 Clear  Clear , 1-Phase 
30 Clear  Clear , 1-Phase 
35 Clear  Clear , 1-Phase 
40 Clear  Hazy 
0 Clear  Clear  

Table 4-39: Compatibility data for 153239-29E2. 

Brine Volume% Room Temperature 175 oF 
20 18 Clear , 1-Phase 
25 23 Clear , 1-Phase 
30 28 Clear , 1-Phase 
35 32 Clear , 1-Phase 
40 37 Clear , 1-Phase 
0 0 Clear , 1-Phase 
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Table 4-40: Compatibility data for 153239-21A. 

Brine Volume% Room Temperature 175 oF 
13.5 Clear  Clear  
18.1 Clear  Clear  
22.7 Clear  Clear  
27.5 Clear  Clear  
32.2 Clear  Clear  
37.1 Clear  Clear  
41.9 Little Cloudy Little Cloudy 
46.9 Little Cloudy Little Cloudy 

Table 4-41: Compatibility data for 154670-48. 

Brine Volume% Room Temperature 175 oF 250 oF 
13.4 Clear  Clear  Clear  
17.9 Clear  Clear  Clear  
22.6 Clear  Clear  Clear  
27.3 Clear  Clear  Clear  
32.0 Clear  Clear  Clear  
36.8 Clear  Clear  Clear  
41.7 Clear  Clear  Clear  
46.7 Clear  Clear  Hazy 
0.0 Clear  Clear  Clear  

Table 4-42: Compatibility data for 2% L-19446#1 in 2BE-EtOH (70-30). 

Brine Volume 
% 

Room Temperature 175 oF 250 oF 

0 Clear Clear Clear 
13.4 Clear Clear Clear 
18.0 Clear Clear Clear 
22.6 Clear Clear Clear 
27.3 Clear Clear Clear 
32.1 Clear Clear Clear 
36.9 Clear Clear Clear 
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Table 4-43: Compatibility between chemical 153239-80. 

Brine Volume 
% 

Room 
Temperature 175 oF  250 oF 

0 Clear Clear Clear 
14 Clear Clear Clear 
18 Clear Clear Clear 
23 Clear Clear Clear 
27 Clear Clear Clear 
32 Clear Clear Clear 
37 Clear Clear Clear 
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Table 4-44: Compatibility data for 2% FC-X in 2BE-EtOH (70-30). 

Brine # Brine 
Volume % 

Room 
Temperature 

175 oF 250 oF 

1 18 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
1 22 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
1 27 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
1 32 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
1 36 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
1 41 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
1 46 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
1 0 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
1 100 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
2 18 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
2 22 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
2 27 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
2 32 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
2 36 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
2 41 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
2 46 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
2 0 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
2 100 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
3 22 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
3 27 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
3 32 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
3 36 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
3 41 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
3 46 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
3 100 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
4 22 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
4 27 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
4 32 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
4 36 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
4 41 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
4 46 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 
4 100 Clear - 1 Phase Clear - 1 Phase Clear - 1 Phase 

Brine#1 : 30 g/l NaCL, 
Brine#2 :Crushed Silurian Dolomite 37.45 gm rock/250 cc NaCl Brine (30g/L), 
Brine#3 :Crushed Pink Dolomite 26 gm rock/250 cc NaCl Brine (30g/L), 
Brine#4 :Crushed Gelph Dolomite 38 gm rock/250 cc NaCl Brine (30g/L). 
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Figure 4-1: Sample appearance for data in Table 4-41 at 250 oF. 

 

Figure 4-2: The appearance for samples considered a failure, the last three. 
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Figure 4-3: XPS results for FC-X and Epoxide on Berea and Texas Cream Limestone. 

 

     

(a) 1 Sec   (b) 3 Sec  (c) 1 Sec  (d) 30 Sec 

      

  (e) 1 Sec  (f) 3 Sec  (g) 1 Sec  (h) 30 Sec 

Figure 4-4: Drop imbibition results: n-C10: (a) and (b) before treatment, (c) and (d) after 
treatment; brine: (e) and (f) before treatment, (g) and (h) after treatment. 
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(0 second)  (12 seconds)  (30 seconds)  (58 seconds) 

 

    
(0 second)  (12 seconds)  (13 seconds)  (100 seconds) 

 

    
(0 second)  (3 seconds)  (35 seconds)  (0 second) 

 

    
(3 seconds)  (13 seconds)  (0 second)  (1 second) 

 

    
(11 seconds)  (0 second)  (3 seconds)  (14 seconds) 

Figure 4-5: Drop imbibition results: right (water), left (n-C10): (1) L-20294, (2) L-18961, 
(3) L-20886, (4) L-19446#2, (5) L-19446#1 and, (6) 154670-48. 
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Chapter 5: Treatment of TCL Using C-8 Fluoro-Epoxides 

 

5.1 INTRODUCTION 

In the previous chapter, the methodology for screening and selecting promising 

treatment chemicals was explained. For clarification purposes, it is better to mention from 

the outset that the chemicals were evaluated in the order they were received by our lab, 

which is close to the order listed in Table 4-1. Coreflooding experiments were conducted 

for potentially effective chemicals following in the same sequence. Initially, the focus 

was to find a class of chemicals able to render the wettability of carbonates to non-liquid 

wet. In that stage, chemicals from Aldrich and SynQuest, the first 13 chemicals tabulated 

in Table 4-1, were examined. As was shown in Chapter 4, Chemical #474088 

successfully passed all screening tests and was the first to be used in the experiments 

using Texas Cream Limestone (TCL) cores. In this chapter, the results of the coreflood 

experiments using this chemical are explained in detail. In the next chapter the results of 

corefloods using other chemicals, exclusively from 3M Company, are addressed. 

In the previous chapter, it was explained how a few simple screening tests were 

used to select potential chemicals for the purpose of wettability alteration to non-liquid 

wetting in limestone cores. Among these tests were stability and compatibility tests to 

ensure that the treatment , the solvent and dissolved fluorinated chemical, would not 

cause any damage while flowing down the wellbore and into the formation or upon 

mixing with the in-situ fluids such as brine and condensate. Also, XPS analysis results 

showed the presence of fluorinated chemical on the rock surface, and this was a 

qualitative measure of the chemical adsorption on the rock substrate.  Drop imbibition 

and contact angle measurements were used as a visual measure of wettability alteration.  
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The final evaluation of any chemical treatment in terms of its effectiveness and 

durability is only possible by measuring the gas and condensate relative permeability in a 

core flood and comparing the measurements before and after treatment. Injecting the 

treatment through the core is useful to show that it is non-damaging. Therefore, HPHT 

coreflood experiments using synthetic gas condensate mixtures were conducted to test the 

effectiveness of selected chemicals.  

A schematic of the experimental set up is shown in Figure 5-1. The injection 

fluids were loaded into the accumulators, and placed in the oven at the experimental 

temperature. The fluid was given ample time to reach equilibrium. The upstream back-

pressure-regulator (BPR1) maintained a constant injection pressure. Positive 

displacement pumps were used to displace the injection fluid by injecting water into the 

accumulator at constant flow rates, and a piston was used to separate the displacing fluid 

from the injection fluid. All the injection fluids passed through BPR1 before passing 

through the core with the exception of the treatment solution which was primarily 

injected directly from the top of the core.  

The pressure drop across the core was measured in all experiments. Sometimes a 

middle pressure tap in the core-holder was also used to directly measure the pressure drop 

across either the bottom or top section of the core. Rosemount pressure transducers were 

used in these measurements which had a specified accuracy of 0.025% of the set range. 

The data from the middle tap was used as a diagnostic tool to see if each section of core 

experienced a pressure drop proportional to its length, assuming a homogeneous core. 

This data could also be used to measure the absolute and effective permeabilities of each 

section during all the floods and as a diagnostic tool for identification of issues such as 

face-plugging of the core, or non-uniform distribution of the condensate or treatment 
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solution. For diagnosing the presence of face plugging, reversing the flow direction was 

another option.  

The outlet pressure of the core was controlled by BPR2. For the later experiments, 

the mass of liquid condensate at the effluent was collected, measured, and logged to the 

computer continuously. This data helped to check the consistency of the different batches 

of gas condensate mixtures used in each experiment and to examine if the gas condensate 

mixtures were single-phase before and during injection. The gas saturating column is a 

vessel, partially filled with glass beads and deionized water, used only in the water-

blocking experiments. In those experiments, the injection gas was humidified by passing 

it through this glass-bead column before entering the core. The water trap was also used 

only for water-blocking experiments to collect the effluent brine to prevent it from going 

through the downstream section of the apparatus, mainly to prevent corrosion. 

The common sequence of measurements was as follows (unless specified 

otherwise): measuring initial dry gas permeability, gas permeability at initial water 

saturation, pre- and post-treatment gas and condensate relative permeabilities, and final 

permeability to methane. The gas and condensate relative permeabilities were measured 

by a dynamic flashing method using steady-state pressure drops established across the 

core for each injection rate. The treatment solution was injected after measuring the pre-

treatment gas and condensate relative permeabilities, and in most of the experiments the 

core was aged overnight, approximately 12-17 hours, before injecting post-treatment gas-

condensate. When required, a preflush and/or a primer were injected prior to the 

treatment solution. Additional post-treatment gas-condensate floods were conducted until 

the cumulative volume measured a few hundred PVs to evaluate the treatment durability. 

The improvement factor (IF) for each flow rate, defined as ratio of gas relative 

permeability after treatment to that before treatment, was reported as a measure of the 
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treatment's effectiveness in enhancing the gas and condensate mobilities. The ratio of gas 

and condensate relative permeabilities, neglecting capillary forces, is controlled only by 

the gas and condensate properties. Since we were keeping the BPRs' pressures unchanged 

during pre- and post-treatment gas condensate injection, calculating IF based on pre- and 

post- treatment condensate relative permeabilities will lead to the same number as for the 

gas relative permeabilities. 

The final permeability of the core was measured by injecting hot methane through 

the core at different flow rates to displace and evaporate any remaining condensate. For 

the final permeability measurement, the initial injection rate was high to displace the 

mobile condensate. This rate was maintained until the pressure drop reached a steady 

state, and then the flow rate was dropped sequentially once the pressure drop stabilized.   
 

5.2 TREATING TCL AT ZERO INITIAL WATER SATURATION AT 175 
OF 

In the first set of experiments, a fluorinated epoxide (chemical # 474088) was 

used. The first coreflood (Exp#108) was conducted on a Texas Cream Limestone (TCL) 

core having a dry permeability of 14.4 md. The porosity was calculated to be about 20% 

derived from the difference in the weight of the wet core, and the weight after drying. For 

gas condensate injection the core outlet pressure was set at 1200 psig which yielded a 

liquid dropout of about 5% in the core at the experimental temperature of 175 oF.  

The pre-treatment condensate flood was performed at 175 oF using gas 

condensate Mixture#1 (See Chapter 3 for composition and other relevant properties) at 

two core flow rates of 333 and 667 cc/hr. Table 5-1 shows the pressure settings as well as 

the gas and condensate properties at the core average pressure for the pre-treatment 

condensate flood. The pressure drop across the core for this flood is depicted in Figure 5-



 112 

2. As is seen in this figure, during injection of the first five PVs the condensate is 

accumulating in the core until its saturation exceeds the critical saturation and flow starts. 

The stabilized pressure drop for these flow rates are 55 and 111 psia, respectively. The 

results of pre-treatment gas-condensate flood including flow rates, pressure drops, 

capillary numbers, and relative permeabilities, are summarized in Table 5-2.  

Solubility tests were conducted and it was found that the mixture of epoxide in 

isopropyl alcohol (IPA) remains clear and single-phase for at least for epoxide 

concentrations up to 2%, see Table 4-2. 450 gm of the treatment solution composed of 

1% epoxide in isopropyl alcohol (IPA) was mixed and loaded into an accumulator. It was 

put in the hot oven for four hrs to heat up before commencement of injection. The core 

was then treated by injecting about 17 PVs. Two different injection rates of 200 and 100 

cc/hr with residence times 6 and 12 minutes were tried. The pressure drop across the core 

for treatment flood is given in Figure 5-3. Pressure drop shows an increasing trend 

toward the end of injection. The core was aged overnight then was flooded with the first 

post-treatment gas-condensate flood at the same pressure settings as those used for the 

pre-condensate flood. The pressure drop data across the core for the post-treatment 

condensate flood is shown in Figure 5-4, and the pressure drop for the pre-treatment gas-

condensate flood is also provided for comparison purposes. Table 5-3 summarizes the 

results. We observed an increase of about forty percent in the mobility of both gas and 

condensate for both flow rates.   

Since the concentration of chemical in the treatment solution was 1%, it was 

speculated that a higher improvement factor might be achieved if the core is retreated. 

For the second treatment, 19 PV of the treatment solution with the same concentration as 

of first treatment was injected into the core and the core was aged overnight. Figure 5-5 

shows the pressure drop for the second treatment. The plots of pressure drop data for both 
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treatment injections look similar. What is evident in both plots is the increase in the 

pressure drop across the core toward the end of injection. Although the rate of increase in 

the pressure drop is about 1 psia/PV, such a trend is not expected for a non-damaging 

treatment. It was not immediately apparent what the reason for this increase in the 

pressure drop was.  

The post second treatment condensate flood was conducted following the same 

pressure settings and pump rates as those used for other gas condensate floods. The result 

for this condensate flood is summarized in Table 5-4. The pressure drop data for this gas 

condensate flood is shown in Figure 5-6. The pressure drop data for all condensate floods 

are shown in Figure 5-7 for comparison. There was essentially no further decrease in the 

pressure drop for the condensate flood after retreating the core and hence no further 

improvement. For the last few PVs of post-treatment #2 flood the flow direction was 

reversed (from bottom to top). For this part of injection, mainly due to gravity effects, the 

pressure drop increased slightly. 

Hot methane was injected into the core to displace and evaporate the condensate 

and measure the final core permeability at some residual condensate saturation. 

Theoretically, it may take a few hundred PVs to dry out the core from condensate, but, 

due to viscous fingering and bypassing in the core, it might require injecting thousands of 

pore volumes of methane to dry the core completely. The pressure drop for the final 

methane flood is shown in Figure 5-8. Calculations showed that after injection of 130 

PVs the effective permeability is about 90% of the original permeability which is an 

indication that the core permeability was not damaged by the treatment. 
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5.3 TREATING TCL AT 25% INITIAL WATER SATURATION AT 175 
OF 

Gas condensate reservoirs, similar to any other hydrocarbon deposit, always have 

some connate water saturation. This is true even for gas reservoirs where the pressure 

reduction in the near wellbore region may evaporate some of the residual water during 

production. Therefore, it is more representative to measure the effectiveness of chemicals 

in the presence of some initial water saturation, and as such, the next coreflood was a 

duplication of previous experiment with a few minor differences. The primary change 

was the presence of some immobile brine in the core.  

A new TCL core with a measured permeability of 23.9 md and an assumed 

porosity of 20% was used in this experiment. The single-phase gas relative permeability 

at 25% initial water saturation was measured to be 0.82. Similar to the previous 

experiment, the pre-treatment gas-condensate flood was conducted at 175 oF using two 

pump injection rates of 100 and 200 cc/hr. Table 5-5 summarizes the experimental 

conditions as well as gas and condensate properties at the core conditions. Gas and 

condensate relative permeabilities were measured at two core flow rates of 333 and 666 

cc/hr. Figure 5-9 depicts the pressure drop across the core during the pre-treatment 

condensate flood. The values of relative permeabilities for both phases and at both flow 

rates are slightly lower than those measured in the previous experiment, probably due to 

presence of brine. Results of the pre-treatment condensate flood are summarized in Table 

5-6. 

A compatibility test showed that the in-situ brine, 30,000 ppm NaCl, is not 

compatible with the 2% epoxide in IPA treatment solution (see Table 4-17). Therefore, a 

pre-flush of IPA was used in this experiment. Compatibility results showed 30,000 NaCl 

brine and IPA when mixed are clear at 175 oF. The IPA preflush was heated in the oven 

for two hrs and then injected into the core. The pressure drop across the core during the 
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pre-flush is shown in Figure 5-10. The normal behavior of the pressure drop across the 

core for most of the treatment or pre-flush injections is that it generally builds to a 

maximum during injection of the first few PVs, then stabilizes at a pressure lower than 

the peak pressure. For the pre-flush in this experiment, as mentioned in the figure, 

initially the injection was in the normal direction, top-to-bottom, at the rate of 100 cc/hr. 

At the end of the third injected PV, a pressure spike was observed. The pressure drop 

stayed high for injection of a few tenths of a PV. Injection was then stopped and the flow 

direction was reversed, bottom-to-top. The pressure drop leveled off approximately at the 

same level just before the spike happened. A 2% epoxide in IPA solution was then 

injected into the core at the pump injection rate of 100 cc/hr. The pressure drop, shown in 

Figure 5-11, had an increasing trend, increased 10-15 psi in this experiment, similar to 

the previous experiment. The core was aged overnight before being flooded by the post-

treatment gas condensate. Figure 5-12 shows the pressure drop for this flood and the 

results are presented in Table 5-7. The increase in the relative permeabilities for these 

two flow rates are in the range of 70-60% compared to the previous case of 50-40%. This 

increase in the improvement factor could be associated with the removal of residual brine 

from the core in the second experiment.  

Two days later, close to 400 PVs of hot methane were injected into the core at 

two core injection rates of 1722 and 689 cc/hr to displace any mobile condensate and 

evaporate any residual liquid. Figure 5-13 shows the pressure drop during the methane 

injection. Although the methane injected volume in this experiment was less than the 

volume injected in the previous experiment, the measured gas relative permeability was 

0.8 (less than 0.9, the value measured in Exp#108). The reason for this discrepancy is 

unclear. Immediately after this methane injection, another accumulator of gas condensate 

was injected into the core under the same conditions as for the first post-treatment 
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condensate flood. Pressure drops for both flow rates during this flood were slightly less 

than the pressure drops during pre-treatment condensate flood, and as such, both of the 

IFs dropped to 1.1. This showed that the treatment was not durable. Results for this flood 

are presented in Table 5-8, and Figure 5-14 compares the pressure drops for all gas 

condensate floods in Exp#109. 

 

5.4 TREATING TCL AT 25% INITIAL WATER SATURATION AT 275 
OF  

The results from the last two experiments showed that this new treatment, 1 or 2% 

epoxide chemical in IPA, is effective but not durable at the temperature of 175 oF. Since a 

large number of gas condensate reservoirs are very deep and subsequently hot, it is 

important to check the effectiveness of the treatment at a higher temperature.  

Similar to the two previous experiments, a new TCL core with a measured 

absolute permeability of 19.4 md and assumed porosity of 20% was used. An initial brine 

saturation of 25%, 30,000 ppm NaCl, was established in the core at room temperature 

and it reduced the permeability to 81% of the measured dry value. The pre-treatment 

condensate flood was carried out using synthetic Mixture#2 (see Chapter 3) at 277 oF at 

two different flow rates.  Table 5-9 summarizes the experimental conditions as well as 

the gas and condensate properties at the average core pressure for each flow rate for the 

pre-treatment condensate flood. As can be seen in this table, the liquid dropout at core 

conditions is about 3%. The pressure drop across the core for this flood is depicted in 

Figure 5-15. The results of pre-treatment gas-condensate flood, flow rates, pressure 

drops, and relative permeabilities, are summarized in Table 5-10.  

Compatibility tests showed that at 277 oF, 30,000 NaCl brine and a treatment of 

2% epoxide in IPA are not compatible, see Table 4-14. Methanol was found to be a good 
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pre-flush at this temperature, see Table 4-15. 200 gms of methanol was loaded into an 

accumulator, and it was kept in the oven for 3 hrs before being injected into the core. 

Approximately 10 PVs of methanol preflush was injected at a rate of 100 cc/hr to 

miscibly displace the brine and avoid salt precipitation. The pressure drop for the preflush 

is shown in Figure 5-16. The core was then treated by injecting roughly 20 PVs of the 

treatment solution. The pressure drop across the core during the treatment flood is shown 

in Figure 5-17. The pressure drop across the core increased slightly during this flood, but 

was much less than what was observed for the treatment injection at 175 oF during 

Experiments 108 and 109, most probably due to less viscosity. The core was aged 

overnight then was flooded with the post-treatment gas-condensate at the same pressure 

settings and flow rates as those that were used for the pre-condensate flood. The pressure 

drop data across the core for the post-treatment condensate flood is given in Figure 5-18, 

and the pressure drop for the pre-treatment gas-condensate flood is also shown for 

comparison purposes. Table 5-11 summarizes these results. No improvement was 

observed after treating the TCL core at this temperature. 

Hot methane was injected into the core to displace and evaporate the condensate 

and measure the final permeability at some residual condensate saturation. The pressure 

drop for the final methane flood is shown in Figure 5-19. Calculations showed the 

relative permeability to methane to be around 0.98 which clearly shows that neither the 

preflush nor the treatment damaged the core.  

 

5.5 ENHANCING DURABILITY WITH THE AID OF AN AMINE PRIMER 

One of the key characteristics when considering a treatment for a possible field 

trail is its durability because it determines how frequently a well must be retreated to 
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maintain a high enough productivity to make the treatment economically feasible. 

Although it was not clear why the treatment of epoxide in IPA did not last, it was obvious 

that if somehow the amount of adsorption is increased or the chemical bonding to the 

rock surface strengthened there may be a chance to improve the durability of the 

treatment. To improve the durability, the idea of using a polydopamine primer, was 

suggested (see Lee et al. 2007). This primer was selected as it had shown the ability to 

coat the rock surface with a thin layer of a multifunctional polymer which will allow our 

surfactants to form a stronger bond and thereby be more durable. The primer solution was 

made by dissolving 2gm/l of dopamine in a mixture composed of 85% IPA and 15% 

water. It is easier to first dissolve the dopamine in water then mix it with IPA. We used 

sodium bicarbonate (NaHCO3) to buffer the solution to the target pH of ~8.5 that will 

induce the self-polymerization of the dopamine. NaHCO3 needs to be dissolved in the 

water first, generally in a very low amount, before being added to the whole solution.  

We tracked the progress of polymerization through visual observation of samples 

of the dopamine solution's color. Table 5-12 shows the changes in the color at different 

stages of the polymerization process. Any aggregates that were present were redissolved 

in the solution by agitation. We also found that an increasing the percentage of water 

increases the degree of aggregation, and accelerates the polymerization process as shown 

in Table 5-13. The polymerization process can be stopped at any stage by lowering the 

pH to around 7, which can be easily done by adding a few drops of acetic acid. An 

increase in temperature, for any concentration of water, also intensifies the 

polymerization.  

The effect of the primer on the adsorption of our new chemical was evaluated 

using XPS analysis as is shown in Figure 5-20. The chemical adsorption on the TCL rock 

was high initially, but increased when it was pre-treated with the primer. Figure 5-21 
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compares the repellency of the samples of Berea sandstone and TCL cores with respect to 

water and n-decane. Comparing the drop shapes in this figure with those in Figure 4-4 

(1c) and (1d) show some enhancement in the repellency toward oil. 

With this understanding of the dopamine polymerization, the next coreflood 

(Exp#116) was designed to evaluate the effect of primer on the effectiveness of epoxide 

treatment, especially its durability. The new TCL core used had a measured permeability 

of 14.7 md and an assumed porosity of 20%. This coreflood was conducted under exactly 

the same conditions as Exp#109 under a slightly higher temperature of 177 oF.  Table 5-

14 summarizes the pressure settings as well as the gas and condensate properties for the 

pre-treatment condensate flood. The pressure drop across the core for this flood is 

depicted in Figure 5-22, and the results of pre-treatment gas-condensate flood including 

flow rates, pressure drops, capillary numbers, and relative permeabilities, are summarized 

in Table 5-15.  

A pre-flush of dopamine composed of 90% IPA and 10% water by volume was 

made. The pH of the solution was increased to 8.5 by adding NaHCO3, and then 0.2% by 

mass dopamine hydrochloride was added to the solution. After heating for three hours, 

five PVs of dopamine solution were injected into the core, and the core was shut-in 

overnight. The pressure drop across the core for dopamine pre-flush is shown in Figure 5-

23. The effluent samples during this injection were light pink in color. The core was then 

treated with about 20 PVs of 2% epoxide in IPA treatment solution. The pressure drop 

across the core for treatment flood is shown in Figure 5-24. The pressure drop across the 

core increased slightly during treatment flood, similar to what happened in Exp#109. The 

core was again aged overnight. Before injecting the post-treatment condensate flood, a 

few more PVs of treatment was injected into the core. As evident in Figure 5-24 the 

pressure drop during this injection was lower compared to what was observed at the end 
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of the previous injection. No explanation was found for this low pressure drop.  The core 

was then flooded with the post-treatment gas-condensate flood at the same pressure 

settings as those for pre-condensate flood. The pressure drop data across the core for the 

post-treatment condensate flood is given in Figure 5-25. The pressure drop during pre-

treatment is also shown in this figure for comparison purposes. Table 5-16 summarizes 

the results. For the two core flow rates of 330 and 667 cc/hr the IFs were 1.82 and 1.55, 

respectively, and these IFs for the first gas-condensate flood after treatment were 

comparable to those initially seen in Exp#109.  

In order to check the durability of treatment, 150-200 PVs of gas-condensate 

mixture was injected into the core daily, for five consecutive days. Figure 5-26 shows the 

pressure drop for pre- and all post-treatment gas condensate floods. The IF for the first 

flow rate showed some decrease initially, but after injecting more than a thousand PVs, 

the IF stabilized to 1.6. Figure 5-27 demonstrates the changes in the IF as function of 

cumulative gas-condensate mixture injected into the core after treatment. 

Methane was injected into the core to evaporate the condensate and measure the 

final permeability at some residual condensate saturation. Figure 5-28 shows the pressure 

drop for the hot methane injection. The relative gas permeability was calculated to be 

0.84 which indicated that core permeability was not damaged by either the amine 

preflush or treatment solution. 

 

5-6 APPLICATION FOR WATER BLOCKING 

The results from drop imbibition and contact angle observations, Figure 4-4, 

showed the epoxide treatment to be promising when used to solve or reduce the water 

blocking problem. As the first evaluation, spontaneous imbibition tests were run at room 
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temperature on a piece of TCL, one inch in diameter and four inches in length, both 

before and after treating it at 175 oF. The test was simply conducted by hanging the core 

vertically and contacting the bottom face with brine in a container. To ensure that the 

core was in contact with enough volume of brine to experience complete imbibition, the 

bottom face of the core was immersed a few millimeters deep in brine. The whole 

assembly was located on an electronically recorded scale that logged the changes in 

weight. The balance had accuracy of 0.0015 gm. The core was weighed dry and also after 

each imbibition was complete. The difference between the weight of the core at the 

beginning and end of imbibition was taken to be the mass of imbibed water.  The 

difference between the weight of water imbibed into the core and the reading on the 

computer was the mass of evaporated water. Assuming a constant evaporation rate, the 

data were corrected correspondingly. We did a blank test on evaporation only which 

confirmed its presence. The measured constant evaporation rate in the blank test, 5E-5 

gm/sec, was of the same order of magnitude as those observed during imbibition tests, 3-

7E-5 gm/sec. 

Figure 5-29 shows the water saturation in the core versus time during spontaneous 

imbibition before and after treatment. It is apparent from the figure that for the untreated 

core the imbibition is complete within five hours with a final water saturation around 

77%. In comparison, after treatment, the water saturation after 20 hours is barely above 

10%. Both the rate of imbibition and final water saturation in the core, before and after 

treatment, show the wettability has been favorably changed as a result of the treatment. 

Theoretically, the pre-treatment saturation should have stayed unchanged over time after 

reaching its maximum, but as the plot shows, this is not the case. This is mainly due to 

our assumption of constant evaporation rate which does not appear to be accurate. 

However, the argument of wettability alteration is still valid.  
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Inspired by our findings, 3M developed a similar chemical (an epoxide mislabeled 

L-20637) to be used to mitigate liquid blocking problems in carbonates. This chemical 

was used in a coreflood experiment (Exp#127) to check its effectiveness to increase the 

gas relative permeability in the presence of some mobile water saturation. The 

experiment was conducted on a TCL core at 175 oF. The dry gas permeability of the core 

was measured initially at temperature and one pore volume of brine was injected into the 

core. Methane, humidified at core pressure, was injected into the core at four different 

core flow rates (starting at 130 cc/hr with each subsequent rate being double the 

preceding value). Each flow rate was maintained for 25 PVs. Before going through the 

core, the methane gas was passed through the saturating glass-bead column to prevent 

evaporation of water in the core. The core was then treated by injecting 15 PVs of 

treatment composed of 93% IPA, 5% water, and 2% L-20637 and was allowed to age 

overnight. 

The treatment solution was displaced from the core by injecting methane. The 

core then was flooded with 15 PVs of brine before injecting water-saturated methane 

following the same sequence used for methane flooding before treatment. The oven 

temperature was raised to 275 oF then 5 PVs of brine was injected into the core. Methane 

injection was repeated. Figure 5-30 compares the pressure drop data for the three 

methane injections into the waterflooded core, one before and two after the treatment. 

The enhancement in gas mobility is evident from this plot. The pressure drop at the end 

of each flow rate was used to calculate the gas relative permeability. Similar to the case 

of condensate blocking, we defined the improvement factor as the ratio of gas relative 

permeability after treatment to that before treatment. Figure 5-31 shows the IFs for 

different rates. Improvement factors of 2.3 to 1.4 were measured in the experiment. The 
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IFs show a monotonic decrease with injection rate. This is because a fraction of the water 

has already been removed during gas injection at the previous rate(s).  

 

5-7 CONCLUSIONS 

In this chapter, the results for coreflood experiments using treatments of the 

epoxide chemical in IPA were presented. The effectiveness of this treatment to enhance 

the gas and condensate relative permeabilities was evaluated both in the presence and 

absence of initial brine.  

The results clearly indicated that the chemical treatments at 175 oF are effective 

both in the presence and absence of initial brine in the core. The higher initial 

improvements when used in the presence of brine could be associated with the additional 

benefit of removing brine from the core.  No improvement was observed when the 

chemical was used at a higher temperature of 275 oF in the presence of 25% initial water 

saturation.  

This epoxide chemical, when used without a preflush of primer, initially increased 

the gas and condensate relative permeability; however, the treatment was not durable as a 

quick decrease in the improvement factor over a short period of time was experienced. 

Treating the core with the polydopamine preflush increased the improvement factor 

(from 1.6 to 1.8) and greatly improved the durability of the treatment at 175 oF. It was 

observed that the improvement factor shows some sensitivity to the capillary number. A 

decrease in the improvement factor with an increase in the capillary number was 

observed for the same liquid dropout and PVT ratio. The results of the imbibition tests 

showed that the epoxide chemical also showed promise for mitigating water blocking at 

175 oF. 
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It was demonstrated that treatment made using the mislabeled Chemical L-20637 

from 3M, which had a structure similar to the epoxide, increased the relative permeability 

of methane displacing brine from a TCL core. This was true at both temperatures of 175 

and 275 oF.   

A measurement of the final gas permeability with methane showed that neither 

the primer nor the treatment reduced the permeability of the core, which means that the 

treatment as well as the primer did not damage the core. 
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Table 5-1: Pressure settings and fluid properties for pre-treatment condensate- Exp#108. 

BPR-1, psig  4560   

BPR-2, psig 1200   

Density of gas-condensate mixture (single-phase), g/cc 0.2896   

Temperature, °F 175   

  @  Core Condition Gas Phase Oil-Phase 

Density, gm/cc 0.0602 0.5951 
Viscosity, cp 0.014 0.1834 
Liquid dropout fraction 0.9501 0.0499 
IFT, dyne/cm 6.924 
PVT Ratio 1.45 

Table 5-2: Results for the pretreatment two-phase gas-condensate flood- Exp#108. 

q_pump, cc/hr 100 200 
qtotal_core, cc/hr 333.3 666.6 
qgas_core, cc/hr 316.7 633.3 
qoil_core, cc/hr 16.6 33.3 
Δp, psia 54.8 110.9 

krg 0.092 0.091 
kro 0.063 0.063 
Nc 3.82E-06 7.72E-06 

Table 5-3: Summary of post-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 200 
qtotal_core, cc/hr 333.3 666.6 
qgas_core, cc/hr 316.7 633.3 
qoil_core, cc/hr 16.6 33.3 
Δp, psia 38.0 82.0 

krg 0.133 0.123 
kro 0.091 0.085 
Nc 2.65E-06 5.71E-06 

krg-treated / krg-untreated 1.45 1.37 
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Table 5-4: Summary of two-phase gas condensate flood after second treatment. 

q_pump, cc/hr 100 200 
qtotal_core, cc/hr 333.3 666.6 
qgas_core, cc/hr 316.7 633.3 
qoil_core, cc/hr 16.6 33.3 
Δp, psia 39.5 81.0 

krg 0.128 0.124 
kro 0.088 0.086 
Nc 2.75E-06 5.64E-06 

krg-treated / krg-untreated 1.39 1.37 

Table 5-5: Pressure settings and fluid properties for pre-treatment condensate- Exp#109. 

BPR-1, psig  4570   
BP2-2, psig 1200   
Density of gas phase (single-phase), g/cc 0.2896   
Temperature, °F 175   
  @  Core Condition Gas Phase Oil-Phase 
Density, gm/cc 0.0602 0.5951 
Viscosity, cp 0.014 0.1834 
Volume fraction 0.9501 0.0499 
IFT, dyne/cm 6.924 
PVT Ratio 1.45 

Table 5-6: Results for the pre-treatment two-phase gas-condensate flood-Exp#109. 

q_pump, cc/hr 100 200 
qtotal_core, cc/hr 333.3 666.6 
qgas_core, cc/hr 316.7 633.3 
qoil_core, cc/hr 16.6 33.3 
Δp, psia 39.0 76.8 

krg 0.078 0.080 
kro 0.054 0.055 
Nc 4.47E-06 8.80E-06 
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Table 5-7: Summary of post-treatment two-phase gas-condensate flood1-Exp#109. 

q_pump, cc/hr 100 200 
qtotal_core, cc/hr 333.3 666.6 
qgas_core, cc/hr 316.7 633.3 
qoil_core, cc/hr 16.6 33.3 
Δp, psia 23.4 49.4 

krg 0.131 0.124 
kro 0.090 0.085 
Nc 2.68E-06 5.67E-06 

krg-treated / krg-untreated 1.67 1.55 

Table 5-8: Summary of second two-phase gas-condensate flood-Exp#109. 

q_pump, cc/hr 100 200 
qtotal_core, cc/hr 333.3 667.3 
qgas_core, cc/hr 316.7 634.0 
qoil_core, cc/hr 16.6 33.3 
Δp, psia 35.3 69 

krg 0.087 0.089 
kro 0.060 0.061 
Nc 4.049E-06 7.915E-06 

krg-treated / krg-untreated 1.10 1.11 

Table 5-9: Pressure settings and fluid properties for pre-treatment condensate- Exp#110. 

BPR-1, psi  4570   
BP2-2, psi 1440   
Density of gas phase (single-phase), g/cc 0.2438   
Temperature, °F 277   
  @  Core Condition Gas Phase Oil-Phase 
Density, gm/cc 0.0705 0.5434 
Viscosity, cp 0.0155 0.1159 
Volume fraction 0.9695 0.0305 
IFT, dyne/cm 4.124 
PVT Ratio 4.25 
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Table 5-10: Results for the pre-treatment two-phase gas-condensate flood- Exp#110. 

q_pump, cc/hr 100 200 
qtotal_core, cc/hr 287.1 574.2 
qg_core, cc/hr 278.3 556.7 
qo_core, cc/hr 8.8 17.5 
dp, psia 24.1 48.4 
krg 0.153 0.152 
kro 0.036 0.036 
Nc 3.8E-06 7.6E-06 

Table 5-11: Summary of post-treatment two-phase gas-condensate flood- Exp#110. 

q_pump, cc/hr 100 200 
qtotal_core, cc/hr 284.0 568.0 
qgas_core, cc/hr 275.4 550.7 
qoil_core, cc/hr 8.7 17.3 
Δp, psia 23.3 47.0 

krg 0.156 0.155 
kro 0.037 0.036 
Nc 3.6E-06 7.3E-06 

krg-treated / krg-untreated 1.02 1.02 

Table 5-12: Color changes of a sample of amine solution during polymerization. 

Degree of reaction Color 
None Transparent 
Initial Light pink 

Intermediate 1 Light orange 
Intermediate 2 Light brown 
Advanced 1 Brown (maybe with particles) 
Advanced 2 Dark brown - black 

Table 5-13: Changes in rate of polymerization with water content @ 175 oF. 

Water volume % Time, hr Color 
30 2 light brown 
20 3 light brown 
10 ~10 light brown 
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Table 5-14: Pressure settings and fluid properties for pre-treatment condensate- Exp#116. 

BPR-1, psi  4500     
BP2-2, psi 1200     
Density of gas phase 
(single-phase), g/cc 0.2862   

  

Temperature, °F 175     
  @  Core Condition Gas Phase Oil-Phase Gas Phase Oil-Phase 
Density, gm/cc 0.0601 0.5945 0.0601 0.5945 
Viscosity, cp 0.014 0.1822 0.014 0.1822 
Volume fraction 0.9506 0.0494 0.9506 0.0494 
IFT, dyne/cm 6.898 6.898 

PVT Ratio 1.48 1.48 

Table 5-15: Results for the pretreatment two-phase gas-condensate flood- Exp#116. 

q_pump, cc/hr 100 200 
qtotal_core, cc/hr 330.9 661.7 
qg_core, cc/hr 314.5 629.0 
qo_core, cc/hr 16.3 32.7 
dp, psia 60.0 104.0 
krg 0.068 0.079 
kro 0.046 0.053 
Nc 5.119E-06 8.873E-06 

Table 5-16: Summary of post-treatment two-phase gas-condensate flood- Exp#116. 

q_pump, cc/hr 100 200 
qtotal_core, cc/hr 330.9 661.7 
qgas_core, cc/hr 314.5 629.0 
qoil_core, cc/hr 16.3 32.7 
Δp, psia 33.0 67.0 

krg 0.124 0.122 
kro 0.084 0.083 
Nc 2.82E-06 5.72E-06 

krg-treated / krg-untreated 1.82 1.55 
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Figure 5-1: Schematic of coreflooding setup. 
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Figure 5-2: Pressure drop during pre-treatment gas-condensate flood- Exp#108. 
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Figure 5-3: Pressure drop across the core during treatment injection- Exp#108. 
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Figure 5-4: Pressure drop across the core during post-treatment condensate flood1-
Exp#108. 
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Figure 5-5: Pressure drop across the core during second treatment injection-Exp#108. 
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Figure 5-6: Pressure drop across the core for the condensate flood after second treatment 
- Exp#108. 
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Figure 5-7: Comparison of pressure drops during all two-phase gas condensate floods - 
Exp#108. 
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Figure 5-8: Pressure drop across the core during final methane flood - Exp#108. 
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Figure 5-9: Pressure drop during pre-treatment gas-condensate flood- Exp#109. 
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Figure 5-10: Pressure drop across the core during IPA preflush injection- EXP#109. 
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Figure 5-11: Pressure drop across the core during treatment injection- Exp#109. 
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Figure 5-12: Pressure drop across the core for post-treatment condensate flood- Exp#109. 



 136 

0

5

10

15

20

25

30

0 50 100 150 200 250 300 350 400

Pore Volume Injected

P
re

ss
u

re
 d

ro
p

, p
si

a

q_core = 689 cc/hr
krg = 0.80 

q_core = 1722 cc/hr
krg = 0.79 

 

Figure 5-13: Pressure drop across the core during methane flood- Exp#109. 
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Figure 5-14: Pressure drop across the core for all gas-condensate floods- Exp#109. 
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Figure 5-15: Pressure drop during pre-treatment gas-condensate flood- Exp#110. 
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Figure 5-16: Pressure drop across the core during Methanol preflush injection- Exp# 110. 
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Figure 5-17: Pressure drop across the core during treatment injection- Exp#110. 
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Figure 5-18:  Pressure drop for the post-treatment condensate flood- Exp#110. 
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Figure 5-19: Pressure drop across the core during final methane flood- Exp#110. 
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Figure 5-20: Comparison of surface concentration of fluorine with and without amine. 
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Figure 5-21: Drop imbibition for sandstone and limestone samples treated after aging in 
primer. 
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Figure 5-22: Pressure drop during pre-treatment gas-condensate flood- Exp#116. 
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Figure 5-23: Pressure drop across the core during IPA preflush injection- Exp#116. 
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Figure 5-24: Pressure drop across the core during treatment injection- Exp#116. 
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Figure 5-25: Pressure drop across the core for post-treatment condensate flood- Exp#116. 
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Figure 5-26: Pressure drop across the core for all condensate floods- Exp#116. 
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Figure 5-27: Improvement factor versus cumulative pore volumes injected-Exp#116. 

0

20

40

60

80

0 50 100 150 200 250 300 350

Pore Volume Injected

P
re

ss
u

re
 d

ro
p

, p
si

a

q_core = 1719 cc/hr
krg = 0.8

q_core = 1375 cc/hr
krg = 0.8

q_core = 1031 cc/hr
krg = 0.81

q_core = 344 cc/hr
krg = 0.83

q_core = 172 cc/hr
krg = 0.87

 

Figure 5-28: Pressure drop across the core - Final methane injection-Exp#116. 
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Figure 5-29: Water imbibition results for treated and untreated TCL. 
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Figure 5-30: Pressure drop data for water displacement using Methane- Exp#127. 
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Figure 5-31: Changes in gas relative permeability IFs- Exp#127. 
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Chapter 6: Treatment of Carbonate Rocks Using  C4 Fluorinated  
Chemicals 

 

6-1 INTRODUCTION 

In the previous chapter I presented coreflood results for a treatment using a 

fluorinated epoxide (chemical #474088 from Aldrich). The application of an amine 

primer to enhance the durability of the epoxide treatment was also discussed in detail. We 

did not extend the application of this chemical treatment beyond these preliminary 

experiments due to environmental issues with the chemical that was used. This chemical 

had a C8 fluorocarbon tail. It has been shown that such materials are bioaccumulative and 

their use has been severely limited by the EPA. Fluorinated chemicals with C-4 tails are 

known to overcome some of these concerns and are still being manufactured and used. 

Therefore, the focus of all the subsequent research was turned to these environmental-

friendly chemicals only. The chemicals used for this research were chemicals synthesized 

by 3M Company. Unfortunately, 3M did not share any details about the chemistry of 

these chemicals other than what is provided in Table 6-1. 

The general procedure used for coreflood experiments has already been discussed 

in Chapter 3; however, it is briefly restated here. In a very abstract form, corefloods were 

started with measuring porosity and dry permeability, introducing the initial water 

saturation (most of the time Sw=25%), and measuring single-phase gas relative 

permeability at the initial water saturation, running a two-phase gas condensate flood and 

calculating the gas and condensate relative permeabilities, treating the core, running the 

post-treatment gas condensate flood under the same conditions as those used for the pre-

treatment gas condensate flood and calculating relative permeabilities. This allows us to 
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calculate the improvement factor defined as the ratio of gas (or condensate) relative 

permeability after treatment to that before treatment, and finally measure the single phase 

core permeability using methane. If the improvement factor was 1.5 or above; the 

treatment was considered effective and more gas condensate was injected to check its 

durability otherwise it was considered ineffective. In some cases, however, there have 

been some deviations from this general protocol. These are highlighted whenever they 

occurred. The brine used in all experiments was a 30 gm/l NaCl plus 0.7 gm/l CaCl2 and 

the initial water saturation prior to the gas condensate flood was 25% unless specified 

otherwise. All treatment solutions were tested before being injected into a core to see if 

they were compatible with the brine at the experimental temperature. The results for 

compatibility data can be found in Chapter 4. Three different mixtures, referred to 

Mixture #1 through #3, were used in gas condensate experiments. The composition of 

these mixtures and other flow related data can be found in Chapter 3.   

Table 6-1 lists all the chemicals discussed in this chapter while Appendix A 

provides the details of all coreflood experiments conducted in this research. In this 

chapter the results from coreflood experiments using 3M chemicals are addressed briefly. 

Some of the chemicals have been used in multiple experiments. For those chemicals, only 

representative results are presented. As explained before, the details for all experiments 

can be found in Appendix A. 
 

6-2: TREATING TEXAS CREAM LIMESTONE WITH CHEMICAL L-20294 

A total of eight experiments were conducted with chemical L-20294 (all listed in 

Table 6-2). Experiments were conducted either at 175 oF and 275 oF. Representative 

experiments are explained here for each application at each temperature. Chemical L-
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20294 was used to treat both water and condensate blocking in Texas Cream Limestone 

cores. Its application for water blocking was limited to a single experiment conducted at a 

temperature of 175 oF, Experiment#162. This chemical was also evaluated to mitigate 

condensate blocking at both temperatures, Experiments # 149 and 151. The details of 

these three experiments are given below. See Appendix A for the rest of the experiments 

where L-20294 was used as a treatment. The results for compatibility between brine and 

this treatment can be found in Table 4-34. 

A Texas Cream Limestone (TCL) core with a measured porosity of 23.4% and 

permeability of 3.3 md was used in this experiment (Experiment#149). The pre-treatment 

gas-condensate flood was conducted using Mixture#1 (see Chapter 3 for composition) at 

175 oF at a single core  rate of 124 cc/hr. Table 6-3 summarizes the experimental 

conditions and the gas and condensate properties at the average core pressure for the pre-

treatment gas condensate flood. Figure 6-1 shows the pressure drop across the core for 

the pre-treatment gas condensate flood. The results of pre-treatment gas-condensate flood 

including flow rates, pressure drops, capillary number, and relative permeabilities, are 

summarized in Table 6-4.  

A treatment solution using the composition given in Table 6-5 was made and 240 

gm were loaded into an accumulator and put in the oven. The treatment injection was 

started immediately and approximately 10 pore volumes were injected at a rate of 25 

cc/hr. The pressure drop data for the treatment injection is given in Figure 6-2 and shows 

that there is a trend of increasing pressure drop for the last six pore volume of injection. 

The core was then shut in, aged overnight and then flooded with the gas 

condensate.  The first post-treatment gas-condensate flood was conducted under the same 

conditions as those used for the pre-treatment condensate flood with the exception that 

the injection rate was mistakenly set to 50 cc/hr for the post-treatment flood versus 40 
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cc/hr for the pre-treatment flood.  The pressure drop across the core for the first post-

treatment gas-condensate flood is given in Figure 6-3, The pressure drop for the pre-

treatment gas-condensate flood, the blue curve, is also shown in this figure for 

comparison. The results are summarized in Table 6-6.  

Since the improvement factor was high, greater then 1.5, it was decided to inject 

more gas condensate mixture through the core to assess the durability of the treatment. A 

total of 226 pore volumes of gas condensate mixture were injected into the core after 

treatment. Figure 6-4 shows a bar chart plot of the change in the improvement factor with 

cumulative pore volume of gas condensate mixture injected into the core after treatment. 

The results showed that the treatment was durable at 175 oF. The final single-phase 

permeability was determined using methane injection. After injecting approximately 200 

PVs the relative permeability was determined to be approximately 0.8. This indicated that 

there was no damage to the core permeability. 

The effectiveness of L-20294 chemical as a solution to condensate blocking was 

also evaluated at a temperature of 275 oF in Experiment #151. The TCL core used in this 

experiment had a measured porosity of 23.7% and permeability of 5.76 md. The pre-

treatment gas-condensate flood was conducted using Mixture #2 (see Chapter 3 for 

composition) injected at a single core rate of 261 cc/hr. Table 6-7 summarizes the 

experimental conditions and the gas and condensate properties for the pre-treatment gas 

condensate flood. Figure 6-5 shows the pressure drop across the core for the pre-

treatment gas-condensate flood and the results including flow rates, pressure drops, 

capillary number, and relative permeabilities, are summarized in Table 6-8.  

A treatment solution with the composition given in Table 6-9 was made and 250 

grams of the solution was loaded into an accumulator and put in the oven. The treatment 

injection was started immediately at a rate of 60 cc/hr and the core was treated with 
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approximately 11 pore volumes.  Figure 6-6 shows the pressure drop across the core for 

the treatment injection, As can be seen from the plot, the pressure drop reached a 

maximum of 107 psia, then dropped rapidly and finally stabilized at a pressure of 

approximately 60 psia. 

The core was shut in and aged overnight before the post-treatment gas-condensate 

flood was conducted.  The post-treatment gas condensate flood was conducted using the 

same conditions as those used for the pre-treatment condensate flood. Figure 6-7 shows 

the pressure drop across the core for the post first treatment gas-condensate flood. The 

pressure drop for the pre-treatment gas-condensate flood is also shown for comparison 

purposes. Table 6-10 summarizes the results.  

Since the improvement factor was low, 1.22, it was decided to measure the 

permeability to assess the possibility of re-treating the core. Approximately 100 pore 

volumes of heated methane were injected into the core at different flow rates. The 

calculated relative permeability was greater than 0.85 which indicated that the core had 

not been damaged. The pressure drop data for this flood is given in Figure 6-8. Since no 

evidence of damage was observed, it was decided to retreat the core. To do so, 300 gm of 

treatment, having the composition of the first treatment, was loaded into an accumulator 

and put in the oven. Approximately 12 pore volumes of treatment were injected into the 

core at a rate of 100 cc/hr. The pressure drop was observed to be increasing toward the 

end of injection as can be seen in Figure 6-9, which shows the pressure drop across the 

core versus pore volume of treatment injected. The core was shut in and aged overnight, 

similar to the first treatment, before being flooded with gas condensate. Figure 6-10 

shows the pressure drop across the core for the gas condensate flood after the second 

treatment. The stabilized pressure drop for the gas condensate after second treatment was 

lower than that observed after the first treatment; which resulted in an increase in 
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improvement factor from 1.22 to 1.48. The next morning approximately fifty pore 

volumes of gas condensate were injected into the core. The pressure drop increased and 

the improvement factor dropped to 1.24. Figure 6-11 shows a plot of the pressure drops 

versus pore volume of gas condensate injected for all gas condensate floods. Since the 

improvement did not seem to be durable it was decided to end the experiment.  

Chemical L-20294 was also evaluated to assess the potential to mitigate the water 

blocking problem in Experiment #162. The TCL core used in this experiment had 

measured porosity and permeability of 21.2% and 4.73 md, respectively. Gas relative 

permeability was measured using both unsteady- and steady-state methods. In the 

unsteady-state method, two PVs of brine were injected into a dry core. The core was then 

flooded with methane at different flow rates, each flow rate injection for an equal number 

of PVs. For the steady state case, brine and methane were co-injected into the core at 

different fractional flows. The flow rates were not changed until a steady state condition 

was reached. 

There was some concern that at elevated temperatures that brine interacting with 

the core may result in precipitation and/or particle migration and possibly damage the 

core. To make the brine, a one litter solution of 3% NaCl in dionized water was made. A 

piece of TCL rock was grounded into fine particles then one gram of the crushed TCL 

rock was added to the brine solution. The rock fines were added to saturate the brine with 

the soluble compounds that were associated with the rock to reduce the possibility of rock 

brine interaction. The solution was then stirred, while heating at 80 oC, for a couple of 

hours. The hot turbid brine solution was then passed through a 0.45 micron filter to 

remove fines.  It was then loaded into an accumulator and heated in the oven for 

injection.  
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Two pore volumes of this brine were injected into the core. The core is not fully 

saturated with brine at the end of brine injection because the displacement of gas by 

water is not a miscible displacement. The core was then flooded with methane saturated 

with water. The displacing methane was pre-saturated with water by passing it through a 

glass bead column, partially filled with DI water which was installed between the top of 

the core and the outlet of BPR1.  The configuration can be seen in Figure 6-12. Five 

different gas flow rates were used each consisted for an injection of 25 PVs. For each 

flow rate the pressure drop at the end of injection was used to calculate the gas relative 

permeability. Figure 6-13 shows the pressure drop across the core when water is 

displaced from the core by methane injection and Table 6-11 summarizes the results of 

the methane flood.  

The second part of the relative permeability measurements were conducted under 

steady-state conditions. In this part of the experiment, methane and water were co-

injected into the core at a constant fractional flow of water for each gas-brine rate 

combination. During the flood, the methane injection rate was kept constant while the 

brine injection rate was changed, increased, to make measurements at a higher fractional 

flow of brine. The brine flow rate was not changed until steady state conditions had been 

reached.  Figure 6-14 shows the pressure across the core for methane-water co-injection 

and Table 6-12 summarizes the results.  

The end point gas relative permeability was measured after all of the steady state 

measurements were completed. A core flow rate of 1083 cc/hr was selected because it 

was the highest rate used during the unsteady-state experiments. One hundred pore 

volumes were injected.  The pressure drop data is given in Figure 6-15. The shape of the 

curve is characteristic of this kind of displacement as is the case for all rates in Figure 6-

13. The calculated krg was slightly higher than what was calculated for the same flow rate 
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during unsteady-state method, 0.49 versus 0.43. This indicates that there was no damage 

done to the core during these floods. 

All treatment solutions are tested before being injected into a core to see if they 

are compatible with the brine at the experimental temperature.  Screening tests showed 

that the proposed treatment solution was not compatible with the brine at brine-treatment 

mixtures with brine mass percents higher than 35%. It was considered likely that the 

brine saturation at the end of methane flood would most probably be higher than 35% due 

to the low permeability of the core. Therefore, it was decided to displace the brine from 

core using a pre-flush before treatment injection to avoid damage to the core due to the 

treatment solution incompatibility issue. A screening test was conducted using 2-

isopropanol (IPA), and it passed the screening test. Eight pore volumes of IPA were 

injected into the core to displace the brine from the core at a rate of 24 cc/hr. The core 

was then flooded with methane to displace the IPA and measure the permeability. Figure 

6-16 shows the pressure drop across the core for the methane injection to displace IPA 

and Table 3-13 summarizes the results. 

To determine if there was any damage to the core and to confirm the validity of 

the data obtained for the first methane-brine co-injection, the methane-brine co-injection 

was repeated using the same flow rates. The pressure drop data for this flood is given in 

Figure 6-17 and the results are summarized in Table 6-14. The relative permeability 

values for the two steady-state measurements are within 10% of each other. The end 

point methane permeability was then measured followed by IPA injection. The end point 

gas relative permeability after the second methane-brine co-injection was essentially the 

same as the first one. The IPA was displaced from the core by methane to prepare the 

core for treatment injection. The relative permeability to methane at the end of 85 PVs 

injected was approximately 0.95. A treatment solution of the composition given in Table 
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6-15 was made and the core was treated with 15 PVs at a rate of 32 cc/hr. The core was 

shut in and aged overnight. Figure 6-18 shows the pressure drop data during the 

treatment. 

The next morning, the treatment was displaced from the core by injecting 

methane. Figure 6-19 shows the pressure drop for this flood. This displacement served 

two purposes. First, it provided a permeability measurement at some residual treatment 

saturation. Second, it prevented the mixing of treatment solution with brine which could 

damage the core due to incompatibility issues; and also could change the IFT and 

viscosity of the liquid in the core through mixing. The higher viscosity and lower 

volatility of the treatment solution compared to IPA is evident from the higher value of 

krg obtained for methane displacing IPA compared to that obtained for methane 

displacing the treatment solution.  

To evaluate the effectiveness of the treatment in mitigating the water-blocking 

problem, measurements were made for the gas relative permeability after treatment 

following the same procedure, flow rates, and settings used for before treatment 

measurements. Two pore volumes of brine were injected into the core. The core was then 

flooded with water saturated methane at the same flow rates used for the pre-treatment 

flood. Figure 6-20 shows the pressure drop for this flood, for comparison purposes the 

pre-treatment pressure drop data is also shown in the figure. The pressure drops for the 

post-treatment flood were slightly lower than those for the pre-treatment for all flow 

rates. This was an indication of some minor improvement in the gas mobility from the 

treatment. Table 6-16 summarizes these results. As can be seen in the table, there was 

some increase in the gas relative permeability although it was not significant. It is also 

noticeable that the IFs decreased for higher flow rates.   
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The enhancement in the gas permeability due to treatment was also evaluated for 

the steady-state mode of gas relative permeability measurement. Figure 6-21 shows the 

pressure drop data for this flood which was conducted under the same conditions as pre-

treatment brine-gas co-injection. As can be seen from the plot, the pressure drop is higher 

for the post-treatment case for the last two flow rates which indicates not only was there 

no increase in the gas relative permeability but also there was actually a reduction.  The 

results are given in Table 6-17. With the exception of the first flow rate the krgs are lower 

in the post-treatment case compared to those observed in the pre-treatment. Presently 

there is no explanation for this observation. 

The core was treated for the second time after it was pre-treated with dopamine 

and aged overnight. The details of polydopamin primer can be found in Chapter 5. More 

than fifteen pore volumes of treatment solution (3% L20294 in 2BE-EtOH(70-30 by 

mass)) was injected into the core at a rate of 25 cc/hr. Figure 6-22 shows the pressure 

drop for this injection. It was noticed that the ratio of pressure drop to injection rate 

shows a slight increase for this treatment which might be an indication of some damage 

to the core permeability from the first treatment. The next morning methane was injected 

into the core to displace the treatment and measure the permeability. The gas relative 

permeability was low, 0.3 compared to 0.55 measured after the first treatment injection.  

Two pore volumes of brine were injected into the core. Then, it was flooded by 

methane at different flow rates. Figure 6-23 shows the pressure drop for this flood.  

Mistakenly, the number of pore volumes injected for each rate was higher than for the 

pre-treatment case and the first post-treatment so the results are not comparable. The 

experiment was abandoned at this stage.  
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6-3: TREATING TEXAS CREAM LIMESTONE WITH CHEMICAL L-18961 

Five experiments were conducted using L-18961 as a part of treatment. These 

experiments are listed in Table 6-2.  With the exception of one experiment all were 

conducted for condensate blocking and were performed at either 175 or 230 oF. One 

water blocking experiment was conducted at 175 oF. Results from Experiments 156 and 

161 are explained in more detail below. The results for compatibility between brine and 

this treatment can be found in Table 4-22 through 4-26. 

A TCL core with measured porosity of 20.25% and permeability of 2.5 md was 

used in Experiment 156. An initial water saturation of 25% was established in the core 

prior to the gas condensate flood. The pre-treatment gas-condensate flood was conducted 

using Mixture#1 (see Chapter 3 for composition) at 175 oF at a single core rate of 117 

cc/hr. Table 6-18 gives a summary of the experimental conditions and the gas and 

condensate properties for this flood. Figure 6-24 shows the pressure drop across the core 

for the pre-treatment gas condensate flood. The results of the pre-treatment gas-

condensate flood including flow rates, pressure drops, capillary number, and relative 

permeabilities are summarized in Table 6-19.  

A treatment solution with the composition given in Table 6-20 was made, 220 

grams were loaded into an accumulator and put in the oven. The injection was started 

immediately at a rate of 15 cc/hr and the core was treated with approximately 13 pore 

volumes.  Figure 6-25 shows the pressure drop across the core for treatment injection. 

The pressure drop reached a maximum pressure of 370 psi and quickly dropped to 110 

psi, but instead of stabilizing began to trend upwards and exhibit spiky behavior. No 

explanation was found for the spikes in the pressure drop data. 

The core was shut in and aged overnight. It was then flooded with the post-

treatment gas-condensate conducted at the conditions as those used for the pre-treatment 
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condensate flood. Figure 6-26 shows the pressure drop across the core for both the pre- 

and post-treatment gas-condensate floods. Table 6-21 summarizes the results of the flood. 

The improvement factor obtained from this experiment was low, 1.27. This was the case 

for all of the experiments using this material on TCL cores at temperatures of 175 and 

230 oF. 

The effectiveness of L-18961 to mitigate water blocking problem was examined 

in Experiment 161. The TCL core used in this experiment had measured porosity and 

permeability of 24.8% and 4.78 md, respectively. There was some concern that at 

elevated temperatures that brine interacting with the core may result in precipitation 

and/or particle migration and possibly damage the core. To make the brine, a one litter 

solution of 3% NaCl in dionized water was made. A piece of TCL rock was grounded 

into fine particles then one gram of the crushed TCL rock was added to the brine 

solution.  The rock fines were added to saturate the brine with the soluble compounds that 

were associated with the rock to reduce the possibility of rock brine interaction. The 

solution was then stirred, while heating at 80 oC, for a couple of hours. The hot turbid 

brine solution was then passed through a 0.45 micron filter to remove fines.  It was then 

loaded into an accumulator and heated in the oven for injection.  

Two pore volumes of this brine were injected into the core. It should be noted that 

the core is not fully saturated with brine at the end of this flood because water is 

displacing gas immiscibly. The core was then flooded with saturated methane. The 

displacing methane was saturated with water by passing it through a glass bead column, 

partially filled by DI water, installed between top of the core and outlet of BPR1, see 

Figure 6-12. Five different gas flow rates were used each injection was for 25 PVs. For 

each flow rate the pressure drop at the end of injection was used to calculate the gas 
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relative permeability. The pressure data for this flood is given in Figure 6-27 and Table 6-

22 summarizes these results.  

The second phase of relative permeability measurements was conducted using a 

steady-state method. In this part, gas and water were co-injected into the core at a 

constant fractional flow of water for each gas-brine rate combination. During this flood 

the gas injection rate was kept constant while the brine injection rate was increased, to 

obtain measurements at higher fractional flows of brine. Figure 6-28 shows the pressure 

across the core for this flood. Table 6-23 summarizes these results.  

The end point gas relative permeability was determined, after steady state 

conditions were reached. The flow rate selected for this measurement was the highest rate 

used during unsteady-state method and the injection volume was chosen to be hundred 

pore volumes. Figure 6-29 shows the pressure drop for this flood. The shape of the curve 

is characteristic of this kind of displacement as is the case for all rates in Figure 6-22. The 

calculated krg was the same as that calculated for the same flow rate during the unsteady-

state experiment. This was considered to be an indication that there was no or negligible 

damage to the core. 

Primary screening tests showed that the treatment solution is not compatible with 

the brine at brine-treatment mixtures with brine mass percents higher than 35%. It was 

not clear how much the brine saturation would be at the end of the methane flood, 

conducted prior to treatment injection, most probably higher than 35% as the core has a 

low permeability. It was decided to displace the brine from the core using a preflush 

before treatment injection to avoid damage to the core due to incompatibility issue. IPA 

passed the screening tests and was found effective. 6 pore volumes of IPA were injected 

into the core. The core was then flooded with methane to displace the IPA and measure 

the permeability. Figure 6-30 shows the pressure drop for this flood. The calculated krgs 
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decreased with decreasing methane injection rate. The reason for inverse this behavior 

was not clear. 

The core was then treated by injecting 15 PVs of treatment solution with the 

composition given in Table 6-24. The injection rate was 40 cc/hr. Figure 6-31 shows the 

pressure drop across the core for this injection. The core was shut in and aged overnight. 

The next morning the treatment was displaced from the core by injecting methane. Figure 

6-32 shows the pressure drop for methane flood. Flooding the core with methane at this 

stage served three purposes: First, it helped to measure the core permeability at some 

residual treatment saturation; second, helped to establish the same water saturation and 

distribution in the core for the unsteady-state measurement of gas relative permeability; 

and third, helped to avoid mixing of brine with treatment which could damage the core 

due to incompatibility issue and also changes the IFT and viscosity of the fluid in the 

core. The higher viscosity and less volatility of the treatment solution compared to those 

of IPA is evident from the higher value of krg for methane displacing IPA compared to 

that for methane displacing treatment.  

To evaluate the effectiveness of the treatment to mitigate water-blocking problem, 

measurements were made for the gas relative permeability following the same procedure, 

flow rates, and settings used for the pre-treatment measurements. Two pore volume of 

brine were injected into the core. It was then flooded using saturated methane at different 

flow rates. Figure 6-33 shows the pressure drop data for this and the pre-treatment flood.  

The pressure drops for the post-treatment flood are lower than those for the pre-treatment 

flood for all the methane flow rates. This is an indication of an improvement in the gas 

mobility upon treatment. Table 6-28 summarizes these results. 

The gas relative permeability was measured next using the steady-state method 

under conditions similar to the pre-treatment case. Figure 6-24 shows the results for this 
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injection, for comparison purpose the pre-treatment pressure drop is also shown in this 

figure. For all flow rates the improvement factors was less than one. This indicated there 

could have been some damage to the core during the previous floods. The results from 

the steady state experiment are summarized in Table 6-26. 
 

6-4: TREATING TEXAS CREAM LIMESTONE WITH CHEMICAL L-20886 

Two core flood experiments were using 3M chemical L-20886; Experiment 174 

at 175 oF and Experiment 175 conducted at 230 oF. In both of these experiments the 

chemical was evaluated for condensate blocking problem. The results for compatibility 

between brine and this treatment can be found in Table 4-31. 

 Experiment 174 was conducted using a TCL core with a measured porosity and 

permeability of 19% and 19.25 md, respectively. An initial water saturation of 25% was 

established in the core prior to gas condensate flood. The pre-treatment gas condensate 

flood was conducted at 175 oF at two different core rates of 379 and 728 cc/hr. The 

composition of the synthetic mixture used is given in Table 6-27. Its composition varied 

from that of Mixture #1 (see Chapter 3 for composition and other related properties) 

which had been used for the previous experiments. Table 6-28 summarizes the 

experimental conditions and the gas and condensate properties for different flow rates at 

the core average pressure for the pre-treatment gas-condensate flood. Figure 6-25 shows 

the pressure drop across the core for the pre-treatment gas condensate flood. The results 

of the pre-treatment gas-condensate flood including flow rates, pressure drops, capillary 

numbers, and relative permeabilities are summarized in Table 6-29. There was some 

noise in the pressure drop data which might have been due to a sticky BPR. The initial 

pressure spike occurred at 10 PVs of injection and was due to a high pump rate of 300 
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cc/hr used to pressurize the gas condensate accumulator to BPR1 pressure prior to 

injection. 

The core was then treated by injecting more than 16 pore volumes of the 

treatment solution with the composition given in Table 6-30 at a flow rate of 80 cc/hr. 

Figure 6-26 shows the pressure drop across the core for the treatment injection. Next, the 

core was shut in and aged overnight. It was next flooded with the first post-treatment gas-

condensate mixture following the same procedure used for the pre-condensate flood. 

Figure 6-27 shows the pressure drop across the core for the post-treatment gas-

condensate flood and Table 6-31 summarizes the results. The treatment increased the gas 

and condensate relative permeabilities by approximately 50%. In can be seen in Figure 6-

27 that during the second flow rate that the pressure drop increased quickly. At this point 

the experiment was stopped and it was found that the sharp increase in the pressure drop 

was due to an accumulator piston failure which allowed tap water to get into the core. 

Due to this failure the improvement factor reported for the second flow rate might be 

questionable.  

The second gas condensate coreflood in which Chemical L-20886 was used, 

Experiment #175, conducted at 230 oF on a TCL core had measured porosity and 

permeability of 21.3% and 9.64 md, respectively. The core was treated in the presence of 

255 initial water saturation to evaluate the effectiveness of this chemical for condensate 

blocking problem. The improvement factors were less than 1.5. The details of this 

experiment are provided in Appendix A20. 
 



 162 

6-5: TREATING TEXAS CREAM LIMESTONE WITH CHEMICAL L-19446-2 

Experiments 179 and 180 were conducted using 3M chemical L-19446-2 as a 

remedy for condensate blocking at 175 oF. The results for compatibility between brine 

and this treatment can be found in Table 4-32. 

The TCL core used in Experiment 179 had measured porosity and permeability of 

21.4% and 12.7 md, respectively. An initial water saturation of 25% was established in 

the core prior to gas condensate flood. The pre-treatment gas condensate flood was 

conducted at 175 oF at two different core rates of 332 and 655 cc/hr. Synthetic Mixture 

#1 (see Chapter 3 for composition and other related data) was used in this experiment. 

Table 6-32 summarizes the experimental conditions and the gas and condensate 

properties at the core average pressure for different flow rates used for the pre-treatment 

gas-condensate flood. Figure 6-38 shows the pressure drop across the core for the pre-

treatment gas condensate flood and the results including flow rates, pressure drops, 

capillary numbers, and relative permeabilities, are summarized in Table 6-33.  

The core was then treated with more than 12 pore volumes of the treatment 

solution using the composition given in Table 6-34. The treatment was pre-heated for 

three hours and injected at a rate of 40 cc/hr. Figure 6-39 shows the pressure drop across 

the core for the injection of treatment solution. Next, the core was shut-in and aged 

overnight. It was then flooded with the first post-treatment gas-condensate conducted at 

the same conditions as those used in the pre-condensate flood. Figure 6-40 shows the 

pressure drop across the core for both the pre- and post-treatment gas-condensate floods.  

Table 6-35 summarizes the results.  

Since the initial improvement factors were good, above 1.5, it was decided to 

inject more condensate to see if the treatment was durable. Following the first post-

treatment gas condensate flood, an accumulator of condensate was injected daily for three 
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consecutive days. Figure 6-41 shows the changes in the pressure drop response and 

Figure 6-42 shows the changes in the improvement factor, respectively. Table 6-43 

summarizes the changes in improvement factor with pore volume of gas condensate 

mixture injected into the core after treatment.  The effective permeability to methane was 

determined and was 90% of the initial dry permeability.  The results from this experiment 

indicated that the treatment improved the gas permeability and was durable; however, a 

repeat experiment, Experiment# 180, did not reproduce the same result. 
 

6-6: TREATING TEXAS CREAM LIMESTONE WITH CHEMICAL L-19446-1 

The effectiveness of chemical L-19446-1 to mitigate condensate blocking was 

evaluated by conducting corefloods in six Texas Cream Limestone (TCL) and one 

Silurian dolomite core. Experiments using TCL cores were conducted at two 

temperatures of 175 and 250 oF while the experiment using Silurian Dolomite was 

conducted at 250 oF. The explanation of three of these experiments follows. The details 

of all experiments can be found in Appendix A. The results for compatibility between 

brine and this treatment can be found in Table 4-36 and 4-32. 

The TCL core used in Experiment #182 had a measured porosity and gas 

permeability of 19.5% and 2.8 md, respectively. An initial water saturation of 25% was 

established in the core prior to gas condensate flood. The pre-treatment gas condensate 

flood was conducted at 175 oF at a pump flow rate of 50 cc/hr which gives a total core 

rate of 154 cc/hr at liquid drop-out of 5%. Synthetic Mixture #1 was used in this 

experiment. Table 6-36 summarizes the experimental conditions as well as the gas and 

condensate properties at the average core pressure for the single flow rate used during the 

pre-treatment gas-condensate flood. Figure 6-44 shows the pressure drop across the core 
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during the pre-treatment gas condensate flood and the results including flow rates, 

pressure drops, capillary number, and relative permeabilities, are summarized in Table 6-

37.  

The core was then treated by injecting more than 10 pore volumes of the 

treatment solution using a composition given in Table 6-38. The injection started at a rate 

of 15 cc/hr immediately after putting the treatment accumulator in the oven. Figure 6-45 

shows the pressure drop across the core during the treatment injection. Next, the core was 

aged for three hours before being flooded with the first post-treatment gas-condensate 

conducted under the same pressure settings as those used for the pre-condensate flood. 

Figure 6-46 shows the pressure drop across the core for the pre- and post-treatment gas-

condensate floods and Table 6-39 summarizes the results.  

Since the initial improvement factor was promising, 2.11, it was decided to inject 

more condensate to assess the durability of the treatment. Following the first post-

treatment gas condensate flood, three more gas-condensate floods were conducted under 

the same conditions as the first post-treatment gas condensate flood. The changes in the 

pressure drop response and improvement factor are shown in Figures 6-47 and 6-48, 

respectively. Table 6-40 summarizes the changes in improvement factor with pore 

volume of gas condensate mixture injected into the core after treatment. 

The results obtained in Experiment #182 were successfully reproduced in 

Experiment #184, however, for the remaining five TCL corefloods, including the one 

conducted at 250 oF, the results did not prove the effectiveness and durability of the 

treatment. This means that, for these five experiments, the improvement factors were 

either less than 1.5 or not durable. 

The observation from Experiment#206, conducted on a Silurian Dolomite core at 

a temperature of 250 oF in the presence of 25% initial water saturation, showed that the 
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core was damaged by the treatment. This damage was noticed by observing improvement 

factors less than one. This damage was believed to be caused because of treatment-rock 

interaction because the screening results proved that mixtures of brine and treatment were 

compatible at both temperature of 175 and 250 oF for brine mass percents up to 50%, see 

Table 4-42.  

 

6-7: TREATING TEXAS CREAM LIMESTONE WITH CHEMICAL 153239-29E 

This treatment was provided in two different batches, pre-mixed and ready to use. 

The two batches had different pHs and were neutralized by different cations. They were 

used in two different experiments, Experiments 187 and 193B, to treat TCL cores at 175 

oF to mitigate the condensate blocking problem. For compatibility results for these two 

treatments check Tables 4-38 and 4-39. 

The TCL core used in Experiment #187 had a measured porosity and gas 

permeability of 23.1% and 30.7 md, respectively. The core had an established brine 

saturation of 25% prior to gas condensate flood. The pre-treatment gas-condensate flood 

was conducted using Mixture #1 at 175 oF at four different flow rates covered a wide 

range of capillary numbers. Table 6-41 summarizes the experimental conditions as well 

as the gas and condensate properties for the first flow rate of this pre-treatment 

condensate at the core average pressure. Figure 6-49 shows the pressure drop across the 

core for the pre-treatment gas condensate flood and the results including flow rates, 

pressure drops, capillary numbers, and relative permeabilities are summarized in Table 6-

42.  

400 cc of treatment solution, mixed and shipped from 3M, was loaded into an 

accumulator and put in the oven. Treatment injection started immediately without 
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preheating after the pre-treatment gas-condensate flood was finished. The core was 

treated with more than 12 pore volumes of the treatment solution injected at a rate of 25 

cc/hr which gave a residence time of close to one hour. Figure 6-50 shows the pressure 

drop across the core for the treatment injection.  

The core was aged for three hours before being flooded with the first post-

treatment gas-condensate under the same pressure settings and flow rates as those used 

for the pre-treatment gas-condensate flood. Figure 6-51 shows the pressure drop across 

the core for the post-treatment gas-condensate flood. The pressure drop for the pre-

treatment gas-condensate flood, the blue curve, is also shown for comparison purposes. 

Table 6-42 summarizes the results. Two points worth noting here: first, increase in the 

gas relative permeability as the capillary number increased during pre-treatment gas 

condensate flood, inline with reports in the literature; second, the reduction in the 

improvement factor owing to treatment as the capillary number increases for this system. 

Figure 6-52 shows these observations. 

The durability of the treatment was evaluated by injecting another accumulator of 

gas-condensate mixture through the core the next morning. The result for this flood is 

summarized in Table 6-43 while the pressure drop data versus pore volumes of gas-

condensate mixture injected through the core is shown in Figure 6-53. Overall a 

monotonic reduction in improvement factor is noticeable for all flow rates, but there was 

a smaller reduction in the improvement factors, percentage-wise, as capillary number 

increases, 44, 36, 25, and 13% respectively from the lowest to the highest flow rate.  The 

results showed that the treatment was effective but not durable. The measured final 

permeability to methane at the end of this experiment was equal to the core initial 

permeability which was considered to indicate no damage to the core permeability. After 

this experiment was over, the core was taken apart. Both top and bottom faces of the core 
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showed a very slow imbibition of water and quick but not instantaneous imbibition of n-

C10. The same behavior was observed along the length of the core. 

The second batch of this treatment was used in another coreflood, Experiment # 

193B, to treat a TCL core at 175 oF for condensate blocking problem. This core had 

measured porosity and gas permeability of 23%, 23.7 md, respectively. The core had an 

initial water saturation of 25% prior to gas condensate flood. The pre-treatment gas-

condensate flood was conducted using Mixture#1 (see Chapter 3 for composition) at 175 

oF at five different flow rates covered a wide range of capillary numbers. Table 6-45 

summarizes the experimental conditions as well as the gas and condensate properties at 

the average core pressure for different flow rates used during the pre-treatment 

condensate. Figure 6-54 shows the pressure drops across the core for the pre-treatment 

gas condensate flood and the results including flow rates, pressure drops, capillary 

numbers, and relative permeabilities are summarized in Table 6-46.  

Four hundred cc of treatment solution (already made and shipped to our lab) was 

loaded into an accumulator and put in the oven. Treatment injection started without pre-

heating right after the pre-treatment gas-condensate flood was finished. The core was 

treated with 12 pore volumes of the treatment solution injected at a rate of 25 cc/hr, 

which gave a residence time of close to an hour. Figure 6-55 shows the pressure drop 

across the core for the treatment injection. During injection of the last six pore volumes 

the pressure drop increased constantly. This increase in the pressure drop raised the 

notion that there was some damage to the core permeability. 

The core was aged for three hours before being flooded with the post-treatment 

gas-condensate under the same pressure settings and flow rates as those used for the pre-

treatment condensate flood. Figure 6-56 shows the pressure drop across the core for the 

post-treatment gas-condensate flood. The pressure drop for the pre-treatment gas-
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condensate flood, the blue curve, is also shown in this figure for comparison purposes. As 

it is evident from Figure 6-56, the pressure drops for post-treatment flood, at all flow 

rates, were higher than the values for the pre-treatment flood. This was considered to be 

an indication of damage to the core permeability. Table 6-47 summarizes the results. The 

effluent during treatment injection was collected in a container. The solution was 

originally turbid but overnight it became clear and a solid phase precipitated. Figure 6-57 

clearly shows the precipitate. This was an evident showed the interaction of treatment 

solution with some minerals in the rock. The final effective permeability of the core was 

measured by flowing hot methane and was less than 60% of the initial gas permeability.  
 

6-8: TREATING TEXAS CREAM LIMESTONE WITH CHEMICAL L-19973-6 

This treatment solution was made by 3M and shipped to our lab. Its effectiveness 

as a solution to condensate blocking was evaluated in Experiment#190 conducted at 175 

oF. The TCL core used in this experiment had measured porosity and gas permeability of 

22.35 and 22.9 md, respectively. The core had 25% initial water saturation in it prior to 

gas condensate flood.  

Two pre-treatment gas-condensate floods were conducted using Mixture#1(see 

Chapter 3 for composition) at 175 oF. The pre-treatment gas condensate floods were 

conducted at two core pressures of 1200 and 2000 psig resulting in approximately 5 and 

9% liquid dropout in the core. Table 6-48 summarizes the experimental conditions as 

well as the gas and condensate properties for the first flow rate of these pre-treatment 

condensate floods. Figures 6-58 and 6-59 show the pressure drops across the core for 

these two floods. The results of the pre-treatment gas-condensate floods including flow 
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rates, pressure drops, capillary numbers, and relative permeabilities are summarized in 

Tables 6-49 and 6-50.  

400 cc of anionic treatment solution L-19973#6 (provided by 3M) was loaded into 

an accumulator and put in the oven. The injection started immediately. The core was 

treated with more that 20 pore volumes of the treatment solution injected at a rate of 35 

cc/hr which gave a residence time of more than one hour. Figure 6-60 shows the pressure 

drop across the core for this treatment injection.  

The core was aged overnight before being flooded with the first post-treatment 

gas-condensate conducted at the same pressure settings and flow rates as those used for 

the first pre-treatment condensate flood. Figure 6-61 shows the pressure drop across the 

core for the first post-treatment gas-condensate flood. The pressure drop for the pre-

treatment gas-condensate flood#1, the blue curve, is also shown for comparison purposes. 

Table 6-51 summarizes the results.   

The second post-treatment gas-condensate flood was conducted under conditions 

of the second pre-treatment flood. Figure 6-62 shows the pressure drop across the core 

for the pre- and post-treatment condensate floods #2 and Table 6-52 summarizes the 

results for the post-treatment flood#2. The improvement factors at both liquid dropouts 

were marginal. The measurement of final permeability showed the effective permeability 

to methane to be 85% of the initial permeability and was considered to indicate no 

damage to the core. 
 

6-9: TREATING TEXAS CREAM LIMESTONE WITH CHEMICAL 153239-21A 

This treatment solution was made and shipped by 3M to our lab. Its effectiveness 

as a remedy for condensate blocking was evaluated in Experiment#195. The TCL core 
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used in this experiment had measure porosity and gas permeability of 22% and 22.4 md, 

respectively. The core had a water saturation of 25% prior to gas condensate flood. The 

results of compatibility test between this treatment solution and brine can be found in 

Table 4-40 which shows no issue for brine volume percent up to 37%. 

The pre-treatment gas-condensate flood was conducted using Mixture#1 (see 

Chapter 3 for composition) at 175 oF at three different flow rates. Table 6-53 summarizes 

the experimental conditions as well as the gas and condensate properties at the average 

core pressure during different flow rates of pre-treatment condensate. Figure 6-63 shows 

the pressure drop across the core for pre-treatment gas condensate flood and the results 

including flow rates, pressure drops, capillary numbers, and relative permeabilities are 

summarized in Table 6-54.  

Four hundred cc of treatment solution (already made and shipped by 3M to our 

lab) was loaded into an accumulator and put in the oven. The injection started 

immediately. The core was treated with approximately 15 pore volumes of the treatment 

solution injected at a rate of 40 cc/hr, which gave a residence time of 33 minutes. Figure 

6-64 shows the pressure drop across the core for the treatment injection. The treatment 

solution had a density of 0.883 gm/cc and pH of 5.2 at room temperature. The pHs of 

treatment in the effluent and of what remained in the accumulator, after cooling, were 3.4 

and 4.8, respectively. 

The core was aged for approximately 12 hours before being flooded with the post-

treatment gas-condensate conducted under the same pressure settings and flow rates as 

those used for the pre-treatment condensate flood. Figure 6-65 shows the pressure drop 

across the core for post-treatment gas-condensate flood#1. The pressure drop for the pre-

treatment gas-condensate flood, the blue curve, is also shown in this figure for 

comparison purposes. Table 6-55 summarizes the results. Two more accumulators of gas 
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condensate were injected into the core in two consecutive days. The results for these two 

floods are shown in Figures 6-66 and 6-67. The treatment was effective but not durable. 

Measurement of final effective permeability to methane was equal to the initial gas 

permeability which clearly showed no damage to the core permeability.  
 

6-10: TREATING TEXAS CREAM LIMESTONE WITH CHEMICAL 154670-48(21B) 

This treatment solution was also made and shipped by 3M to our lab. Its 

effectiveness as a remedy to condensate blocking was evaluated in a coreflood 

experiment, Experiment#201, conducted on a TCL core at 250 oF. The core had a 25% 

initial water saturation prior to gas condensate flood. The compatibility test results are 

provided in Table 4-41 which clearly shows no issue for water volume percentages up to 

42%. 

The first pre-treatment gas-condensate flood was conducted using Mixture#2 (see 

Chapter 3 for composition) at four different flow rates covered a wide range of capillary 

number. The sequence of flow rates was from low to high. Table 6-56 summarizes the 

experimental conditions as well as the gas and condensate properties at the average core 

pressure for different flow rates of pre-treatment condensate. Figure 6-68 shows the 

pressure drops across the core for the first pre-treatment gas condensate flood and the 

results including flow rates, pressure drops, capillary numbers, and relative permeabilities 

are summarized in Table 6-57. The second pre-treatment condensate was performed 

under the same conditions and flow rates as the first one. There were some minor changes 

in the relative permeabilities reported in Table 6-58. 

Four hundreds cc of treatment solution (already made and shipped by 3M to our 

lab) was loaded into an accumulator and put in the oven. Treatment injection started after 
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preheating for a couple of hours. The core was treated with approximately 20 pore 

volumes of the treatment solution injected at a rate of 60 cc/hr which gave a residence 

time of 15 minutes. The core was then aged overnight. Figure 6-69 shows the pressure 

drop across the core for the treatment injection. With the exception of the first couple of 

pore volumes, the pressure drop across the core increased constantly. This increase in the 

pressure drop raised the notion that there have been some damage to the core 

permeability. The color of the effluent underwent some changes during injection. The 

sequence of colors was light yellow, amber, yellow, pink, dark pink, and finally yellow. 

The effluent was foamy during injecting the first couple of pore volumes. The pH of the 

treatment was about neutral while for the effluent it was a little acidic, between 4.5-6. 

The core was aged for 15 hours before being flooded with the post-treatment gas-

condensate conducted under the same pressure settings and flow rates as those used for 

the pre-treatment condensate flood. The pressure drops for this flood in the normal 

direction, top to bottom, were higher compared to those experienced during injection in 

the reverse direction. This could be a sing of face plugging. There was no improvement 

in the relative permeabilities. Figure 6-70 compares the pressure drops for the pre- and 

post-treatment gas-condensate floods. Table 6-59 summarizes the results. There was no 

improvement in relative permeabilities owing to treatment. The final permeability of core 

was measured by injecting hot methane. The effective permeability after injecting 200 

PVs of methane was calculated to be 78% of the initial permeability which was 

considered to indicate possibility of some slight damage to the core permeability.  
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6-11: TREATING TEXAS CREAM LIMESTONE WITH CHEMICAL 153239-91B 

This nano-solution was used in conjunction with FC-X chemical as a remedy for 

condensate blocking in TCL cores at 250 oF. The nano-solution was used as a primer 

before treatment injection. The purpose of using this solution was to change the surface 

characteristics of a TCL to behave like a sandstone rock in terms of adsorption. This 

treatment system was used in Experiments 211B and 212. The explanations for both 

experiments are provided here. More details regarding these two experiments can be 

found in Appendix A. The results for compatibility tests between brine and treatment 

composed of 2%, by mass, FC-X in 98% 2BE-EtOH (70/30) is provided in Table A-44. 

The TCL core used in Experiment#211B had measured porosity and gas 

permeability of 14.45 and 4.2 md, respectively. The nano-solution was injected into the 

core after measuring the core dry permeability using nitrogen injection at 175 oF.  The 

nano-solution 153239-91B was diluted 100 times by mass in ethanol. The original 

solution was 5% nano-particles in ethanol-water solution. 200 gm of diluted solution was 

loaded into an accumulator and put in the oven for three hours before injection. The 

solution was then injected into the core at a injection rate of 100 cc/hr. During this 

injection the valve to the pressure tap for core inlet was shut; therefore, the difference 

between the pump and the core outlet pressures is plotted in Figure 6-71. The pressure 

drop has a normal shape, passed a maximum, 600 psi, then stabilized at some lower 

pressure, 260 psia. Toward the end of injection an increasing trend in the pressure drop 

was noticed. Figure 6-72 shows the changes in the color of effluent during primer 

injection. 

After aging the core overnight, nitrogen was injected to displace the primer and 

measure the core permeability. Figure 6-73 shows the pressure drop during this injection. 

The effective gas permeability after removing primer was hundred percent of the original 
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permeability value which showed that there was no damage to the core by injecting 

primer. These data are tabulated in Table 6-60. 

The oven temperature was raised to 250 oF and the BPRs’ pressures were adjusted 

to 4488 and 1533 psi. The pre-treatment gas-condensate flood was conducted using 

Mixture#2 (see Chapter 3 for composition) at a single core flow rate of 250 cc/hr. Table 

6-61 summarizes the experimental conditions as well as the gas and condensate 

properties at the average core pressure for the only flow rate used for pre-treatment gas 

condensate flood. Figure 6-74 shows the pressure drop across the core for the pre-

treatment gas condensate flood and the results including flow rates, pressure drop, 

capillary numbers, and relative permeabilities are summarized in Table 6-62.  

Three hundred cc of treatment solution composed of 2% FC-X in 98% (2BE-

EtOH,70/30), by mass, was loaded into an accumulator and put in the oven. Treatment 

injection started after preheating for three hours. The core was treated with more than 19 

pore volumes of the treatment solution injected at a rate of 75 cc/hr, which gave a 

residence time of 12 minutes. The core was then aged overnight. Figure 6-75 shows the 

pressure drop across the core for the treatment injection. The trend of pressure drop curve 

was similar to that of a typical non- damaging treatment. 

The core was aged for 15 hours before being flooded with the post-treatment gas-

condensate conducted under the same pressure settings and flow rate as those used for the 

pre-treatment condensate flood. Figure 6-76 compares the pre- and post-treatment 

pressure drops for gas-condensate floods and Table 6-63 summarizes the results. The 

improvement factor was not promising, 1.26. The final effective permeability to methane 

was about 93% of original permeability which was considered to indicate no damage to 

the core permeability either by primer or treatment. 
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In the second experiment, Experiment#212, a TCL core with measured porosity 

of 13.9% and gas permeability of 5 md was used. The core had a water saturation of 25% 

prior to gas condensate flood at 250 oF. Synthetic gas condensate Mixture#2 was used in 

this experiment. The first pre-treatment gas condensate was conducted at a core flow rate 

of 257 cc/hr. Table 6-64 summarized the experimental conditions as well as the gas and 

condensate phases' properties at the average core pressure for pretreatment gas 

condensate flood. Figure 6-77 shows the pressure drop versus pore volume injected for 

this gas condensate flood and results are summarized in Table 6-65. Before injecting 

nano-solution, methane was injected into the core to remove the condensate. After 

injecting 190 pore volumes at different flow rates the relative permeability to methane 

was calculated to be 0.89 at the lowest core rate of 278 cc/hr.  

The nano-solution 153239-91B was diluted 20 times by mass in ethanol, 

compared to 100 times in the first experiment. The original solution was a 5% nano-

particle in ethanol-water system. 500 gm of the diluted solution was loaded into an 

accumulator and put in the oven for an hour before injection. The solution was then 

injected into the core at an injection rate of 100 cc/hr. In this experiment, similar to 

Experiment#211B, the valve to the inlet was shut during nano-solution injection; 

therefore, the difference between the pump and the core outlet pressure is plotted in 

Figure 6-78. The pressure drop showed an increasing trend and because of high pressure 

spikes the injection was stopped after injecting 4 pore volumes.   

After aging overnight, methane was injected into the core to displace the primer 

and measure the permeability. Figure 6-79 sows the pressure drop during this injection. 

The calculated gas permeability for this flood was 85% of original permeability value. 

Recalling that the effective permeability after primer in the first experiment was 100% of 

the original permeability; there is a possibility of damage. The second pre-treatment 



 176 

condensate flood was conducted under conditions similar to those used in the first one. 

Table 6-66 summarizes the results and Figure 6-80 shows the pressure drop across the 

core for this gas condensate flood. The gas and condensate permeabilities are similar to 

the values in the first flood.   

The core was treated by injecting 10 pore volume of treatment composed of 2% 

FC-X in 98% (2BE-EtOH, 70/30) by mass. Figure 6-81 shows the pressure drop across 

the core for the treatment injection. As is evident from this figure the pressure drop kept 

increasing steadily during injecting the last 6 pore volumes. The core was aged overnight 

then was flooded by post-treatment condensate flood under the same conditions as those 

used for the two pretreatment gas condensate floods. Figure 6-82 shows the pressure drop 

across the core for the post-treatment gas condensate flood and results are summarized in 

Table 6-67. The improvement factor was low, 1.2.  The final effective permeability to 

methane was lower, 77%, than expected, 85-100% of the initial permeability value. 

 

6-12: TREATING TEXAS CREAM LIMESTONE WITH DOPAMINE AND FC-X 

In another effort we used dopamine as a primer in conjunction with FC-X as to 

mitigate condensate blocking in a Texas Cream Limestone core, Experiment#117.In this 

effort a TCL core was treated with dopamine primer followed by FC-X treatment. The 

TCL core used had a porosity of 28% and a measured gas permeability of 12.1 md. An 

initial water saturation of 13% was established in the core prior to gas condensate flood. 

For results of compatibility between brine and treatments using FC-X check Tables 4-44.  

The pre-treatment condensate flood was conducted using a synthetic fluid at 177 

oF at two different core flow rates of 314 and 629 cc/hr. The composition of this fluid is 

given in Table 6-68. Table 6-69 summarizes the experimental conditions as well as the 
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gas and condensate properties at the core average pressure for the pre-treatment gas 

condensate flood. Figure 6-83 shows the pressure drop across the core for this flood and 

the results including flow rates, pressure drops, capillary numbers, and relative 

permeabilities are summarized in Table 6-70.  

To prepare the dopamine preflush, a solution composed of 90% IPA and 10% 

brine by volume was made. The pH of the solution was brought up to 8.5 by adding 

NaHCO3. Then 0.2% by mass of dopamine hydrochloride was added to the solution. 

After heating for twelve hours, 5 pore volumes of the dopamine solution was injected 

into the core at a rate of 100 cc/hr. Figure 6-84 shows the pressure drop across the core 

for the dopamine pre-flush injection. The core was shut-in overnight. The effluent 

samples during this injection were light brown in color. 

300 cc treatment solution made from 2% FCC4430 in 98% solvent of 2BE-EtOH 

(70-30 by mass) was prepared. It was put in the oven to heat up overnight. The core was 

then treated with approximately 17 pore volumes of the treatment solution injected at a 

rate of 100 cc/hr. Figure 6-85 shows the pressure drop across the core for the treatment 

flood. The pressure drop across the core leveled off quickly and remained constant. The 

core was aged overnight.  

The core was then flooded with the post-treatment gas-condensate flood 

conducted under the same conditions as those used for the pre-treatment gas condensate 

flood. Figure 6-86 shows the pressure drop across the core for the post-treatment 

condensate flood. The pressure drop across the core during the pre-treatment gas-

condensate flood is also provided in this figure for comparison purpose. Table 6-71 

summarizes the results. The improvement factors were not promising, 1.4 and 1.27. The 

experiment was abandoned at this stage. 
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 6-13: TREATING SILURIAN DOLOMITE CORES WITH FC-X 

Three coreflood experiments were conducted using Silurian dolomite cores in an 

effort to evaluate the effectiveness of the FC-X chemical to mitigate condensate blocking. 

These experiments were conducted at 250 oF in the presence of 25% initial water 

saturation. Appendix A provides the details of all core flood experiments. In this section 

results from Experiment#214 is explained.  

The Silurian Dolomite core used in this experiment had measured porosity of 21% 

and gas permeability of 330 md, respectively. The core had an initial water saturation of 

25% prior to gas condensate food.  

The pre-treatment gas-condensate flood#1 was conducted using Mixture#2 (see 

Chapter 3 for composition) at two core flow rates of 518 and 5132 cc/hr. Table 6-72 

summarizes the experimental conditions and the gas and condensate properties at the 

average core pressure for each of the flow rates for this pre-treatment gas condensate 

flood. Figure 6-87 shows the pressure drop across the core for the first pre-treatment gas 

condensate flood and the results including flow rates, pressure drop, capillary numbers, 

and relative permeabilities are summarized in Table 6-73. To ensure that the 

measurements for the first gas condensate flood were accurate, another accumulator of 

condensate was injected into the core at different flow rates the next morning. Table 6-74 

summarized the experimental conditions and fluid properties at the core pressure for the 

second pre-treatment gas condensate flood. Results for this flood are summarized in 

Table 6-75 and the pressure drop data are shown in Figure 6-88. 

Three hundred cc of a treatment solution composed of 2% FC-X in 98% (2BE-

EtOH,70/30) by mass was made, loaded into an accumulator, and put in the oven. 

Treatment injection started after preheating for three hours. The core was treated with 

more than 18 pore volumes of the treatment solution injected at a rate of 100 cc/hr which 
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gave a residence time of 12 minutes. The core was then aged overnight. Figure 6-89 

shows the pressure drop across the core for the treatment flood. The trend of pressure 

drop was similar to a typical treatment; however, there is an increasing trend in the 

pressure drop toward the end of injection which could be a sign of damage to the core 

permeability. Unfortunately, pressure taps for the middle section of core were not 

installed in this experiment to have another independent measurement of pressure drop 

for the bottom section of the core. Having a middle pressure tap could help to diagnose 

face plugging. 

The core was aged for 15 hours before being flooded with the post-treatment gas-

condensate conducted under the same conditions as those used for the pre-treatment 

condensate flood#2. Figure 6-90 compares the pressure drops for the pre- and post-

treatment gas-condensate floods. Table 6-76 summarizes the results. The results, 

improvement factors less than one, clearly showed some damage to the core original 

permeability. To assess the final permeability, hot methane was injected into the core to 

displace and evaporate the condensate liquid and measure the final permeability. Figure 

6-91 shows the pressure drop across the core for the final methane flood. Analysis of data 

for non-Darcy effects gave the relative gas permeability of 0.58 which confirmed the 

damage to the core permeability.  

The next two coreflood experiments were conducted under conditions similar to 

Experiment#214. Figures 6-92 and 6-93 show the pressure drop across the whole core as 

well as the bottom section during treatment injection for the last two experiments. In each 

of these figures, the top curves show the pressure drop across the whole core while the 

bottom curves are pressure drop for the core bottom sections. These two figures clearly 

showed that the face or the top section of the core were got plugged as more treatment 

were injected. It is necessary to mention that the brine and the treatment were compatible 
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based on screen tests conducted before running corefloods. We extended the screening 

tests by mixing brine and samples from grounded Silurian Dolomite. This solution was 

then filtered using a 0.45 micron filter.  Mixtures of this brine with treatment up to 50% 

brine by mass were all clear and single-phase at 250 oF. Therefore, the only reason for 

damage is the interaction between the treatment and rock mineral.  
 

6-14 CONCLUSIONS 

The L-20294 chemical was evaluated for both condensate and water blocking 

problems in Texas Cream limestone cores in a total of eight experiments. For water 

blocking problem at 175 oF, after treatment a marginal improvement in methane relative 

permeability (displacing water) was observed. There was no improvement in a gas 

condensate system at 275 oF while at 175 oF the results were mixed. The treatment for 

this latter case was not durable with the exception of a single experiment which faced the 

reproducibility issue.  

The L-18961 chemical was examined for water blocking in one experiment 

conducted at 175 oF, and for condensate blocking in four experiments conducted either at 

175 and 230 oF. All of these corefloods were conducted on TCL cores. The improvement 

factors for gas relative permeability for both cases of water and condensate blocking were 

less than 1.5.  

The effectiveness of L-20886 chemical to mitigate condensate blocking was 

examined in two coreflood experiments. Experiments were conducted on TCL cores at 

two temperatures of 175 and 230 oF. The improvement factors for both cases were below 

1.5. 
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Chemical L-19446-2 was used in two gas condensate coreflood experiments. In 

both experiments TCL cores were treated at 175 oF using this chemical. The 

improvement factors from the first experiment were high and durable; however the 

second experiment was unable to reproduce the results of the first experiment.  

The results for treating TCL cores at 175 oF using chemical L-19446-1 were 

mixed when this chemical was evaluated as a solution for condensate blocking. Couple of 

experiment showed the treatment to be both effective and durable while results from 

three more showed that it was either ineffective or not durable. The treatment was not 

effective to treat TCL at 250 oF and at this temperature it damaged a Silurian Dolomite.  

Two different batches of chemical #153239-29E were made and shipped by 3M to 

our lab. They had different pH values. The second one had pH of 2.79 which increased to 

about 6 after passing through the core. They both were used in TCL cores at 175 oF to 

mitigate condensate blocking. The first sample was effective but not durable. The second 

one damaged the core and reduced its permeability to 60% of original permeability. 

The effectiveness of chemical L-19973-6 to mitigate condensate blocking in a 

TCL core was evaluated at 175 oF. After treating the core, the enhancement in the 

mobility of gas and condensate were below 1.5 at two liquid dropouts of 5 and 10%. 

The effectiveness of chemical 153239-21A to mitigate condensate blocking was 

evaluated in a TCL core. The core was treated at 175 oF in the presence of 25% initial 

water saturation in the core. Measurement of gas and condensate permeability after 

treatment showed that this treatment was effective but not durable.  

The effectiveness of chemical 154670-48(21B) to mitigate condensate blocking 

was evaluated in a core flood conducted at 250 oF on a TCL core. There was essentially 

no improvement and there was a slight damage to the core permeability.  
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This nano-solution was used in conjunction with FC-X chemical as a remedy for 

condensate blocking in two TCL cores at 250 oF. The nano-solution was used as a primer 

before treatment injection. The purpose of using this solution was to change the surface 

characteristics of a TCL to behave like a sandstone rock in terms of adsorption. For both 

cases the improvement factors were below 1.5 and in one of the experiment the core was 

damaged. 

The polydopamine primer, used to enhance the durability of the fluorinated 

epoxide chemical, was also used in conjunction with FC-X to treat a TCL core at 177 oF. 

The improvement factors after treatment were of the order of 1.3. 

Three coreflood experiments were conducted using Silurian dolomite cores in an 

effort to evaluate the effectiveness of the FC-X chemical to mitigate condensate blocking. 

These experiments were conducted at 250 oF in the presence of 25% initial water 

saturation. The treatment solution composed of 2% FC430 in 98% solution of 2BE-EtOH 

(70/30) by mass damaged Silurian dolomite cores when used at 250 oF.  
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Table 6-1: List of 3M chemicals considered for carbonate treatment. 

Name Physical state at 
ambient condition 

Solvent 

FC-X Liquid  2BE-EtOH 
L-20294 Liquid 2BE-EtOH  
L-18961 Liquid 2BE-EtOH-IPA(60-30-10) 
L-20891 NA NA 
L-20886  NA 2BE-EtOH (70-30) 

L-19446#2 Solid 2BE-EtOH (70-30) 
L-19446#1 Solid 2BE-EtOH (70-30) 

153239-29E  NA NA 
19973#6 NA  NA 

153239-A21 NA NA 
154670-48(21B) NA NA 

153239-80  NA NA 

153239-91B NA NA 
1 Isopropyl alcohol, 2 2-Butoxyethanol, 3 Ethanol, 4 Propylene glycol 
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Table 6-2: List of experiments, temperature ranges, and solvents for 3M chemicals. 

Chemical Typical 
Solvent 

Used in 
Experiment(s) 

Temp 
range 

Range 
of IF 

Final 
evaluation 

Structure- 
Name 

FC-X BE-ET 214, 215, 216 250 <1 not effective  
FC-X / 

Dopamine 
BE-ET 117 175 1.4 not effective  

L-20294 BE-ET 
139, 140, 142, 149, 
151, 152, 162, 165 

175, 275 2.1-1.0 mixed results acrylate 

L-18961 
BE-ET-

IPA 
156, 159, 161, 169, 

172 175, 230 1.4 not working anionic 

L-20891 
BE-ET-

IPA 159 175 1.3 not working  

L-20886 BE-ET 174, 175 175, 230 1.4 not working  
L-19446#2 BE-ET 179, 180 175 1.9 - 1.4 mixed results K-salt 

L-19446#1 BE-ET 182, 184, 188, 194, 
199, 204, 206 175, 250 2.17 -1.4 Working @ 

175 
Ca-salt 

153239-29E unknown 187, 193B* 175 1.6-1.3 effective not 
durable  

L-19973#6 unknown 190 175 1.5-1.1 not working anionic 

153239-21A unknown 195 175 1.76-1.2 
effective not 

durable 
 

154670#48 
(21B) 

unknown 201 250 <1 not working Ca-Salt 

153239-80 unknown 209 250 <1 not working Ca-Salt 
153239-91B 

FC-X 
 211B, 212 250 1.4 not working  

* Different pH      
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Table 6-3: Pressure settings and fluid properties for the pre-treatment condensate – 
Exp#149. 

BPR-1, psi  4430  

BPR-2, psi 1225 
Density of gas phase 
(single-phase), g/cc 

0.2848 
  

Temperature, °F 175  

  @  Core Condition Gas Phase Oil Phase 

Density, gm/cc 0.0638 0.5927 

Viscosity, cp 0.0A9 0.2113 

Volume fraction 0.9469 0.0531 
IFT, dyne/cm 6.577 
PVT Ratio 1.26 

Table 6-4: Results for the pre-treatment two-phase gas-condensate flood – Exp#149. 

q_pump, cc/hr 40 

qtotal_core, cc/hr 123.8 

qgas_core, cc/hr 117.2 

qoil_core, cc/hr 6.57 

Δp, psia 111.00 

krg 0.069 

kro 0.055 

Nc 2.14E-06 

Table 6-5: Treatment composition – Exp#149. 

Component Mass % 

2BE-EtOH 68.6 

EtOH 29.4 

L-20294 2 
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Table 6-6: Summary of post-treatment two-phase gas-condensate flood – Exp#149. 

q_pump, cc/hr 50 

qtotal_core, cc/hr 156.9 

qgas_core, cc/hr 148.7 

qoil_core, cc/hr 8.2 

Δp, psia 80.0 

krg 0.121 

kro 0.095 

krg-treated / krg-untreated 1.76 

Table 6-7: Pressure settings and fluid properties for the pre-treatment condensate – 
Exp#151. 

BPR-1, psi  4480  

PPR-2, psi 1496 
Density of gas phase 
(single-phase), g/cc 

0.2506 
  

Temperature, °F 275  

  @  Core Condition Gas Phase Oil-Phase 

Density, gm/cc 0.0726 0.5523 

Viscosity, cp 0.0169 0.164 

Volume fraction 0.9508 0.0492 
IFT, dyne/cm 4.27 
PVT Ratio 2.0 
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Table 6-8: Results for the pre-treatment two-phase gas-condensate flood – Exp#151. 

q_pump, cc/hr 100 

qtotal_core, cc/hr 260.5 

qgas_core, cc/hr 247.7 

qoil_core, cc/hr 12.82 

Δp, psia 80.50 

krg 0.138 

kro 0.069 

Nc 3.93E-06 

Table 6-9: Treatment composition – Exp#151. 

Component Mass % 

2BE-EtOH 68.6 

EtOH 29.4 

L-20294 2 

Table 6-10: Summary of post-treatment two-phase gas-condensate flood – Exp#151. 

q_pump, cc/hr 100 

qtotal_core, cc/hr 262.6 

qgas_core, cc/hr 249.7 

qoil_core, cc/hr 12.9 

Δp, psia 66.5 

krg 0.169 

kro 0.085 

krg-treated / krg-untreated 1.22 



 188 

Table 6-11: Results for unsteady-state methane flood – before treatment – Exp#162. 

Pump flow rate (cc/hr) Core flow rates (cc/hr) 
Average pressure drop 

(psi) krg 

42 135.4 32.7 0.21 

84 270.7 46.1 0.30 

168 541.5 70.2 0.39 

252 812.2 91.8 0.45 

336 1082.9 112.0 0.49 

Table 6-12: Results for steady-state relative permeability – before treatment – Exp#162. 

Gas flow rate 
(cc/hr) 

Brine flow rate 
(cc/hr) 

Water 
fractional 

flow 
Average pressure 

drop (psi) 
krg krw 

56.3 3 0.05 55.8 0.051 0.068 

56.3 6 0.10 73.0 0.039 0.105 

56.3 16 0.22 164.0 0.017 0.124 

Table 6-13: Results for methane flood after IPA injection – Exp#162. 

Pump flow rate (cc/hr) Core flow rates (cc/hr) 
Average pressure drop 

(psi) krg 

200 643.5 33.0 0.98 

300 965.2 49.7 0.98 

400 1286.9 65.0 1.00 

500 1608.6 87.4 0.93 

Table 6-14: Results for steady-state relative permeability – before treatment – Exp#162. 

Gas flow rate 
(cc/hr) 

Brine flow rate 
(cc/hr) 

Water 
fractional 

flow 
Average pressure 

drop (psi) 
krg krw 

56.3 3 0.05 59 0.048 0.065 

56.3 6 0.10 73 0.039 0.105 

56.3 16 0.22 171 0.017 0.119 
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Table 6-15: Treatment composition – Exp#162. 

Component Mass % 

2BE-EtOH 68.6 

EtOH 29.4 

L-20294 2 

Table 6-16: Results for unsteady-state methane flood – after treatment – Exp#162. 

Pump flow rate 
(cc/hr) 

Core flow rates 
(cc/hr) 

Average pressure 
drop (psi) 

krg IF 

42 135.4 26.2 0.26 1.25 

84 270.8 39.5 0.35 1.17 

168 541.5 63.2 0.43 1.11 

252 812.3 85.4 0.48 1.08 

336 1083.1 104.7 0.52 1.07 

Table 6-17: Results for steady-state gas flood – after treatment – Exp#162. 

Gas flow 
rate (cc/hr) 

Brine flow 
rate (cc/hr) 

Water 
fractional flow 

Average pressure 
drop (psi) 

krg krw IF 

56.3 3 0.05 48.7 0.058 0.08 1.15 

56.3 6 0.10 75.4 0.034 0.09 0.86 

56.3 16 0.22 159.0 0.014 0.10 0.84 
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Table 6-18: Pressure settings and fluid properties for the pre-treatment condensate – 
Exp#156. 

BPR-1, psi  4400  

PPR-2, psi 1256 
Density of gas phase 
(single-phase), g/cc 

0.2822 
  

Temperature, °F 175  

  @  Core Condition Gas Phase Oil-Phase 

Density, gm/cc 0.067 0.5894 

Viscosity, cp 0.0151 0.2067 

Volume fraction 0.944 0.056 
IFT, dyne/cm 6.232 
PVT Ratio 1.23 

Table 6-19: Results for the pre-treatment two-phase gas-condensate flood – Exp#156. 

q_pump, cc/hr 40 

qtotal_core, cc/hr 117.3 

qgas_core, cc/hr 110.7 

qoil_core, cc/hr 6.57 

Δp, psia 168.00 

krg 0.043 

kro 0.035 

Nc 2.03E-06 

Table 6-20: Treatment composition – Exp#156. 

Component Mass % 

2BE-EtOH 59.4 

EtOH 29.7 

IPA 9.9 

L-18961 1 
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Table 6-21: Summary of post-treatment two-phase gas-condensate flood – Exp#156. 

q_pump, cc/hr 40 

qtotal_core, cc/hr 119.0 

qgas_core, cc/hr 112.4 

qoil_core, cc/hr 6.6 

Δp, psia 130.0 

krg 0.056 

kro 0.045 

krg-treated / krg-untreated 1.3 

Table 6-22: Results for pre-treatment unsteady-state methane flood – Exp#161. 

Pump flow rate (cc/hr) Core flow rates (cc/hr) 
Average pressure drop 

(psi) krg 

42 131 30.1 0.22 

84 262 42.3 0.31 

168 523 64.4 0.41 

252 785 83.6 0.47 

336 1047 100.8 0.52 

Table 6-23: Results for steady-state pre-treatment methane-water co-injection - Exp#161. 

Gas flow rate 
(cc/hr) 

Brine flow rate 
(cc/hr) 

Water 
fractional 

flow 
Average pressure 

drop (psi) 
krg krw 

54.5 3 0.05 43.6 0.063 0.087 

54.5 6 0.10 67.3 0.041 0.113 

54.5 16 0.23 124.0 0.022 0.163 
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Table 6-24: Treatment composition – Exp#161. 

Component Mass % 

2BE-EtOH 58.8 

EtOH 29.4 

IPA 9.8 

L-18961 2 

Table 6-25: Results for unsteady-state post-treatment methane flood – Exp#161. 

Pump flow rate 
(cc/hr) 

Core flow rates 
(cc/hr) 

Average pressure 
drop (psi) 

krg IF 

42 131 20.4 0.32 1.48 

84 262 31.3 0.42 1.35 

168 524 51.3 0.51 1.26 

252 786 71.0 0.56 1.18 

336 1048 89.7 0.59 1.12 

Table 6-26: Results for steady-state post-treatment methane-water co-injection – 
Exp#161. 

Gas flow 
rate (cc/hr) 

Brine flow 
rate (cc/hr) 

Water fractional 
flow 

Average pressure 
drop (psi) 

krg krw IF 

54.51 3 0.05 46.5 0.059 0.082 0.94 

54.51 6 0.10 75.4 0.036 0.101 0.89 

54.51 16 0.23 159.0 0.017 0.128 0.78 

Table 6-27: Composition of synthetic fluid used for condensate – Exp#174. 

Component Mole% 

C1 84.4 

C3 6.8 

nC7 5.6 

nC10 3.3 
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Table 6-28: Pressure settings and fluid properties for pre-treatment gas-condensate flood 
– Exp#174. 

BPR-1, psi  4723 

BPR-2, psi 1065 
Density of gas phase (single-phase), 
g/cc 0.307 

Temperature, °F 175 

Fluid properties @ core condition 
Gas  
Phase 

Oil  
Phase 

Gas  
Phase 

Oil  
Phase 

Density, gm/cc 0.0536 0.6009 0.0559 0.5984 

Viscosity, cp 0.0145 0.2229 0.0145 0.2193 

Liquid dropout fraction 0.9501 0.0499 0.9477 0.0523 

IFT, dyne/cm 7.67 7.391 
PVT Ratio 1.20 1.20 

Table 6-29: Results for the pre-treatment two-phase gas-condensate flood – Exp#174. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 379.4 728.6 

qgas_core, cc/hr 360.5 690.5 

qoil_core, cc/hr 18.93 38.11 

Δp, psia 43.8 84.0 

krg 0.089 0.089 

kro 0.072 0.074 

Nc 4.32E-06 8.59E-06 

Table 6-30: Treatment composition – Exp#174. 

Component Mass % 

2BE-EtOH 68.6 

EtOH 29.4 

L-20886 2 
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Table 6-31: Summary of post-treatment two-phase gas-condensate flood – Exp#174. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 371.9 735.7 

qgas_core, cc/hr 353.0 697.7 

qoil_core, cc/hr 18.9 37.96 

Δp, psia 29.5 57.00 

krg 0.130 0.133 

kro 0.106 0.110 

Nc 2.951E-06 5.24E-05 

krg-treated / krg-untreated 1.45 1.49 

Table 6-32: Pressure settings and fluid properties for pre-treatment gas-condensate flood 
– Exp#179. 

BPR-1, psi  4590 

BPR-2, psi 1170 

Density of gas phase (single-
phase), g/cc 

0.2899 

Temperature, °F 175 

Fluid properties @ core 
condition 

Gas 
Phase 

Oil  
Phase 

Gas 
Phase 

Oil  
Phase 

Density, gm/cc 0.0605 0.5961 0.0614 0.5952 

Viscosity, cp 0.0148 0.216 0.0148 0.2148 

Liquid dropout fraction 0.9499 0.0501 0.9491 0.0509 

IFT, dyne/cm 6.942 6.844 
PVT Ratio 1.30 1.28 
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Table 6-33: Results for the pre-treatment two-phase gas-condensate flood – Exp#179. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 331.9 654.6 

qgas_core, cc/hr 315.3 621.3 

qoil_core, cc/hr 16.63 33.32 

Δp, psia 74.50 131.40 

krg 0.087 0.097 

kro 0.067 0.076 

Nc 4.35E-06 7.78E-06 

Table 6-34: Treatment composition – Exp#179. 

Component Mass % 

2BE-EtOH 68.6 

EtOH 29.4 

L-19446#2 2 

Table 6-35: Summary of post-treatment1 two-phase gas-condensate flood#1 – Exp#179. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 336.9 696.3 

qgas_core, cc/hr 320.4 660.4 

qoil_core, cc/hr 16.6 35.93 

Δp, psia 38.5 88.00 

krg 0.170 0.152 

kro 0.130 0.125 

Nc 2.21E-06 6.86E-05 

krg-treated / krg-untreated 1.95 1.55 
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Table 6-36: Pressure settings and fluid properties for pre-treatment gas-condensate flood 
- Exp#182. 

BPR-1, psi  4539 

BPR-2, psi 1233 

Density of gas phase (single-phase), g/cc 0.2883 

Temperature, °F 175 

Fluid properties @ core condition Gas Phase Oil Phase 

Density, gm/cc 0.065 0.5914 

Viscosity, cp 0.015 0.2095 

Liquid dropout fraction 0.9458 0.0542 

IFT, dyne/cm 6.447 
PVT Ratio 1.25 

Table 6-37: Results for the pre-treatment two-phase gas-condensate flood - Exp#182. 

q_pump, cc/hr 50 

qtotal_core, cc/hr 154.1 

qgas_core, cc/hr 145.8 

qoil_core, cc/hr 8.35 

Δp, psia 118 

krg 0.106 

kro 0.085 

Nc 1.78E-06 

Table 6-38: Treatment composition - Exp#182. 

Component Mass % 

2BE-EtOH 68.6 

EtOH 29.4 

L-19446-1 2 
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Table 6-39: Summary of post-treatment two-phase gas-condensate flood#1 - Exp#182. 

q_pump, cc/hr 50 

qtotal_core, cc/hr 154.2 

qgas_core, cc/hr 145.9 

qoil_core, cc/hr 8.3 

Δp, psia 55.7 

krg 0.223 

kro 0.179 

Nc 8.35E-07 

krg-treated / krg-untreated 2.11 

Table 6-40: Changes in improvement factor with injecting more condensate - Exp#182. 

PV Injected 337 cc/hr 
52 2.11 
107 2 
205 1.89 
292 1.89 

Table 6-41: Pressure settings and fluid properties for the first pre-treatment condensate – 
Exp#187. 

BPR-1, psig  4539  

BPR-2, psig 1186  
Density of gas phase (single-phase), 
g/cc 0.29  

Temperature, °F 175  

  @  Core Condition Gas Phase Oil Phase 

Density, gm/cc 0.0599 0.5967 

Viscosity, cp 0.0147 0.2169 

Volume fraction 0.9505 0.0495 
IFT, dyne/cm 7.01 
PVT Ratio 1.3 
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Table 6-42: Results for the pre-treatment two-phase gas-condensate flood – Exp#187. 

q_pump, cc/hr 50 100 300 600 

qtotal_core, cc/hr 167.7 333.2 976.0 1952.0 

qgas_core, cc/hr 159.4 316.5 925.9 1851.9 

qoil_core, cc/hr 8.30 16.62 50.07 100.14 

Δp, psia 17.4 33.0 92.0 165.0 

krg 0.074 0.077 0.081 0.091 

kro 0.057 0.060 0.065 0.072 

Nc 2.54E-06 4.84E-06 1.38E-05 2.48E-05 

Table 6-43: Summary of post-treatment two-phase gas-condensate flood#1 – Exp#187. 

q_pump, cc/hr 50 100 300 600 

qtotal_core, cc/hr 167.5 334.0 983.6 1915.5 

qgas_core, cc/hr 159.3 317.5 933.9 1815.7 

qoil_core, cc/hr 8.26 16.53 49.67 99.80 

Δp, psia 10.7 20.5 62.0 126.0 

krg 0.120 0.125 0.122 0.117 

kro 0.092 0.096 0.094 0.092 

Nc 1.56E-06 3.01E-06 9.33E-06 1.90E-05 

krg-treated / krg-untreated 1.63 1.61 1.50 1.29 
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Table 6-44: Summary of post-treatment two-phase gas-condensate flood#2 – Exp#187. 

q_pump, cc/hr 50 100 300 600 

qtotal_core, cc/hr 166.5 331.6 975.9 1903.5 

qgas_core, cc/hr 158.3 315.1 926.5 1804.3 

qoil_core, cc/hr 8.21 16.41 49.38 99.17 

Δp, psia 12.8 23.6 67.0 129.0 

krg 0.099 0.107 0.112 0.114 

kro 0.076 0.083 0.087 0.089 

Nc 2.76E-04 5.12E-04 1.49E-03 2.87E-03 

krg-treated / krg-untreated 1.35 1.39 1.37 1.25 
  

Table 6-45: Pressure settings and fluid properties for the first pre-treatment condensate – 
Exp#193B. 

BPR-1, psig  4565  

BPR-2, psig 1207  
Density of gas 
phase (single-
phase), g/cc 

0.2887 
  

Temperature, 
°F 

175 

  @  Core 
Condition 

Gas 
Phase 

Oil 
Phase 

Gas 
Phase 

Oil 
Phase 

Gas 
Phase 

Gas 
Phase 

Gas 
Phase 

Oil 
Phase 

Gas 
Phase 

Oil 
Phase 

Density, gm/cc 0.0611 0.5954 0.0616 0.5949 0.0633 0.5932 0.0655 0.5909 0.0674 0.589 

Viscosity, cp 0.0148 0.2152 0.0148 0.2144 0.0149 0.212 0.015 0.2088 0.0151 0.2061
Volume 
fraction 0.9494 0.0506 0.9489 0.0511 0.9474 0.0526 0.9454 0.0546 0.9436 0.0564
IFT, dyne/cm 6.874 6.819 6.631 6.394 6.191 
PVT Ratio 1.29 1.28 1.27 1.24 1.23 
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Table 6-46: Results for the pre-treatment two-phase gas-condensate flood – Exp#193B. 

q_pump, cc/hr 50 100 300 600 900 

qtotal_core, cc/hr 163.8 324.9 950.0 1839.1 2683.7 

qgas_core, cc/hr 155.5 308.3 900.0 1738.7 2532.3 

qoil_core, cc/hr 8.29 16.60 49.97 100.42 151.36 

Δp, psia 20.0 38.0 100.2 180.5 250.2 

krg 0.081 0.085 0.095 0.102 0.107 

kro 0.063 0.066 0.075 0.082 0.089 

Nc 2.30E-06 4.41E-06 1.20E-05 2.15E-05 2.98E-05 

Table 6-47: Summary of results for post-treatment gas-condensate flood – Exp#193B. 

q_pump, cc/hr 50 100 300 600 900 

qtotal_core, cc/hr 163.3 323.9 947.0 1833.4 2675.3 

qgas_core, cc/hr 155.0 307.4 897.2 1733.3 2524.4 

qoil_core, cc/hr 8.26 16.55 49.81 100.10 150.89 

Δp, psia 20.8 43.5 114.0 209.0 282.0 

krg 0.078 0.074 0.083 0.088 0.096 

kro 0.060 0.058 0.065 0.071 0.078 

krg-treated / krg-untreated 0.96 0.87 0.88 0.86 0.89 
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Table 6-48: Pressure settings and fluid properties for the first flow rates of pre-treatment 
condensate floods # 1&2 - Exp#190. 

BPR-1, psig  4432 4460 

BPR-2, psig 1200 1966 

Density of gas phase 
(single-phase), g/cc 

0.285 0.2902 

Temperature, °F 175 175 

  @  Core Condition 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 

Density, gm/cc 0.0606 0.5959 0.1048 0.5526 

Viscosity, cp 0.0148 0.2158 0.0171 0.1638 

Volume fraction 0.9498 0.0502 0.9109 0.0891 
IFT, dyne/cm 6.924 3.189 
PVT Ratio 1.3 1.07 

Table 6-49: Results for pre-treatment two-phase gas-condensate flood#1 - Exp#190. 

q_pump, cc/hr 50 100 300 600 

qtotal_core, cc/hr 162.9 323.4 943.1 1822.7 

qgas_core, cc/hr 154.7 307.0 893.8 1723.6 

qoil_core, cc/hr 8.18 16.36 49.33 99.16 

Δp, psia 18.0 35.6 100.5 188.0 

krg 0.094 0.094 0.097 0.101 

kro 0.072 0.073 0.077 0.081 

Nc 1.98E-06 3.94E-06 1.15E-05 2.14E-05 
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Table 6-50: Results for pre-treatment two-phase gas-condensate flood#2 - Exp#190. 

q_pump, cc/hr 75 150 600 900 

qtotal_core, cc/hr 150.4 293.4 1154.4 1713.1 

qgas_core, cc/hr 137.0 266.5 1046.7 1551.3 

qoil_core, cc/hr 13.40 26.87 107.70 161.71 

Δp, psia 20.3 37.4 122.0 165.0 

krg 0.085 0.091 0.110 0.121 

kro 0.080 0.085 0.103 0.114 

Nc 4.84E-06 9.45E-06 3.21E-05 4.46E-05 

Table 6-51: Summary of post-treatment gas-condensate flood#1 - Exp#190. 

q_pump, cc/hr 50 100 300 600 

qtotal_core, cc/hr 161.0 320.8 943.6 1832.4 

qgas_core, cc/hr 152.7 304.2 893.6 1732.1 

qoil_core, cc/hr 8.28 16.59 49.91 100.23 

Δp, psia 12.0 23.8 71.0 143.0 

krg 0.139 0.139 0.138 0.134 

kro 0.108 0.110 0.109 0.109 

krg-treated / krg-untreated 1.48 1.49 1.42 1.32 

Table 6-52: Summary of post-treatment gas-condensate flood#2 - Exp#190. 

q_pump, cc/hr 75 150 600 900 

qtotal_core, cc/hr 145.3 289.4 1135.8 1686.9 

qgas_core, cc/hr 132.0 262.9 1029.6 1527.5 

qoil_core, cc/hr 13.23 26.48 106.19 159.41 

Δp, psia 17.0 32.5 112.0 154.0 

krg 0.098 0.103 0.118 0.128 

kro 0.092 0.096 0.111 0.120 

krg-treated / krg-untreated 1.16 1.14 1.07 1.05 
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Table 6-53: Pressure settings and fluid properties for the first flow rate of pre-treatment 
condensate - Exp#195. 

BPR-1, psig 4503 

BPR-2, psig 1230 
Density of gas phase 
(single-phase), g/cc 

0.2872 

Temperature, °F 175 

  @  Core Condition 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 

Density, gm/cc 0.0617 0.5948 0.0628 0.5936 0.0646 0.5918 

Viscosity, cp 0.0148 0.2142 0.0149 0.2126 0.0149 0.21 

Volume fraction 0.9488 0.0512 0.9478 0.0522 0.9461 0.0539 

IFT, dyne/cm 6.801 6.679 6.482 

PVT Ratio 1.28 1.27 1.25 

Table 6-54: Results for the pre-treatment two-phase gas-condensate flood - Exp#195. 

q_pump, cc/hr 50 100 300 

qtotal_core, cc/hr 161.4 317.3 926.3 

qgas_core, cc/hr 153.1 300.8 876.4 

qoil_core, cc/hr 8.26 16.56 49.93 

Δp, psia 20.4 38.5 104.0 

krg 0.083 0.087 0.094 

kro 0.065 0.069 0.076 

Nc 2.24E-06 4.30E-06 1.16E-05 
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Table 6-55: Summary of results for post-treatment gas-condensate flood#1 - Exp#195. 

q_pump, cc/hr 50 100 300 

qtotal_core, cc/hr 160.1 318.9 936.4 

qgas_core, cc/hr 151.8 302.4 886.7 

qoil_core, cc/hr 8.26 16.52 49.72 

Δp, psia 11.5 23.2 73.0 

krg 0.146 0.145 0.136 

kro 0.115 0.114 0.108 

krg-treated / krg-untreated 1.76 1.66 1.44 

Table 6-56: Pressure settings and fluid properties for the different flow rates of pre-
treatment condensates - Exp#201. 

BPR-1, psig 4565 4565 4565 4565 

BPR-2, psig 1570 1575 1594 1642 
Density of gas phase 
(single-phase), g/cc 0.2887 0.2887 0.2887 0.2887 

Temperature, °F 250 250 250 250 

  @  Core Condition 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 

Density, gm/cc 0.0745 0.5605 0.0748 0.5602 0.0758 0.5591 0.0782 0.5565 

Viscosity, cp 0.0166 0.1723 0.0166 0.172 0.0167 0.1709 0.0168 0.1682 

Volume fraction 0.9412 0.0588 0.9409 0.0591 0.9401 0.0599 0.9381 0.0619 

IFT, dyne/cm 4.494 4.473 4.392 4.195 

PVT Ratio 1.5 1.5 1.5 1.5 
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Table 6-57: Results for the first pre-treatment two-phase gas-condensate flood - Exp#201. 

q_pump, cc/hr 50 100 300 900 

qtotal_core, cc/hr 129.3 257.6 763.5 2225.6 

qgas_core, cc/hr 121.7 242.4 717.8 2087.9 

qoil_core, cc/hr 7.60 15.23 45.74 137.77 

Δp, psia 10.8 20.5 58.2 154.8 

krg 0.105 0.111 0.116 0.128 

kro 0.068 0.072 0.076 0.084 

Nc 2.39E-06 4.55E-06 1.32E-05 3.66E-05 

Table 6-58: Results for the second pre-treatment two-phase gas-condensate flood - 
Exp#201. 

q_pump, cc/hr 50 100 300 900 

qtotal_core, cc/hr 128.8 257.0 765.5 2217.4 

qgas_core, cc/hr 121.2 241.7 719.8 2079.5 

qoil_core, cc/hr 7.61 15.24 45.70 137.92 

Δp, psia 9.3 19.5 57.3 154.3 

krg 0.122 0.116 0.116 0.127 

kro 0.079 0.076 0.076 0.084 

Nc 2.05E-06 4.33E-06 1.30E-05 3.65E-05 
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Table 6-59: Summary of results for gas-condensate flood after treatment - Exp#201. 

q_pump, cc/hr 50 100 300 900 

qtotal_core, cc/hr 128.8 257.0 765.5 2217.4 

qgas_core, cc/hr 121.2 241.7 719.8 2079.5 

qoil_core, cc/hr 7.61 15.24 45.70 137.92 

Δp, psia 10.4 19.8 58.0 157.0 

krg 0.109 0.114 0.117 0.125 

kro 0.079 0.076 0.076 0.084 

krg-treated / krg-untreated 0.89 0.98 1.00 0.99 

Table 6-60: Results for the nitrogen flood to displace primer at 175 oF - Exp#211B. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

700 2156 188.00 3.94 

500 1540 127.50 4.15 

300 924 75.00 4.23 

Average permeability, md - From non-Darcy Analysis 4.4 

Table 6-61: Pressure settings and fluid properties for pre-treatment condensate flood - 
Exp#211B. 

BPR-1, psig 4489 

BPR-2, psig 1533 
Density of gas phase (single-
phase), g/cc 

0.2634 

Temperature, °F 250 

  @  Core Condition Gas Phase Oil Phase 

Density, gm/cc 0.0762 0.5587 

Viscosity, cp 0.0155 0.1324 

Volume fraction 0.9398 0.0602 

IFT, dyne/cm 4.358 

PVT Ratio 1.83 
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Table 6-62: Results for pre-treatment two-phase gas-condensate flood - Exp#211B. 

q_pump, cc/hr 100 

qtotal_core, cc/hr 250.3 

qgas_core, cc/hr 235.2 

qoil_core, cc/hr 15.07 

Δp, psia 110 

krg 0.131 

kro 0.072 

Nc 3.54E-06 

Table 6-63: Summary of results for the post-treatment gas-condensate flood - Exp#211B. 

q_pump, cc/hr 100 500 1500 

qtotal_core, cc/hr 258.2 1283.2 3776.0 

qgas_core, cc/hr 242.9 1206.8 3546.4 

qoil_core, cc/hr 15.26 76.35 229.58 

Δp, psia 11.3 42.0 120.0 

krg 0.025 0.033 0.034 

kro 0.016 0.022 0.028 

krg-treated / krg-untreated 0.98 0.81 0.79 
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Table 6-64: Pressure settings and fluid properties for pre-treatment condensate#1 - 
Exp#212. 

BPR-1, psig 4523 

BPR-2, psig 1492 
Density of gas phase (single-
phase), g/cc 

0.2645 

Temperature, °F 250 

  @  Core Condition Gas Phase Oil Phase 

Density, gm/cc 0.0745 0.5605 

Viscosity, cp 0.0155 0.134 

Volume fraction 0.9412 0.0588 

IFT, dyne/cm 4.494 

PVT Ratio 1.85 

Table 6-65: Results for pre-treatment two-phase gas-condensate flood#1 - Exp#212. 

q_pump, cc/hr 100 

qtotal_core, cc/hr 256.6 

qgas_core, cc/hr 241.5 

qoil_core, cc/hr 15.09 

Δp, psia 125 

krg 0.099 

kro 0.053 

Nc 4.68E-06 
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Table 6-66: Results for pre-treatment two-phase gas-condensate flood#2 - Exp#212. 

q_pump, cc/hr 100 

qtotal_core, cc/hr 256.6 

qgas_core, cc/hr 241.5 

qoil_core, cc/hr 15.09 

Δp, psia 121 

krg 0.102 

kro 0.055 

Nc 4.53E-06 

Table 6-67: Summary of results for the post-treatment gas-condensate flood - Exp#212. 

q_pump, cc/hr 100 

qtotal_core, cc/hr 255.5 

qgas_core, cc/hr 240.5 

qoil_core, cc/hr 15.03 

Δp, psia 101.0 

krg 0.121 

kro 0.066 

krg-treated / krg-untreated 1.2 

Table 6-68: Composition of synthetic gas condensate used – Exp#117. 

Component Mole% 

C1 86 

C1 6 

nC7 5 

nC10 3 
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Table 6-69: Pressure settings and fluid properties for pre-treatment condensate – 
Exp#117. 

BPR-1, psi  4465 

BPR-2, psi 1200 

Density of gas phase 
(single-phase), g/cc 

0.2738 
 

Temperature, °F 177 

  @  Core Condition Gas Phase Oil-Phase Gas Phase Oil-Phase 

Density, gm/cc 0.0566 0.605 0.0601 0.5945 

Viscosity, cp 0.0147 0.2305 0.014 0.1822 

Volume fraction 0.9552 0.0448 0.9506 0.0494 
IFT, dyne/cm 7.529 6.898 
PVT Ratio 1.36 1.36 

Table 6-70: Results for the pre-treatment two-phase gas-condensate flood – Exp#117. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 337.32 674.65 

qg_core, cc/hr 322.21 644.42 

qo_core, cc/hr 15.11 30.22 

dp, psia 69.50 126.00 

krg 0.075 0.082 

kro 0.055 0.061 

Nc 4.62E-06 8.37E-06 
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Table 6-71: Summary of post-treatment two-phase gas-condensate flood – Exp#117. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 314.45 628.91 

qgas_core, cc/hr 298.92 597.84 

qoil_core, cc/hr 15.53 31.07 

Δp, psia 44.00 87.90 

krg 0.104 0.104 

kro 0.070 0.071 

krg-treated / krg-untreated 1.40 1.27 

Table 6-72: Pressure settings and fluid properties for pre-treatment condensate#1 – 
Exp#214. 

BPR-1, psig 4485 4485 

BPR-2, psig 1554 1570 
Density of gas phase (single-
phase), g/cc 0.2645 0.2645 

Temperature, °F 250 250 

  @  Core Condition 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 

Density, gm/cc 0.0737 0.5614 0.0745 0.5605 

Viscosity, cp 0.0154 0.1347 0.0155 0.134 

Volume fraction 0.9418 0.0582 0.9412 0.0588 

IFT, dyne/cm 4.56 4.494  

PVT Ratio 1.85 1.85 
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Table 6-73: Results for pre-treatment two-phase gas-condensate flood#1 – Exp#214. 

q_pump, cc/hr 200 2000 

qtotal_core, cc/hr 518.2 5132.1 

qgas_core, cc/hr 488.0 4830.3 

qoil_core, cc/hr 30.16 301.77 

Δp, psia 5.70 37.0 

krg 0.058 0.089 

kro 0.031 0.048 

Nc 1.58E-05 1.04E-04 

Table 6-74: Pressure settings and fluid properties for pre-treatment condensate#2 – 
Exp#214. 

BPR-1, psig 4466 4466 4466 

PPR-2, psig 1533 1533 1533 

Density of gas phase 
(single-phase), g/cc 

0.2633 0.2633 0.2633 

Temperature, °F 250 250 250 

  @  Core Condition 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 

Density, gm/cc 0.0737 0.5614 0.074 0.561 0.0745 0.5605 

Viscosity, cp 0.0154 0.1347 0.0154 0.1344 0.0155 0.134 

Volume fraction 0.9418 0.0582 0.9416 0.0584 0.9412 0.0588 

IFT, dyne/cm 4.56 4.53 4.49 

PVT Ratio 1.85 1.85 1.85 
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Table 6-75: Summary of results for the pre-treatment gas-condensate flood#2 – Exp#214. 

q_pump, cc/hr 500 1500 3000 

qtotal_core, cc/hr 1295.5 3873.0 7698.1 

qgas_core, cc/hr 1220.1 3646.8 7245.5 

qoil_core, cc/hr 75.40 226.18 452.65 

Δp, psia 10.00 27.0 37.0 

krg 0.082 0.091 0.133 

kro 0.045 0.049 0.072 

Nc 2.76E-05 7.57E-05 1.04E-04 

Table 6-76: Summary of results for the post-treatment gas-condensate flood#1 – 
Exp#214. 

q_pump, cc/hr 500 1500 3000 

qtotal_core, cc/hr 1289.6 3831.6 7662.8 

qgas_core, cc/hr 1A38.6 3606.3 7212.2 

qoil_core, cc/hr 75.06 225.30 450.57 

Δp, psia 12.60 42.0 96.0 

krg 0.065 0.058 0.051 

kro 0.035 0.032 0.028 

krg-treated / krg-untreated 0.79 0.64 0.38 
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Figure 6-1: Pressure drop across the core during the pre-treatment gas-condensate flood – 
Exp#149. 
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Figure 6-2: Pressure drop across the core during treatment injection – Exp#149. 
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Figure 6-3: Pressure drop across the core for the first post-treatment condensate flood – 
Exp#149. 
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Figure 6-4: Changes in improvement factor with injecting more gas condensate – 
Exp#149. 
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Figure 6-5: Pressure drop across the core during the pre-treatment gas-condensate – 
Exp#151. 
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Figure 6-6: Pressure drop across the core during first treatment injection – Exp#151. 
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Figure 6-7: Pressure drop across the core for the post first treatment condensate flood – 
Exp#151. 
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Figure 6-8: Pressure drop across the core during methane injection – Exp#151. 
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Figure 6-9: Pressure drop across the core during second treatment injection – Exp#151.  
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Figure 6-10: Pressure drop for the post second treatment condensate flood – Exp#151. 
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Figure 6-11: Pressure drop for the second gas condensate flood post second treatment – 
Exp#151. 

 

Figure 6-12: Schematic of set up for water-blocking experiments – Exp#162. 
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Figure 6-13: Pressure drop across the core for methane flooding water-saturated core – 
pre-treatment – Exp#162. 
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Figure 6-14: Pressure drop across the core for pre-treatment methane-brine co-injection – 
Exp#162. 
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Figure 6-15: Pressure drop during injection of hundred PVs of methane to measure end-
point gas relative permeability – Exp#162. 
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Figure 6-16: Pressure drop across the core during displacing IPA with methane – 
Exp#162. 
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Figure 6-17: Pressure drop across the core during second methane-brine co-injection – 
Exp#162. 
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Figure 6-18: Pressure drop across the core during treatment injection – Exp#162. 
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Figure 6-19: Pressure drop across the core during treatment displacement by methane 
flood – Exp#162. 
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Figure 6-20: Pressure drop across the core during methane flooding water-saturated core 
– post-treatment – Exp#162. 
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Figure 6-21: Pressure drop across the core during post-treatment methane-brine co-
injection – Exp#162. 
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Figure 6-22: Pressure drop across the core during second treatment injection – Exp#162. 



 225 

0

40

80

120

160

0 20 40 60 80 100 120 140

Pore Volume Injected

P
re

ss
u

re
 d

ro
p

, p
si

a i

 

Figure 6-23: Pressure drop during methane injection into water-saturated core – Exp#162. 
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Figure 6-24: Pressure drop across the core during the pre-treatment gas-condensate – 
Exp#156. 
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Figure 6-25: Pressure drop across the core during treatment injection – Exp#156. 
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Figure 6-26: Pressure drop across the core for the post-treatment condensate flood – 
Exp#156. 
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Figure 6-27: Pressure drop across the core for methane flooding water-saturated core – 
pre-treatment – Exp#161. 
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Figure 6-28: Pressure drop across the core for pre-treatment methane-brine co-injection – 
Exp#161. 
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Figure 6-29: Pressure drop across the core during methane injection to calculate end point 
gas relative permeability – Exp#161. 
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Figure 6-30: Pressure drop across the core during displacing IPA with methane – 
Exp#161. 
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Figure 6-31: Pressure drop across the core during treatment injection – Exp#161. 
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Figure 6-32: Pressure drop during treatment displacement by methane flood – Exp#161. 



 230 

0

20

40

60

80

100

120

0 20 40 60 80 100 120 140

Pore Volume Injected

P
re

ss
u

re
 d

ro
p

, p
si

a

Pre-treatment C1 Flood

Post-treatment C1 Flood

i

q-core= 131 cc/hr
krg = 0.32
IF = 1.48

q-core= 262 cc/hr
krg = 0.42 
IF = 1.35

q-core= 524 cc/hr
krg = 0.51 
IF = 1.26

q-core= 786 cc/hr
krg = 0.56 
IF = 1.18

q-core= 1048 cc/hr
krg = 0.59 
IF = 1.12

 

Figure 6-33: Pressure drop across the core for methane flooding water-saturated core – 
post-treatment – Exp#161. 
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Figure 6-34: Pressure drop across the core during post-treatment methane-brine co-
injection – Exp#161. 
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Figure 6-35: Pressure drop across the core during pre-treatment gas-condensate flood – 
Exp#174. 
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Figure 6-36: Pressure drop across the core during treatment injection – Exp#174. 
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Figure 6-37: Pressure drop across the core for the post-treatment gas-condensate flood – 
Exp#174. 
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Figure 6-38: Pressure drop across the core during pre-treatment gas-condensate flood – 
Exp#179. 
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Figure 6-39: Pressure drop across the core during treatment injection – Exp#179. 
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Figure 6-40: Pressure drop across the core for the post-treatment gas-condensate flood#1 
– Exp#179. 
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Figure 6-41: Pressure drop across the core for the all gas-condensate floods – Exp#179. 
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Figure 6-42: Changes in the improvement factor with PV gas-condensate injected – 
Exp#179. 
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Figure 6-43: Pressure drop across the core for the final methane injection – Exp#179. 
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Figure 6-44: Pressure drop across the core during pre-treatment gas-condensate flood – 
Exp#182. 
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Figure 6-45: Pressure drop across the core during treatment injection – Exp#182. 
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Figure 6-46: Pressure drop across the core for the post-treatment gas-condensate flood#1 
– Exp#182. 
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Figure 6-47: Pressure drop across the core for all gas-condensate floods – Exp#182. 
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Figure 6-48: Changes in the improvement factor with PV gas-condensate injected – 
Exp#182. 
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Figure 6-49: Pressure drop across the core during the pre-treatment gas-condensate flood 
–Exp#187. 
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Figure 6-50: Pressure drop across the core during treatment injection –Exp#187. 



 239 

0

20

40

60

80

100

120

140

160

180

0 30 60 90 120 150 180

Pore Volume Injected

P
re

ss
u

re
 d

ro
p

, p
si

a

Pre-treatment Condensate

Post-treatment Condensate#1

q_core = 168 cc/hr
krg = 0.12
kro= 0.092
IF = 1.63

q_core = 334 cc/hr
krg = 0.125
kro= 0.096
IF = 1.61 q_core = 984 cc/hr

krg = 0.122
kro= 0.094
IF = 1.5

q_core = 1916 cc/hr
krg = 0.117
kro= 0.092
IF = 1.29

 

Figure 6-51: Pressure drop across the core during the first post-treatment gas-condensate 
flood –Exp#187. 
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Figure 6-52: Changes in gas relative permeability and improvement factor with Nc –
Exp#187. 
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Figure 6-53: Pressure drop across the core during the second post-treatment gas-
condensate flood – Exp#187. 
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Figure 6-54: Pressure drop across the core during the pre-treatment gas-condensate flood 
– Exp#193B. 
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Figure 6-55: Pressure drop across the core during treatment injection – Exp#193B. 

0

50

100

150

200

250

300

0 40 80 120 160 200

Pore Volume Injected

P
re

ss
u

re
 d

ro
p

, p
si

a

Pre-treatment Condensate

Post-treatment Condensate

q_core = 163 cc/hr
krg = 0.078
kro= 0.06
IF = 0.96

q_core = 324 cc/hr
krg = 0.074
kro= 0.058
IF = 0.87

q_core = 1833 cc/hr
krg = 0.088
kro= 0.071
IF = 0.86 q_core = 2675 cc/hr

krg = 0.096
kro= 0.071
IF = 0.89q_core = 947 cc/hr

krg = 0.083
kro= 0.065
IF = 0.88

 

Figure 6-56: Pressure drop across the core for the post-treatment gas-condensate flood – 
Exp#193B. 
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Figure 6-57: Solid phase precipitated at the bottom of treatment container – Exp#193B. 
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Figure 6-58: Pressure drop across the core during pre-treatment gas-condensate flood#1- 
Exp#190. 
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Figure 6-59: Pressure drop across the core during the pre-treatment gas-condensate 
flood#2- Exp#190. 
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Figure 6-60: Pressure drop across the core during treatment injection- Exp#190. 
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Figure 6-61: Pressure drop for the post-treatment gas-condensate flood#1- Exp#190  
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Figure 6-62: Pressure drop for the post-treatment gas-condensate flood#2- Exp#190. 
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Figure 6-63: Pressure drop during the pre-treatment gas-condensate flood - Exp#195. 
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Figure 6-64: Pressure drop across the core during treatment injection - Exp#195. 
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Figure 6-65: Pressure drop across the core for post-treatment gas-condensate flood#1 - 
Exp#195. 
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Figure 6-66: Pressure drop across the core for post-treatment gas-condensate flood#2 - 
Exp#195. 
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Figure 6-67: Pressure drop across the core for post-treatment gas-condensate flood#3 - 
Exp#195. 
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Figure 6-68: Pressure drop across the core during the first pre-treatment gas-condensate 
flood - Exp#201. 
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Figure 6-69: Pressure drop across the core during first treatment injection - Exp#201. 
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Figure 6-70: Pressure drop across the core during the post-treatment gas-condensate flood 
- Exp#201. 
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Figure 6-71: Pressure drop across the core during primer injection- Exp#211B. 

 

Figure 6-72: Color change during primer injection- Exp#211B. 
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Figure 6-73: Pressure drop across the core during nitrogen injection to displace primer- 
Exp#211B. 
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Figure 6-74: Pressure drop across the core during pre-treatment gas-condensate flood- 
Exp#211B. 
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Figure 6-75: Pressure drop across the core during treatment injection- Exp#211B. 
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Figure 6-76: Pressure drop across the core during post-treatment gas-condensate flood- 
Exp#211B. 
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Figure 6-77: Pressure drop across the core during pre-treatment gas-condensate flood#1 - 
Exp#212. 
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Figure 6-78: Pressure drop across the core during primer injection - Exp#212. 
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Figure 6-79: Pressure drop across the core during Methane injection to displace primer - 
Exp#212. 
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Figure 6-80: Pressure drop across the core during pre-treatMENT GAS-CONDENSATE 

FLOOd#2 - Exp#212. 
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Figure 6-81: Pressure drop across the core during treatment injection - Exp#212. 
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Figure 6-82: Pressure drop across the core during post-treatment gas-condensate flood - 
Exp#212. 
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Figure 6-83: Pressure drop across the core during pre-treatment gas-condensate flood – 
Exp#117. 
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Figure 6-84: Pressure drop across the core during Amine preflush injection – Exp#117. 
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Figure 6-85: Pressure drop across the core during treatment injection – Exp#117. 
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Figure 6-86: Pressure drop across the core during the post-treatment gas condensate flood 
– Exp#117. 
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Figure 6-87: Pressure drop across the core during pre-treatment condensate flood#1 – 
Exp#214. 
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Figure 6-88: Pressure drop across the core during pre-treatment condensate flood#2 – 
Exp#214. 
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Figure 6-89: Pressure drop across the core during treatment injection – Exp#214. 
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Figure 6-90: Pressure drop across the core during post-treatment gas-condensate flood – 
Exp#214. 
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Figure 6-91: Pressure drop across the core during final methane flood – Exp#214. 
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Figure 6-92: Pressure drop across the whole and bottom section of core during treatment 
injection – Exp#215. 
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Figure 6-93: Pressure drop across the core during the treatment injection – Exp#216. 
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Chapter 7: Summary, Conclusions, and Recommendations for Future 
Work 

 

7-1: SUMMARY  

The objective of this research was to develop a non-damaging, effective and 

durable solution for the problem of liquid blocking in gas wells producing from carbonate 

reservoirs by altering the wettability of the formation near the production wells. Past 

research at the University of Texas led to the development of a successful chemical 

treatment for liquid blocking in sandstone reservoirs. The robustness of polymeric 

fluorocarbon surfactants was shown by Bang (2007) through a large number of coreflood 

experiments conducted under a wide range of reservoir conditions (reservoir temperature, 

permeability, brine salinity etc.). However, no similar solution was known for carbonate 

reservoirs.  

At the initial phase of development, it was not clear which class of fluoro-

chemicals were more likely to be adsorbed to the limestone surface while providing 

repellency to both oil and water.  An initial assessment was based only on the molecular 

structure of the chemicals.  For a chemical to be considered for a coreflood experiment, 

first an appropriate solvent must be developed to deliver the chemical. A good solvent 

must be able to dissolve the chemical at a sufficiently high concentration to make it a 

good candidate a core flood experiment.  

The solubility, stability, and compatibility between the chemical and the solvent 

and between the treatment solution (chemical + solvent) and the reservoir brine were 

assessed by a series of phase behavior screening studies.   

After this stage, it was important to know if any of the chemicals we were using 

would be adsorbed on the rock surface. Since all the chemicals were fluorinated, the 
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fluorine content on the rock surface was measured after a sample of rock had been treated 

with and aged in treatment solutions. XPS analysis was an easy and quick way to 

qualitatively check for the presence of fluorine on the rock surface. The chemicals were 

then rated based on the fluorine content on the surface as reported from XPS. Those with 

highest fluorine content were considered for further tests. However, the predictive value 

of this test is uncertain.  

The enhancement in the gas and condensate relative permeability is achieved 

through alteration of rock wettability from water-wet to preferential gas-wet. Therefore, 

we employed drop imbibition and contact angle observations to assess the changes in 

wettability as the easiest and quickest way to provide a qualitative measure of wettability.  

The imbibition of a drop of water and n-decane (representing oil) was observed before 

and after treatment on small samples prepared for XPS analysis. However, the conditions 

under which these observations are made are different than in the core, so there is also 

some uncertainty about the predictive value of these tests. 

The final evaluation of any chemical treatment in terms of its effectiveness and 

durability is only possible by conducting coreflood experiments to measure the gas 

relative permeability, and comparing the measurements before and after treatment.  

Injecting the treatment through the core can also provide evidence that it is does not 

damage the core Therefore, HPHT coreflood experiments were conducted using synthetic 

gas condensate mixtures.   

Using epoxide chemical, samples of Texas Cream Limestone were treated in the 

presence and absence of initial brine saturation at both 175 and 275 oF. To enhance the 

durability of the epoxide treatment, the use of an amine primer was investigated and 

shown to boost the treatment durability. The investigation of this chemical treatment 

beyond these preliminary experiments was not continued due to environmental concerns 
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about using it. Therefore, the focus of all the subsequent research was turned to 

environmentally-friendly fluorinated chemicals with a C-4 tail only. These chemicals 

were synthesized by 3M Company.  

The effectiveness of 3M chemicals as a solution to both condensate and water 

blocking was evaluated by conducting coreflood experiments using Texas Cream 

Limestone and Silurian Dolomite cores at temperatures up to 250 oF. All of the chemicals 

failed due to one or more of the following problems: not effective, effective but not 

durable, inconsistent results (good results in one experiment but unable to reproduce the 

data) and damage to the core. 

 

7-2: CONCLUSIONS 

The key conclusions of this research are as follows: 

 
1. We developed a quick and relatively inexpensive methodology to screen a 

large number of fluoro-chemicals for wettability alteration. This 

methodology includes solubility, stability, and compatibility tests to 

ensure that the treatment solution is stable, remains single-phase with no 

reaction or polymerization, upon heating and mixing with the brine in the 

core. This simple test is crucial and allows us to eliminate the possibility 

of damage due to treatment instability or treatment/brine incompatibility. 

However, when the treatment contacts the rock and there is a possibility 

of damage as a result of treatment/rock interaction. This clearly points to 

the importance of running coreflood experiments as the only way to fully 

ensure that the chemical is non-damaging.  

2. The XPS analysis was used to provide a semi-qualitative and relative 

measure of the presence of each atomic element (such as fluorine), on the 
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rock surface; however, results from this test should be interpreted with 

care.  This test does not provide any measure of the strength of the 

bonding to the surface or the degree of wettability alteration and 

repellency the adsorbed fluorinated chemical demonstrates. These are the 

factors influencing the effectiveness of the chemical in terms of 

adsorption and durability.  

3. Drop imbibition and contact angle measurements are inexpensive 

screening tests and provide a quick measure of wettability alteration, if it 

occurs. The results from these tests can be a good guide to select 

chemicals for corefloods and to reduce the risk of failure.  

4. Results from these screening tests showed that the epoxide chemical # 

474088 should have a high chance of success in altering the wettability 

and enhancing the gas and condensate relative permeabilities. 

5. The results clearly have shown that the chemical treatment at a lower 

temperature of 175 oF is effective both in the presence and absence of 

initial brine in the core. The fact that it showed some degree of 

improvement in the absence of brine may be an indication that the 

adsorption mechanism for the epoxide chemical is different than that of 

FC-X. The higher initial improvements when used in the presence of 

brine could be associated with additional benefit just from removing brine 

from the core.  No improvement was observed when the chemical was 

used at a higher temperature of 275 oF in the presence of 25% initial 

water saturation. This clearly showed the dependence of the adsorption on 

the temperature for this chemical. Based on this observation, the low 

temperature results cannot be generalized or used at higher temperatures. 

6. The fluorinated epoxide from Aldrich, when used without a preflush of 

primer, initially increased the gas and condensate relative permeability; 

however, the treatment was not durable as a quick decrease in the 

improvement factor over a short period of time was experienced. Treating 
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the core with the amine preflush increased the improvement factor (from 

1.6 to 1.8) and greatly improved the durability of the treatment at 175 oF.  

7. A decrease in the improvement factor was observed with an increase in 

the capillary number for the same liquid dropout and PVT ratio.  

8. Results from the imbibition tests and core floods showed that the epoxide 

chemical was equally effective in removing the problem of water 

blocking in cores at 175 oF. 

9. It was demonstrated that treatment made using the mislabeled Chemical 

L-20637 from 3M, which had similar structure to epoxide, increased the 

relative permeability of methane displacing brine from a Texas Cream 

limestone core. This was true at both temperatures of 175 and 275 oF. 

10. None of the chemicals manufactured by 3M resulted in an improvement 

factor that remained above 1.5 over several hundred pore volumes of 

injection. Initial IF of over 1.5 were observed in some instances but these 

dropped to 1.2 or 1.3 after several hundred pore volumes of injection. 

11. The chemical treatment composed of FC-X in BE-EtOH damaged the 

Silurian dolomite cores due to interaction between the treatment and the 

rock minerals.  

12. The amine primer that enhanced the durability of epoxide chemical did 

not show the same benefit when was used in conjunction with a FC-X 

treatment. 

13. The success of using a nano-solution primer with FC-X was limited due 

to low improvement factors when used at low concentrations and damage 

to the core when used at high concentrations. The purpose was to change 
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the surface characteristics of a Texas Cream Limestone to behave like a 

sandstone in terms of adsorption. 

 

7-3: RECOMMENDATIONS FOR FUTURE WORK 

Although the efforts in this PhD research did not meet the preset objectives of 

finding a robust fluoro-chemical for treating condensate and water blocking in carbonate 

reservoirs, the findings and lessons can be used as a guide for new research in the future. 

Here are some recommendations for future work: 

1. The success of any surface treatment needs all of the following essential 

elements: good adsorption, good liquid repellency, and finally good 

durability. Collecting the treatment samples and measuring the fluorine 

content of the effluent can help to better understand the adsorption 

mechanism. 

2. During the corefloods conducted in this research, it was observed that the 

improvement factor (IF) showed some sensitivity to the capillary number.  

The IF decreased with increasing capillary number for capillary numbers 

greater than 1E-5. This observation needs to be explored further. If this 

effect is found to be consistently observed, its implications in the field 

should be explored through simulations. Single-well compositional 

simulations can help to find the range of capillary number in the 

stimulated region of interest.  

3. Coreflood experiments are also suggested to explore the effectiveness of 

chemical treatment at high liquid dropouts. 
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4.  The mineralogy in carbonate formations can vary a lot. It was also 

observed that two different chemicals neutralized to different salts 

resulted to two different solutions, some improvement in one case and 

damage in a second case. This suggests that the relationship between 

mineralogy and treatment effectiveness needs to be more fully explored 

for carbonates.  
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Appendix A 

The detailed report of all gas condensate coreflood experiments are provided in this 
Appendix.  The following table can help keep track of and relates the reports in this 
appendix with the experiments in the UT Gas Condensate Research database. The 
properties of gas and condensate phases were calculated using Peng-Robinson Equation 
of State at average core pressure for each flow rate. All the pressure drops are measured 
values.  
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Table A: List of carbonate experiments 

Appendix Experiment 
 #  

Temperature, 
F 

Swi, % Core  Treatment 

A1 108 175 0 TCL #474088 
A2 109 175 25 TCL #474088 
A3 110 277 25 TCL #474088 
A4 116 177 25 TCL #474088, Dopamine 
A5 117 177 25 TCL Dopamine, FC-X 
A6 139 175 25 TCL L-20294 
A7 140 175 25 TCL L-20294 
A8 142 175 25 TCL L-20294 
A9 149 175 25 TCL L-20294 
A10 151 275 25 TCL L-20294 
A11 152 175 25 TCL L-20294 
A12 156 175 25 TCL L-18961 
A13 159 175 25 TCL L-18961, L-20891 
A14 161* 175 25 TCL L-18961 
A15 162* 175 25 TCL L-20294 
A16 165 175 25 TCL L-20294 
A17 169 175 25 TCL L-18961 
A18 172 230 25 TCL L-18961 
A19 174 175 25 TCL L-20886 
A20 175 230 25 TCL L-20886 
A21 179 175 25 TCL L-19446-2 
A22 180 175 25 TCL L-19446-2 
A23 182 175 25 TCL L-19446-1 
A24 184 175 25 TCL L-19446-1 
A25 187 175 25 TCL 153239-29E 
A26 188 175 25 TCL L-19446-1  
A27 190 175 25 TCL L-19973-6 
A28 193B 175 25 TCL 153239-29E 
A29 194 175 25 TCL L-19446-1 
A30 195 175 25 TCL 153239-21A 
A31 199 175 25 TCL L-19446-1 
A32 201 250 25 TCL 154670-21B 
A33 204 250 25 TCL L-19446-1 
A34 206 250 25 SD L-19446-1 
A35 209 250 25 SD 153239-80 

* Water Blocking , SD: Silurian Dolomite, TCL: Texas Cream Limestone 
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Table A: Continued. 
Appendix Experiment 

 #  
Temperature, 

F 
Swi, % Core  Treatment 

A36 211B 250 25 TCL 153239-91B, FC-X 
A37 212 250 25 TCL 153239-91B, FC-X 
A38 214 250 25 SD FC-X 
A39 215 250 25 SD FC-X 
A40 216 250 25 SD FC-X 

* Water Blocking , SD: Silurian Dolomite, TCL: Texas Cream Limestone 
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APPENDIX A1- EXPERIMENT # 108 
 
Objective: 

The objective of this experiment was to evaluate the effectiveness of Chemical 

#474088 (from Aldrich) to improve the gas and condensate relative permeability in a 

Texas Cream Limestone core in the absence of initial water saturation. The experiment 

was conducted at the temperature of 175 oF. 
 

Experimental Results: 

Initial permeability of the core, dry, was measured by nitrogen injection at room 

temperature. Table A1-1 summarizes the properties of the core as well as the 

experimental conditions. Figure A1-1 shows the pressure drop across the core during 

nitrogen injection. Table A1-2 summarized the results of the nitrogen flood. The 

permeability used in the calculations was the one derived from analysis of data using 

Forchheimer equation. This permeability is also reported in Table A1-2.  

The pre-treatment condensate flood was performed at 175 oF using gas 

condensate Mixture#1 (See chapter 3 for composition and other relevant properties) at 

two different flow rates. Table A1-3 shows the pressure settings as well as the gas and 

condensate properties for the pre-treatment condensate flood at the core conditions. 

Figure A1-2 shows the pressure drop across the core for this flood. The results of pre-

treatment gas-condensate flood, flow rates, pressure drops, and relative permeabilities, 

are summarized in Table A1-4.  

The core was then treated by injecting about 20 pore volumes of the treatment 

solution with the composition given in Table A1-5. Two different injection rates were 

tried. Figure A1-3 shows the pressure drop across the core for treatment flood. The core 
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was aged overnight then was flooded with the first post-treatment gas-condensate flood at 

the same pressure settings as those used for the pre-condensate flood. Figure A1-4 shows 

the pressure drop across the core for the post-treatment condensate flood. The pressure 

drop for the pre-treatment gas-condensate flood is also shown for comparison purpose. 

Table A1-6 summarizes the results.  

Since the concentration of chemical in the treatment solution was 1%, it was 

thought that higher improvement factor might be achieved if the core is treated again. 

Twenty more pore volumes of the treatment solution were injected into the core and age 

overnight. Figure A1-5 shows the pressure drop across the core for the second treatment. 

What is evident in this plot is the increase in the pressure drop across the core toward the 

end of injection which might be an indication of damage to the core absolute 

permeability. Another point is that the pressure drop is higher for the second treatment 

compared to those experienced during the first one for both flow rates. It was not 

eventually apparent what was the reason for this increase in the pressure drops.  

The post second treatment condensate flood was conducted following the same 

pressure settings and pump rates as those used for other gas condensate floods. The result 

for this condensate flood is summarized in Table A1-7. Figure A1-6 shows the pressure 

drop for this gas condensate flood. Figure A1-7 shows the pressure drop data for all 

condensate floods for comparison purpose. There was essentially no further decrease in 

the pressure drops for the condensate flood after retreating the core and hence no change 

in the improvement. For the last few pore volumes of post-treatment#2 flood the flow 

direction was reversed. The pressure drop did not change drastically and if the gravity 

effect is neglected then there was no face plugging. 

 The methane was injected into the core to displace and evaporate the 

condensate and measure the final core permeability at some residual condensate 
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saturation. Theoretically, it takes injection of few hundred pore volumes to dry out the 

core from condensate but practically speaking it may takes injecting thousands of pore 

volumes of methane to completely dry the core. Figure A1-8 shows the pressure drop for 

the final methane flood. Calculation showed that more than 80% of permeability was 

back which is a good sign and indicates that the core permeability was not damaged by 

treatment. 
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Table A1-1: Core properties and pressure settings for nitrogen flood. 

Core Texas Cream Limestone  

Diameter, inches 1 

Length, inches 8 

Weight, gm 201.7 

Porosity*, % 28 

Swi, % 0 

BPR1 Setting, psig 3020 

BPR2 Setting, psig 945 

Table A1-2: Results for the nitrogen flood to measure dry permeability. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 295.1 6.29 14.28 

200 590.2 12.72 14.13 

300 885.2 19.2 14.04 

400 1180.3 26 13.82 

Corrected permeability, md 14.40 
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Table A1-3: Pressure settings and fluid properties for pre-treatment condensate. 

BPR-1, psig  4560   

BPR-2, psig 1200   

Density of gas-condensate mixture (single-phase), g/cc 0.2896   

Temperature, °F 175   

  @  Core Condition Gas Phase Oil-Phase 

Density, gm/cc 0.0602 0.5951 

Viscosity, cp 0.014 0.1834 

Liquid dropout fraction 0.9501 0.0499 

IFT, dyne/cm 6.924 

PVT Ratio 1.45 

Table A1-4: Results for the pretreatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 333.3 666.6 

qgas_core, cc/hr 316.7 633.3 

qoil_core, cc/hr 16.6 33.3 

Δp, psia 54.8 110.9 

krg 0.092 0.091 

kro 0.063 0.063 

Nc 3.82E-06 7.72E-06 

Table A1-5: Treatment composition. 

Component Mass % 

IPA 99 

C8 Chemical 1 
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Table A1-6: Summary of results for post-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 333.3 666.6 

qgas_core, cc/hr 316.7 633.3 

qoil_core, cc/hr 16.6 33.3 

Δp, psia 38.0 82.0 

krg 0.133 0.123 

kro 0.091 0.085 

Nc 2.65E-06 5.71E-06 

krg-treated / krg-untreated 1.45 1.37 

Table A1-7: Summary of results for two-phase gas condensate flood after second 
treatment. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 333.3 666.6 

qgas_core, cc/hr 316.7 633.3 

qoil_core, cc/hr 16.6 33.3 

Δp, psia 39.5 81.0 

krg 0.128 0.124 

kro 0.088 0.086 

Nc 2.75E-06 5.64E-06 

krg-treated / krg-untreated 1.39 1.37 
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Figure A1-1: Pressure drop during nitrogen injection to measure dry permeability. 
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Figure A1-2: Pressure drop during pre-treatment gas-condensate flood. 
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Figure A1-3: Pressure drop across the core during treatment injection. 
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Figure A1-4: Pressure drop across the core for the post-treatment condensate flood. 
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Figure A1-5: Pressure drop across the core during second treatment injection. 
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Figure A1-6: Pressure drop across the core for the condensate flood after second 
treatment. 
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Figure A1-7: Comparison of pressure drops during all two-phase gas condensate floods. 
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Figure A1-8: Pressure drop across the core during final methane flood. 
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APPENDIX A2- EXPERIMENT # 109 
 

Objective: 

The objective of this experiment was to evaluate the effectiveness of Chemical 

#474088 (from Aldrich) to improve the gas and condensate relative permeability in a 

Texas Cream Limestone core in the presence of 25% initial water saturation. The 

experiment was conducted at the temperature of 175 oF. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by nitrogen injection at 

room temperature. Table A2-1 summarizes the properties of the core as well as the 

experimental conditions. Figure A2-1 shows the pressure drop across the core during 

nitrogen injection. Table A2-2 summarizes the results of the nitrogen flood. The 

permeability used in the relative permeability calculations was the one derived from 

analysis of data using Forchheimer equation. This permeability is also reported in Table 

A2-2.  

The oven temperature was increased to 175 oF. Since the solubility of calcite 

decreases with increase in temperature it was decided to inject the brine to the core when 

both were at temperature. The volume of brine, 30,000 ppm NaCl, required to establish 

25% initial water saturation in the core was calculated, 5.2 cc, and loaded into a tube loop 

with a valve on each side. It was then pressurized using nitrogen to the core pressure to 

avoid evaporation upon heating. The loop was connected to the top of the core and after 

heating the brine for an hour it was pushed into the core by flowing nitrogen through the 

loop. Next day, nitrogen was injected into the core to distribute the brine more 

homogeneously and also to measure the gas permeability at the initial water saturation. 
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Multiple flow rates were tried. Figure A2-2 shows the pressure drop across the core for 

this nitrogen flood. The results are summarized in Table A2-3. 

The pre-treatment gas-condensate flood was performed using Mixture#1 fluid 

(see Chapter 3 for composition) at 175 oF at two different flow rates. Table A2-4 

summarizes the pressure settings as well as the gas and condensate properties for the pre-

treatment condensate flood. Figure A2-3 shows the pressure drop across the core for this 

flood. The results of pre-treatment gas-condensate flood, flow rates, pressure drops, and 

relative permeabilities, are summarized in Table A2-5.  

An IPA preflush, around 10 PVs, was injected to avoid salt precipitation during 

treatment injection. Figure A2-4 shows the pressure drop across the core during the 

preflush injection. The core was then treated with about 20 pore volumes of the treatment 

solution with the composition given in Table A2-6. Figure A2-5 shows the pressure drop 

across the core for treatment flood. The pressure drop across the core has an increasing 

trend and increased approximately 10 psi during treatment injection. This kind of trend in 

pressure drop during injection could be an indication of possible damage to the core 

permeability. The core was aged overnight then was flooded with the post-treatment gas-

condensate flood at the same pressure settings as those used for the pre-treatment gas 

condensate flood. Figure A2-6 shows the pressure drop across the core for the post-

treatment gas-condensate flood. The pressure drop for the pre-treatment gas-condensate 

flood is also shown for comparison purpose. Table A2-7 summarizes the results.  

Hot methane was injected into the core to displace and evaporate the condensate 

and measure the final permeability at some residual condensate saturation. Theoretically, 

it takes injection of few hundred pore volumes to remove the condensate from the core, 

but, practically speaking, it may take injecting thousands of pore volumes of methane to 

completely dry the core. Figure A2-7 shows the pressure drop across the core for the final 
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methane. Calculation showed that after injection of 370 pore volume of methane the 

measured permeability was about 80% of the original value which was a good sign and 

indicated that the core permeability was not damaged by treatment. 

To check the durability of the treatment another accumulator of gas-condensate 

was injected into the core two days after treatment. The pressure drops for the second 

post-treatment condensate flood along with the pre- and post-treatment condensate#1 are 

shown in Figure A2-8. Although the flow rates for the last flood was essentially the same, 

but the pressure drop across the core increased which showed that the treatment was not 

durable. The improvement factor dropped from approximately 1.6-1.7 during the first 

post-treatment flood to 1.1 during the second one. Result of the last condensate flood is 

summarized in Table A2-8. 
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Table A2-1: Core properties and pressure settings for nitrogen flood. 

Core Texas Cream Limestone  

Diameter, inches 1 

Length, inches 8.06 

Weight, gm 190.5 

Porosity*, % 20 

Swi, % 25 

BPR1 Setting, psig 2866 

BPR2 Setting, psig 1002 
   * Assumed 

Table A2-2: Results for the nitrogen flood to measure dry permeability. 

Pump flow rate (cc/hr) Core flow rates (cc/hr) Average pressure drop (psi) k (md) 

100 266.4 3.6 23.80 

200 532.8 7.28 23.54 

300 799.2 10.95 23.48 

400 1065.7 14.8 23.16 

500 1332.1 18.7 22.9 

Corrected permeability, md 23.9 

Table A2-3: Results for nitrogen injection at Swi=25%. 

Pump flow rate (cc/hr) Core flow rates (cc/hr) Average pressure drop (psi) krg 
100 266.4 4.3 0.83 
200 532.8 8.7 0.82 
300 799.2 13.1 0.82 
400 1065.7 17.5 0.82 
500 1332.1 22.0 0.8 

Corrected gas relative permeability at Swi 0.82 
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Table A2-4: Pressure settings and fluid properties for pre-treatment gas condensate flood. 

BPR-1, psig  4570  

BPR-2, psig 1200  

Density of gas phase (single-phase), g/cc 0.2896  

Temperature, °F 175  

  @  Core Condition Gas Phase Oil-Phase 

Density, gm/cc 0.0602 0.5951 

Viscosity, cp 0.014 0.1834 

Volume fraction 0.9501 0.0499 
IFT, dyne/cm 6.924 
PVT Ratio 1.45 

Table A2-5: Results for the pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 333.3 666.6 

qgas_core, cc/hr 316.7 633.3 

qoil_core, cc/hr 16.6 33.3 

Δp, psia 39.0 76.8 

krg 0.078 0.080 

kro 0.054 0.055 

Nc 4.47E-06 8.80E-06 

Table A2-6: Treatment composition. 

Component Mass % 

IPA 98 

C8 Chemical 2 
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Table A2-7: Summary of post-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 333.3 666.6 

qgas_core, cc/hr 316.7 633.3 

qoil_core, cc/hr 16.6 33.3 

Δp, psia 23.4 49.4 

krg 0.131 0.124 

kro 0.090 0.085 

Nc 2.68E-06 5.67E-06 

krg-treated / krg-untreated 1.67 1.55 

Table A2-8: Summary of results for second two-phase gas-condensate flood.  

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 333.3 667.3 

qgas_core, cc/hr 316.7 634.0 

qoil_core, cc/hr 16.6 33.3 

Δp, psia 35.3 69 

krg 0.087 0.089 

kro 0.060 0.061 

Nc 4.049E-06 7.915E-06 

krg-treated / krg-untreated 1.10 1.11 
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Figure A2-1: Pressure drop during nitrogen injection to measure dry permeability. 
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Figure A2-2: Pressure drop across the core for nitrogen injection at Swi. 
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Figure A2-3: Pressure drop across the core during pre-treatment gas-condensate flood. 
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Figure A2-4: Pressure drop across the core during IPA preflush injection. 
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Figure A2-5: Pressure drop across the core during treatment injection. 
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Figure A2-6: Pressure drop across the core for the post-treatment condensate flood. 
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Figure A2-7: Pressure drop across the core during final methane flood. 
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Figure A2-8: Pressure drop across the core for all two-phase gas-condensate floods. 
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APPENDIX A3 - EXPERIMENT # 110 
 

Objective: 

The objective of this experiment was to evaluate the effectiveness of Chemical 

#474088 to improve the gas and condensate relative permeability in Texas Cream 

Limestone core in the presence of 25% initial water saturation at temperature of 277 oF. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A3-1 summarizes the properties of the core as well as the 

experimental conditions. Figure A3-1 shows the pressure drop across the core during 

nitrogen injection. Table A3-2 summarizes the results of the nitrogen flood. The 

permeability used in the relative permeability calculations was the one derived from 

analysis of data using Forchheimer equation. This permeability is also reported in Table 

A3-2.  

The volume of brine required to establish 25% initial water saturation in the core 

was calculated. Vacuum was pulled on the top of the core and then 5.2 cc brine was 

introduced into the core. The next day nitrogen was injected into the core to distribute the 

brine more homogeneously and also to measure the gas permeability at the initial water 

saturation. Multiple flow rates were tried. Figure A3-2 shows the pressure drop across the 

core for this nitrogen injection. The result is summarized in Table A3-3. 

The pre-treatment condensate flood was conducted using Mixture#2 (see Chapter 

3 for composition) at 277 oF at two different flow rates. Table A3-4 summarizes the 

pressure settings as well as the gas and condensate properties for the pre-treatment 

condensate flood. Figure A3-3 shows the pressure drop across the core for this flood. The 
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results of pre-treatment gas-condensate flood, flow rates, pressure drops, and relative 

permeabilities, are summarized in Table A3-5.  

200 gms of Methanol was loaded into an accumulator. It was kept in the oven for 

3 hrs before being injected into the core. The methanol preflush, around 10 PVs, was 

injected to avoid salt precipitation. Figure A3-4 shows the pressure drop across the core 

for the preflush injection. The core was then treated with about 20 PVs of the treatment 

solution with the composition given in Table A3-6. Figure A3-5 shows the pressure drop 

across the core for treatment flood. The pressure drop across the core increased slightly 

during treatment flood. The core was aged overnight then was flooded with the post-

treatment gas-condensate flood at the same pressure settings as those were used for the 

pre-treatment gas condensate flood. Figure A3-6 shows the pressure drop across the core 

for the post-treatment gas condensate flood. The pressure drop for the pre-treatment gas-

condensate flood is also shown for comparison purpose. Table A3-7 summarizes the 

results.  

Hot methane was injected into the core to displace and evaporate the condensate 

and measure the final permeability at some condensate residual saturation. Theoretically 

it takes few hundred pore volumes to dry out the core from condensate but practically 

speaking it may take injecting thousands of pore volumes of methane to completely dry 

the core. Figure A3-7 shows the pressure drop across the core for the final methane flood. 

Calculation showed the relative permeability to methane to be around 0.98 which clearly 

shows that neither the preflush nor the treatment damaged the core.   
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Table A3-1: Core properties and pressure settings for nitrogen flood. 

Core Texas Cream Limestone  

Diameter, inches 1 

Length, inches 8.06 

Weight, gm 190.5 

Porosity*, % 20 

Swi, % 25 

BPR1 Setting, psig 3670 

BPR2 Setting, psig 1002 
      * Assumed. 

Table A3-2: Results for the nitrogen flood to measure dry permeability. 

Pump flow rate (cc/hr) Core flow rates (cc/hr) Average pressure drop (psi) k (md) 

100 324.4 5.1 19.46 

150 486.6 7.7 19.49 

300 973.1 15.8 19.05 

400 1297.5 21.0 19.06 

500 1621.9 26.5 18.88 

Corrected permeability, md 19.35 

Table A3-3: Results for nitrogen injection at Swi=25%. 

Pump flow rate (cc/hr) Core flow rates (cc/hr) Average pressure drop (psi) krg 
500 1622 35.0 0.74 
400 1298 27.2 0.76 
300 973 20.2 0.77 
200 649 13.3 0.78 
100 324 6.5 0.80 

Corrected gas relative permeability at Swi 0.81 
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Table A3-4: Pressure settings and fluid properties for pre-treatment condensate. 

BPR-1, psi  4570  

BPR-2, psi 1440  

Density of gas phase (single-phase), g/cc 0.2438  

Temperature, °F 277  

  @  Core Condition Gas Phase Oil-Phase 

Density, gm/cc 0.0705 0.5434 

Viscosity, cp 0.0155 0.1159 

Volume fraction 0.9695 0.0305 
IFT, dyne/cm 4.124 
PVT Ratio 4.25 

Table A3-5: Results for the pretreatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 

qtotal_core, cc/hr 287.08 

qg_core, cc/hr 278.33 

qo_core, cc/hr 8.76 

dp, psia 24.10 

krg 0.153 

kro 0.036 

Nc 3.76E-06 

Table A3-6: Treatment composition. 

Component Mass % 

IPA 98 

C8 Chemical 2 
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Table A3-7: Summary of post-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 

qtotal_core, cc/hr 284.0 

qgas_core, cc/hr 275.4 

qoil_core, cc/hr 8.7 

Δp, psia 23.3 

krg 0.156 

kro 0.037 

Nc 3.6E-06 

krg-treated / krg-untreated 1.02 
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Figure A3-1: Pressure drop across the core during nitrogen injection to measure dry 
permeability. 
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Figure A3-2: Pressure drop across the core for nitrogen injection at Swi=25%. 
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Figure A3-3: Pressure drop across the core during pre-treatment gas-condensate flood. 
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Figure A3-4: Pressure drop across the core during Methanol preflush injection. 
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Figure A3-5: Pressure drop across the core during treatment injection. 
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Figure A3-6: Pressure drop across the core during the post-treatment gas-condensate 
flood. 
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Figure A3-7: Pressure drop across the core during final methane flood. 
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APPENDIX A4 - EXPERIMENT # 116 
 

Objective: 

The objective of this experiment was to evaluate the effectiveness of Chemical 

#474088 to improve the gas and condensate relative permeability in a Texas Cream 

Limestone core in the presence of 25% initial water saturation. A pre-flush of dopamine 

was used to enhance the durability of the treatment. The experiment was conducted at the 

temperature of 177 oF. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A4-1 summarizes the properties of the core as well as the 

experimental conditions. Figure A4-1 shows the pressure drop across the core during 

nitrogen injection. Table A4-2 summarizes the results of the nitrogen flood. The 

permeability used in the calculations was the one derived from analysis of data using 

Forchheimer equation. This permeability is also reported in Table A4-2.  

The oven was brought to temperature. Since the solubility of calcite decreases 

with temperature it was decided to add the water to the core when it was hot. For 25% 

initial water saturation the volume of brine was calculated, 4.3 cc, and was loaded into a 

tube loop with a valve on each side. It was then pressurized using nitrogen to avoid 

evaporation upon heating. The loop was connected to the top of the core and after heating 

the brine was pushed through the core by flowing nitrogen through the loop. Next day 

nitrogen was injected into the core to distribute the brine and also to measure the gas 

permeability at the initial water saturation. Multiple flow rates were tried. Figure A4-2 
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shows the pressure drop across the core for this flood. The data is summarized in Table 

A4-3. 

The pre-treatment condensate flood was conducted using a synthetic fluid at 177 

oF at two different flow rates. The composition of this fluid is given in Table A4-4. Table 

A4-5 summarizes the pressure settings as well as the gas and condensate properties for 

the pre-treatment condensate flood. Figure A4-3 shows the pressure drop across the core 

for this flood. The results of pre-treatment gas-condensate flood, flow rates, pressure 

drops, and relative permeabilities, are summarized in Table A4-6. A preflush of 

dopamine composed of 90% IPA and 10% brine by volume was made. The pH of the 

solution was brought up to 8.5 by adding NaHCO3. Then 0.2% by mass dopamine 

hydrochloride was added to the solution. After heating for three hours 5 pore volumes of 

dopamine solution was injected into the core. Figure A4-4 shows the pressure drop across 

the core during dopamine preflush injection. The core was shut overnight. The effluent 

samples during this injection were light pink. The core was then treated with about 20 

pore volumes of the treatment solution with the composition given in Table A4-7. Figure 

A4-5 shows the pressure drop across the core for treatment flood. The pressure drop 

across the core increased gradually during treatment flood. The core was aged overnight. 

Before injecting the post-treatment condensate flood few more pore volumes of treatment 

was injected into the core. As is evident in Figure A4-5 the pressure drop was lower. No 

explanation was found for this low pressure drop.  The core was then flooded with the 

post-treatment gas-condensate flood at the same pressure settings as those used during 

pre-condensate flood. Figure A4-6 shows the pressure drop data across the core for the 

post-treatment condensate flood. The pressure drop during pre-treatment gas condensate 

flood, the blue curve, is also given in this figure for comparison purpose. Table A4-8 

summarizes the results.  
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To check the durability of the treatment and the improvement factor achieved, 

another gas condensate flood was performed on the core the following day. The 

improvement factor did not dropped too much. This encourages injecting more 

condensate. Each day a new accumulator of gas condensate was injected through the 

core. More that thousand pore volumes of gas condensate was flooded through the core. 

Figure A4-7 shows the changes in the improvement factor versus total pore volume of 

gas condensate mixture injected into the core. Although there was some decrease in the 

improvement factor, but after injection of more than thousand pore volumes the 

improvement factor was still around 1.6 which was considered as a successful and 

durable treatment. 

The methane was injected into the core to evaporate the condensate and measure 

the final permeability at some condensate residual saturation. Calculation showed that 

after injecting 300 pore volume of methane the gas effective permeability was close to 

90% of initial dry permeability. This was a good sign and indicated that the core 

permeability was not damaged by neither the preflush nor the treatment. Figure A4-8 

shows the pressure drop across the core during final methane injection. 
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Table A4-1: Core properties and pressure settings for nitrogen flood. 

Core Texas Cream Limestone 

Diameter, inches 1 

Length, inches 6.69 

Weight, gm 183.6 

Porosity*, % 20 

Swi, % 25 

BPR1 Setting, psig 3600 

BPR2 Setting, psig 846 
      * assumed. 

Table A4-2: Results for the nitrogen flood to measure dry permeability. 

Pump flow rate (cc/hr) Core flow rates (cc/hr) Average pressure drop (psi) k (md) 

100 378.6 6.65 14.42 

150 757.1 13.33 14.38 

300 1135.7 20.3 14.17 

400 1514.2 27.3 14.05 

500 1892.8 34.25 14.0 

Corrected permeability, md 14.7 

Table A4-3: Results for nitrogen injection at Swi=25%. 

Pump flow rate (cc/hr) Core flow rates (cc/hr) Average pressure drop (psi) krg 
100 619.8 15.1 0.78 
200 1239.6 30.4 0.77 
300 1859.4 45.9 0.77 
400 2479.2 61.9 0.76 
500 3099.0 78.5 0.75 

Corrected gas relative permeability at Swi 0.80 
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Table A4-4: Composition of synthetic fluid used for condensate. 

Component Mole% 

C1 86 

C3 6 

nC7 5 

nC10 3 

Table A4-5: Pressure settings and fluid properties for pre-treatment condensate. 

BPR-1, psi  4500  

BPR-2, psi 1200  
Density of gas phase 
(single-phase), g/cc 0.2862  

Temperature, °F 175  

  @  Core Condition Gas Phase Oil-Phase Gas Phase Oil-Phase 

Density, gm/cc 0.0601 0.5945 0.0601 0.5945 

Viscosity, cp 0.014 0.1822 0.014 0.1822 

Volume fraction 0.9506 0.0494 0.9506 0.0494 
IFT, dyne/cm 6.898 6.898 

PVT Ratio 1.48 1.48 

Table A4-6: Results for the pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 330.9 661.7 

qg_core, cc/hr 314.5 629.0 

qo_core, cc/hr 16.3 32.7 

dp, psia 60.0 104.0 

krg 0.068 0.079 

kro 0.046 0.053 

Nc 5.119E-06 8.873E-06 
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Table A4-7: Treatment composition. 

Component Mass % 

IPA 98 

C8 Chemical 2 
 

Table A4-8: Summary results for post-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 330.9 661.7 

qgas_core, cc/hr 314.5 629.0 

qoil_core, cc/hr 16.3 32.7 

Δp, psia 33.0 67.0 

krg 0.124 0.122 

kro 0.084 0.083 

Nc 2.82E-06 5.72E-06 

krg-treated / krg-untreated 1.82 1.55 
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Figure A4-1: Pressure drop during nitrogen injection to measure dry permeability. 
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Figure 4-2: Pressure drop across the core for nitrogen injection at Swi. 
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Figure A4-3: Pressure drop during pre-treatment gas-condensate flood. 
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Figure A4-4: Pressure drop across the core during IPA preflush injection. 
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Figure A4-5: Pressure drop across the core during treatment injection. 
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Figure A4-6: Pressure drop across the core during the first post-treatment condensate 
flood. 
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Figure A4-7: Improvement factor versus cumulative pore volumes injected. 
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Figure A4-8: Pressure drop across the core during final methane injection. 
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APPENDIX A5 - EXPERIMENT # 117 
 

Objective: 

The objective of this experiment was to evaluate the effectiveness of 3M 

Chemical FC-X to improve the gas and condensate relative permeability in a Texas 

Cream Limestone core in the presence of 12.5% initial water saturation. A pre-flush of 

dopamine was used to enhance the durability of treatment. The experiment was 

conducted at 177 oF. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A5-1 summarizes the properties of the core as well as the 

experimental conditions. Figure A5-1 shows the pressure drop across the core during 

nitrogen injection. Table A5-2 summarizes the results of the nitrogen flood. The 

permeability used in the relative permeability calculations was the one derived from 

analysis of data using Forchheimer equation. This permeability is also reported in Table 

A5-2.  

The oven was brought to temperature. Since the solubility of calcite decreases 

with temperature, it was decided to inject the water to the core when it was hot. For 

12.5% initial water saturation the volume of brine was calculated, 2.9 cc, and was loaded 

into a tube loop with a valve on each side. It was then pressurized to the core pressure 

using nitrogen to avoid evaporation upon heating. The loop was connected to the top of 

the core and after heating for an hour brine was pushed into the core by flowing nitrogen 

through the loop. The next day, nitrogen was injected into the core to distribute the brine 

and also to measure the gas permeability at the initial water saturation. Multiple flow 
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rates were tried. Figure A5-2 shows the pressure drop across the core during nitrogen 

injected to measure gas relative permeability at initial water saturation. The results are 

summarized in Table A5-3. 

The pre-treatment condensate flood was conducted using a synthetic fluid at 177 

oF at two different flow rates. The composition of this fluid is given in Table A5-4. Table 

A5-5 summarizes the pressure settings as well as the gas and condensate properties at 

core pressure for the pre-treatment gas condensate flood. Figure A5-3 shows the pressure 

drop across the core for this flood. The results of pre-treatment gas-condensate flood, 

flow rates, pressure drops, and relative permeabilities, are summarized in Table A5-6. To 

prepare the preflush, a solution composed of 90% IPA and 10% brine by volume was 

made. The pH of the solution was brought up to 8.5 by adding NaHCO3. Then 0.2% by 

mass of dopamine hydrochloride was added to the solution. After heating for twelve 

hours, 5 pore volumes of dopamine solution was injected into the core at the rate of 100 

cc/hr. Figure A5-4 shows the pressure drop across the core for dopamine preflush 

injection. The core was shut-in overnight. The effluent samples during this injection were 

light brown.300 cc treatment solution made from 2% FCC4430 in 98% solvent of 2BE-

EtOH (70-30 by mass) was prepared. It was put in the oven to heat up overnight. The 

core was then treated with approximately 17 pore volumes of the treatment solution. 

Figure A5-5 shows the pressure drop across the core for treatment flood. The pressure 

drop across the core leveled off quickly and remained constant. The core was aged 

overnight. The core was then flooded with the post-treatment gas-condensate flood at the 

same pressure settings as those used for the pre-treatment gas condensate flood. Figure 

A5-6 shows the pressure drop across the core for the post-treatment condensate flood. 

The pressure drop during pre-treatment is also provided in this figure for comparison 



 312 

purpose. Table A5-7 summarizes the results. The improvement factors were not 

promising.  

Plan was to measure the final permeability to methane. Before injecting methane, 

it was necessary to inject some methanol to remove the water, possibly got into the core 

at the end of post-treatment flood. This possibility was noticed by a high pressure spike in 

the pressure drop at the end of post-treatment gas condensate flood. After injecting 

approximately eleven pore volumes of methanol, hot methane was injected into the core 

to evaporate the condensate and measure the final permeability at some condensate 

residual saturation. Calculation showed the permeability to methane was approximately 

80% of original permeability. Therefore, there was no damage to the core permeability. 

Figure A5-7 shows the pressure drop across the core during final methane injection.  
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Table A5-1: Core properties and pressure settings for nitrogen flood. 

Core Texas Cream Limestone 

Diameter, inches 1 

Length, inches 6.48 

Weight, gm 163 

Porosity, % 28 

Swi, % 13 

BPR1 Setting, psig 2975 

BPR2 Setting, psig 1015 
       

Table A5-2: Results for the nitrogen flood to measure dry permeability. 

Pump flow rate (cc/hr) Core flow rates (cc/hr) Average pressure drop (psi) k (md) 

100 274.9 5.95 11.95 

200 549.9 11.96 11.89 

300 824.8 18.12 11.77 

400 1099.7 24.46 11.63 

500 1374.7 30.80 11.54 

Corrected permeability, md 12.11 

Table A5-3: Results for nitrogen injection at Swi=12.5%. 

Pump flow rate (cc/hr) Core flow rates (cc/hr) Average pressure drop (psi) krg 
400 1282.3 32.9 0.94 
500 1602.9 41.7 0.93 

Corrected gas relative permeability at Swi 0.93 
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Table A5-4: Composition of synthetic gas condensate used. 

Component Mole% 

C1 86 

C3 6 

nC7 5 

nC10 3 

Table A5-5: Pressure settings and fluid properties for pre-treatment condensate. 

BPR-1, psi  4465  

BPR-2, psi 1200  
Density of gas phase 
(single-phase), g/cc 

0.2738 
  

Temperature, °F 177  

  @  Core Condition Gas Phase Oil-Phase Gas Phase Oil-Phase 

Density, gm/cc 0.0566 0.605 0.0601 0.5945 

Viscosity, cp 0.0147 0.2305 0.014 0.1822 

Volume fraction 0.9552 0.0448 0.9506 0.0494 
IFT, dyne/cm 7.529 6.898 
PVT Ratio 1.36 1.36 

Table A5-6: Results for the pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 337.32 674.65 

qg_core, cc/hr 322.21 644.42 

qo_core, cc/hr 15.11 30.22 

dp, psia 69.50 126.00 

krg 0.075 0.082 

kro 0.055 0.061 

Nc 4.62E-06 8.37E-06 
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Table A5-7: Summary of post-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 314.45 628.91 

qgas_core, cc/hr 298.92 597.84 

qoil_core, cc/hr 15.53 31.07 

Δp, psia 44.00 87.90 

krg 0.104 0.104 

kro 0.070 0.071 

krg-treated / krg-untreated 1.40 1.27 
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Figure A5-1: Pressure drop during nitrogen injection to measure dry permeability. 
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Figure A5-2: Pressure drop across the core for nitrogen injection at Swi. 
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Figure A5-3: Pressure drop across the core during pre-treatment gas-condensate flood. 
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Figure A5-4: Pressure drop across the core during Amine preflush injection. 
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Figure A5-5: Pressure drop across the core during treatment injection. 
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Figure A5-6: Pressure drop across the core during the post-treatment gas condensate 
flood. 
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Figure A5-7: Pressure drop across the core during final methane injection. 
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APPENDIX A6 - EXPERIMENT # 139 
 

Objective: 

The objective of this experiment was to evaluate the effectiveness of 3M 

Chemical L20294 to improve the gas and condensate relative permeability in Texas 

Cream Limestone core in the presence of zero initial water saturation. The experiment 

was conducted at temperature of 175 oF. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting methane at 

room temperature. Table A6-1 summarizes the properties of the core as well as the 

experimental conditions. Figure A6-1 shows the pressure drop across the core during 

methane injection. Table A6-2 summarizes the results of the methane injection. The core 

dry permeability was also measured at experiment temperature of 175 oF. Measurements 

at the two temperatures were comparable. The value of permeability used in relative 

permeability calculations was the average permeability from all flow rates measured at 

room temperature, 13.74 md. This permeability is also reported in Table A6-2.  

The pre-treatment condensate flood was conducted at 175 oF at two different flow 

rates. The composition of synthetic fluid used is given in Table A6-3. Table A6-4 

summarizes the pressure settings as well as the gas and condensate properties at core 

condition for the pre-treatment gas-condensate flood. Figure A6-2 shows the pressure 

drop across the core for this flood. The results of pre-treatment gas-condensate flood, 

flow rates, pressure drops, and relative permeabilities, are summarized in Table A6-5. 

The value of relative permeabilities for the range of capillary number experienced was 
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high compare to what have been seen before. This flood was repeated again. The relative 

permeabilities for the second flood were comparable to the first flood. 

The core was then treated with approximately 20 pore volumes of the treatment 

solution with the composition given in Table A6-6. Figure A6-3 shows the pressure drop 

across the core for the treatment injection. The core was then aged overnight then was 

flooded with the first post-treatment gas-condensate flood at the same pressure settings as 

those under which the pre-condensate flood was performed. Figure A6-4 shows the 

pressure drop across the core for the post-treatment gas-condensate flood. As it is clear 

from the pressure data, the flow direction was reversed, bottom-up, at the end of this 

flood to remove any possible face plugging. The pressure drop was higher compared to 

the same flow rate in the normal direction, downward. This higher pressure drop was 

possibly due to gravity effect. Table A6-7 summarizes the results. The results did not 

show any improvement. 
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Table A6-1: Core properties and pressure settings for methane flood. 

Core Texas Cream Limestone 

Diameter, inches 1 

Length, inches 8 

Weight, gm 201.7 

Porosity, % 28 

Swi, % 0 

BPR1 Setting, psig 1716 

BPR2 Setting, psig 1007 

Table A6-2: Results for the methane flood to measure dry permeability. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 179.4 2.75 13.67 

200 358.8 5.43 13.84 

300 538.1 8.20 13.75 

400 717.5 10.95 13.73 

500 896.9 13.70 13.72 

Average permeability, md 13.74 

Table A6-3: Composition of synthetic fluid used for condensate. 

Component Mole% 

C1 86 

C3 6 

nC7 5 

nC10 3 



 323 

Table A6-4: Pressure settings and fluid properties for pre-treatment gas-condensate flood. 

BPR-1, psi  4500 

BPR-2, psi 1150 

Density of gas phase (single-phase), g/cc 0.2869 

Temperature, °F 175 

  @ Core Condition Gas Phase Oil-Phase 

Density, gm/cc 0.0567 0.5986 

Viscosity, cp 0.0146 0.2199 

Liquid dropout fraction 0.9533 0.0467 

IFT, dyne/cm 7.321 
PVT Ratio 1.45 

Table A6-5: Results for the pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 349.85 699.70 

qgas_core, cc/hr 333.51 667.02 

qoil_core, cc/hr 16.34 32.68 

Δp, psia 37 79 

krg 0.157 0.158 

kro 0.116 0.116 

Nc 2.33E-06 4.96E-06 

Table A6-6: Treatment composition. 

Component Mass % 

2BE 68.6 

EtOH 29.4 

L20294 2 
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Table A6-7: Summary of results for the post-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 353.1 706.3 

qgas_core, cc/hr 336.7 673.3 

qoil_core, cc/hr 16.5 33.0 

Δp, psia 38.0 77.0 

krg 0.154 0.152 

kro 0.114 0.112 

Nc 2.39E-06 4.84E-06 

krg-treated / krg-untreated 1.05 1.04 
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Figure A6-1: Pressure drop during methane injection to measure dry permeability. 
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Figure A6-2: Pressure drop during pre-treatment gas-condensate flood. 
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Figure A6-3: Pressure drop across the core during treatment injection. 
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Figure A6-4: Pressure drop across the core for the post-treatment gas-condensate flood. 
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APPENDIX A7 - EXPERIMENT # 140 
 

Objective: 

The objective of this experiment was to evaluate the effectiveness of 3M 

Chemical L20294 to improve the gas and condensate relative permeability in a Texas 

Cream Limestone core in the presence of 16% initial water saturation. This experiment 

was conducted at 175 oF. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A7-1 summarizes the properties of the core as well as the 

experimental conditions for dry permeability measurement. Figure A7-1 shows the 

pressure drop across the core during nitrogen injection. Table A7-2 summarizes the 

results of the nitrogen injection. The permeability used in the calculations was the 

average permeability from all flow rates. This permeability is also reported in Table A7-

2. The oven temperature was increased to 175 oF. Dry permeability was measured at 

temperature. Results for permeability measurement at 175 oF are summarizes in Table 

A7-3. Figure A7-2 shows the pressure drop data during nitrogen injection at temperature. 

 To introduce the initial water saturation, 4.1 cc brine was loaded to a loop with a 

valve of each side and pressurized using nitrogen to 1000 psi. The brine was 30,000 ppm 

NaCl plus an appropriate amount of calcium salt to prevent rock dissolution. The loop 

was connected to the top of the core. After one hour, the brine was injected into the core 

using nitrogen injected through the loop. The core was then flooded with approximately 

800 cc humidified nitrogen to distribute the brine more evenly in the core. The gas 

relative permeability at initial water saturation was measured by injecting more nitrogen 
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through the core at different flow rates. Table A7-4 summarizes the results. The relative 

gas permeability was calculated to be 0.9. Figure A7-3 show the pressure drop across the 

core during nitrogen injection. 

The pre-treatment gas condensate flood was conducted at 175 oF at two different 

flow rates. Synthetic gas condensate Mixture#1 (see Chapter 3 for composition) was 

used.  Table A7-5 summarizes the pressure settings as well as the gas and condensate 

properties at the core condition for the pre-treatment gas-condensate flood. Figure A7-4 

shows the pressure drop across the core for this flood. The results of pre-treatment gas-

condensate flood, flow rates, pressure drops, and relative permeabilities, are summarized 

in Table A7-6.  

The core was then treated with approximately 20 pore volumes of the treatment 

solution injected at the rate of 100 cc/hr. The composition of the treatment solution is 

given in Table A7-7. Figure A7-5 shows the pressure drop across the core for treatment 

injection. The core was then aged overnight before being flooded by the first post-

treatment gas-condensate at the same pressure settings as those under which the pre-

condensate flood was performed. Figure A7-6 shows the pressure drop across the core for 

the first post-treatment gas-condensate flood. Table A7-8 summarizes the results. It is not 

clear why the improvement factors are different for the two flow rates although the 

capillary numbers do not differ too much. It was not also clear why the pressure drop data 

for the post-treatment floods, for 200 cc/hr flow rate, was noisy. 

It was decided to continue gas-condensate injection to evaluate the durability of 

the improvement. Two more accumulators of gas-condensate were injected into the core 

under the same pressure settings and flow rate conditions as those used in the first post-

treatment flood.  Figure A7-7 shows the improvement factor for different pore volumes 
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of gas-condensate flooded through the core. The improvement factor decreased as more 

gas-condensate was injected into the core. 

Hot methane was injected into the core to displace and evaporate the condensate 

and to measure the core final permeability. At the end of the methane flood, the measured 

permeability was equal to the original core permeability. This showed that there was no 

damage to the core permeability due to treatment or interaction between fluids and the 

fluids and the rock. Figure A7-8 compares the consistency of different batches of gas 

condensate mixture injected into the core. 
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Table A7-1: Core properties and pressure settings for nitrogen flood. 

Core Texas Cream Limestone 

Diameter, inches 1 

Length, inches 8 

Weight, gm 186.4 

Porosity, % 25.1 

Swi, % 16 

BPR1 Setting, psig 3380 

BPR2 Setting, psig 950 

Table A7-2: Results for nitrogen injection to measure dry permeability - 75 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 326.4 5.1 20.33 

200 652.8 10.3 20.23 

300 979.2 15.6 19.94 

400 1305.6 21.1 19.65 

500 1632.0 26.7 19.41 

Average permeability, md 19.9 

Table A7-3: Results for nitrogen flood to measure dry permeability - 175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 338.8 6.1 19.91 

200 677.5 12.7 19.13 

300 1016.3 19.0 19.18 

400 1355.0 25.4 19.13 

500 1693.8 32.2 18.86 

Average permeability, md 19.6 
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Table A7-4: Results for nitrogen flood to measure relative permeability at Swi. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

200 677.5 14.0 0.89 

400 1355.0 28.5 0.87 

600 2032.6 43.4 0.86 

800 2710.1 59.2 0.84 

1000 3387.6 76.0 0.72 

Relative gas permeability at initial water saturation 0.91 

Table A7-5: Pressure settings and fluid properties for the pre-treatment gas-condensate 
flood. 

BPR-1, psi  4460 

BPR-2, psi 1150 

Density of gas phase (single-phase), 
g/cc 

0.2853 

Temperature, °F 175 

Fluid properties @ core condition 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 

Density, gm/cc 0.0578 0.5974 0.0562 0.5962 

Viscosity, cp 0.0146 0.2182 0.0147 0.2166 

Liquid dropout fraction 0.9523 0.0477 0.9513 0.0487 

IFT, dyne/cm 7.321 7.065 

PVT Ratio 1.34 1.33 
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Table A7-6: Results for the pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 341.5 691.7 

qgas_core, cc/hr 325.2 658.0 

qoil_core, cc/hr 16.29 33.68 

Δp, psia 41.00 79.00 

krg 0.095 0.104 

kro 0.071 0.079 

Nc 3.73E-06 7.45E-06 

Table A7-7: Treatment composition. 

Component Mass % 

2BE 68.6 

EtOH 29.4 

L20294 2 

Table A7-8: Summary of post-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 347.9 695.8 

qgas_core, cc/hr 331.7 663.3 

qoil_core, cc/hr 16.2 32.5 

Δp, psia 24.5 52.0 

krg 0.162 0.153 

kro 0.120 0.113 

krg-treated / krg-untreated 1.71 1.47 
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Figure A7-1: Pressure drop during nitrogen injection to measure dry permeability - 75 oF. 
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Figure A7-2: Pressure drop during nitrogen injection to measure dry permeability - 175 
oF. 
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Figure A7-3: Pressure drop during nitrogen injection to measure gas relative permeability 
at initial water saturation - 175 oF. 

0

30

60

90

0 20 40 60 80 100 120 140 160

Pore Volume Injected

P
re

ss
u

re
 d

ro
p

, p
si

a

q_core = 348 cc/hr
krg = 0.097
kro = 0.072
Nc = 3.73 E-6

q_core = 696 cc/hr
krg = 0.104
kro = 0.077
Nc = 7.19 E-6

 

Figure A7-4: Pressure drop during pre-treatment gas-condensate flood. 
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Figure A7-5: Pressure drop across the core during treatment injection. 
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Figure A7-6: Pressure drop across the core for the first post-treatment gas-condensate 
flood. 
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Figure A7-7: Change in improvement factor with cumulative gas-condensate injected. 
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Figure A7-8: Mass of liquid condensate collected at the outlet versus mass of gas 
condensate mixture injected. 
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APPENDIX A8 - EXPERIMENT # 142 
 

Objective: 

To examine the effectiveness of the Chemical L-20294 to reduce the impairment 

due to condensate blocking in a TCL core in the presence of 15% initial water saturation. 

The experiment was conducted at the temperature of 175 oF. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A8-1 summarizes the properties of the core as well as the 

experimental conditions for permeability measurement at ambient conditions. Figure A8-

1 shows the pressure drop across the core during nitrogen injection. Table A8-2 

summarizes the results of the nitrogen flood. The core dry permeability was also 

measured at experiment temperature of 175 oF. Figure A8-2 shows the pressure drop 

across the core for different flow rates at this temperature. Table A8-3 summarizes the 

results for dry permeability measurement at 175 oF. The difference between the average 

permeabilities in these two measurements was small. The average permeability of 4.94 

md was used in relative permeability calculations. There is a little increase in the 

calculated permeability as the flow rate was increased for measurements at both 

temperatures.  

Since the solubility of calcite decreases with increase in temperature; it was 

decided to inject the brine to the core when both were at temperature. The volume of 

brine required to establish 15% initial water saturation, 3.9 cc, in the core was calculated 

and loaded into a tube loop with a valve on each side. It was then pressurized using 

nitrogen to the core pressure to avoid evaporation upon heating. The loop was connected 
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to the top of the core and after heating, the brine was pushed into the core by flowing 

nitrogen through the loop. Then nitrogen was injected into the core to distribute the brine 

more homogeneously and also to measure the gas permeability at the initial water 

saturation (BPR1 = 4450 and BPR2 =1150 psig). Different flow rates were injected. 

Figure A8-3 shows the pressure drop across the core for nitrogen injection at initial water 

saturation. The data is summarized in Table A8-4.  The pre-treatment gas-condensate 

flood was performed using Mixture#1 fluid (see Chapter 3 for composition) at 175 oF at 

two different flow rates. Table A8-5 summarizes the pressure settings as well as the gas 

and condensate properties for this pre-treatment gas condensate flood. Figure A8-4 shows 

the pressure drop across the core for this flood. The results of the first pre-treatment gas-

condensate flood, flow rates, pressure drops, and relative permeabilities, are summarized 

in Table A8-6.  

The pre-treatment volatile oil flood was conducted using a synthetic composition 

given in Table A8-7. This was conducted at two pump injection rates of 50 and 100 cc/hr. 

The pressure settings and fluid properties for this flood are summarized in Table A8-8. 

Figure A8-5 shows the pressure drop for the pre-treatment volatile oil injection. Table 

A8-9 summarizes the data. 

500 cc of a treatment solution was loaded into an accumulator and put in the oven. 

The injection was started immediately. Composition of the treatment solution is given in 

Table A8-10. The core was treated with approximately 17 pore volumes of the treatment 

solution injected at the rate of 50 cc/hr. Figure A8-6 shows the pressure drop across the 

core for treatment injection. The increasing trend of pressure drop clearly shows 

damaging the core permeability. 

The core was aged overnight then was flooded with the post-treatment gas-

condensate at the same pressure settings as those used for the pre-treatment condensate 
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flood. Figure A8-7 shows the pressure drop across the core for the post-treatment gas-

condensate flood. The pressure drops for the pre-treatment gas-condensate flood are also 

shown for comparison purpose, the blue curve. Table A8-11 summarizes the results. The 

result for post-treatment volatile oil injection, only the first flow rate was tried, is 

summarized in Table A8-12. Figure A8-8 shows the pressure drop across the core for the 

volatile oil flood after treatment. Results for post-treatment volatile oil flood are 

summarized in Table A8-13. There was no improvement in either gas condensate or 

volatile oil cases. 

To evaluate the possible damage to the core, it was decided to measure the core 

permeability by injecting methane. Approximately 80 pore volumes of hot methane were 

injected into the core at different flow rates. As it is seen in Figure A8-9 the calculated 

relative permeability was about 0.75, slightly less than expected, minimum 0.8.  

Although the effective permeability to methane was slightly low, it was decided 

to retreat the core using the same treatment solution. This second treatment was injected 

at the rate of 15 cc/hr while the pressure drop was comparable to first treatment with 

injection rate of 50 cc/hr. After injecting 6 pore volumes it was decided to stop the 

injection and terminate the experiment. Figure A8-10 shows the pressure drop data for 

second treatment injection.  The mass of effluent liquid collected during pre- and post-

treatment condensate floods are shown versus PV injected in Figure A8-11. 
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Table A8-1: Core properties and pressure settings for nitrogen flood at 75 oF. 

Core Texas Cream Limestone 

Diameter, inches 0.996 

Length, inches 8.0 

Weight, gm 204.5 

Porosity, % 25.3 

Swi, % 15 

BPR1 Setting, psig 3360 

BPR2 Setting, psig 980 

Table A8-2: Results for the nitrogen flood to measure dry permeability at 75 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 314.7 20.3 4.95 

200 629.4 39.3 5.11 

300 944.1 59.1 5.10 

400 1258.8 78.2 5.14 

500 1573.5 97.4 5.16 

Average permeability, md 5.09 

Table A8-3: Results for the nitrogen flood to measure dry permeability at 175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 325.4 24.1 4.86 

200 650.8 47.8 4.90 

300 976.2 71.1 4.94 

400 1301.6 94.2 4.98 

500 1627.0 116.2 5.04 

Average permeability, md 4.94 
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Table A8-4: Results for nitrogen injection to measure gas relative permeability at 
Swi=15%. 

Pump flow rate 
(cc/hr) 

Core flow rate 
(cc/hr) 

Average pressure drop 
(psi) krg 

100 338.8 27.2 0.90 
200 677.5 54.7 0.90 
300 1016.3 79.8 0.92 
400 1355.0 107.0 0.92 

Table A8-5: Pressure settings and fluid properties for the pre-treatment condensate. 

BPR-1, psi  4433  

BPR-2, psi 1193 
Density of gas phase 
(single-phase), g/cc 

0.2848 
  

Temperature, °F 175  

  @  Core Condition Gas Phase Oil Phase Gas Phase Oil Phase 

Density, gm/cc 0.059 0.5961 0.0632 0.5916 

Viscosity, cp 0.0147 0.2163 0.0149 0.21 

Volume fraction 0.9512 0.0488 0.9473 0.0527 
IFT, dyne/cm 7.046 6.571 
PVT Ratio 1.32 1.28 

Table A8-6: Results for the pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 50 100 

qtotal_core, cc/hr 167.12 312.81 

qgas_core, cc/hr 158.96 296.32 

qoil_core, cc/hr 8.16 16.48 

Δp, psia 64.50 129.00 

krg 0.120 0.113 

kro 0.091 0.089 

Nc 1.57E-06 3.37E-06 
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Table A8-7: Composition of synthetic volatile oil. 

Component Mole %  
C1 75 
C3 12 
nC7 9 
nC10 4 

Table A8-8: Pressure settings and fluid properties for the pre-treatment volatile oil. 

BPR-1, psi  4433  

BPR-2, psi 1193 
Density of oil phase 
(single-phase), g/cc 0.3584 

Temperature, °F 175  

  @  Core Condition Gas Phase Oil Phase Gas Phase Oil Phase 

Density, gm/cc 0.0681 0.5693 0.0703 0.567 

Viscosity, cp 0.0141 0.1485 0.0A8 0.1458 

Volume fraction 0.8943 0.1057 0.8901 0.1099 
IFT, dyne/cm 5.554 5.335 
PVT Ratio 0.8 0.79 

Table A8-9: Results for the pre-treatment volatile oil flood. 

q_pump, cc/hr 50 100 

qtotal_core, cc/hr 148.01 286.98 

qgas_core, cc/hr 132.36 255.44 

qoil_core, cc/hr 15.64 31.54 

Δp, psia 85.00 158.00 

krg 0.071 0.074 

kro 0.088 0.094 

Nc 2.07E-06 4.70E-06 
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Table A8-10: Summary of post-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 50 100 

qtotal_core, cc/hr 173.95 313.36 

qgas_core, cc/hr 165.83 296.84 

qoil_core, cc/hr 8.12 16.51 

Δp, psia 65.00 130.00 

krg 0.120 0.113 

kro 0.088 0.088 

krg-treated / krg-untreated 1.0 0.99 

Table A8-11: Summary of post-treatment two-phase volatile oil flood. 

q_pump, cc/hr 50 

qtotal_core, cc/hr 148.01 

qgas_core, cc/hr 132.36 

qoil_core, cc/hr 15.64 

Δp, psia 85.00 

krg 0.071 

kro 0.088 

krg-treated / krg-untreated 1.0 

Table A8-12: Composition of second treatment. 

Component Mass % 

2BE-EtOH 68.6 

EtOH 29.4 

L-20294 2 
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Figure A8-1: Pressure drop during nitrogen injection - 75 oF. 
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Figure A8-2: Pressure drop during nitrogen injection -175 oF. 
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Figure A8-3: Pressure drop across the core during krg measurement at Swi=15%. 
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Figure A8-4: Pressure drop across the core during the pre-treatment gas-condensate. 



 346 

0

20

40

60

80

100

120

140

160

180

0 10 20 30 40 50 60

Pore Volume Injected

P
re

ss
u

re
 d

ro
p

, p
si

a

q_core = 154 cc/hr
krg = 0.077
kro= 0.107
Nc = 2.06 E-6

q_core =307 cc/hr
krg = 0.083
kro= 0.115
Nc = 4.46 E-6

 

Figure A8-5: Pressure drop across the core during the pre-treatment volatile oil injection. 
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Figure A8-6: Pressure drop across the core during first treatment injection. 
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Figure A8-7: Pressure drop across the core for the post-treatment condensate flood. 
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Figure A8-8: Pressure drop across the core for the post-treatment volatile oil flood. 
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Figure A8-9: Pressure drop across the core during methane injection. 
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Figure A8-10: Pressure drop across the core during second treatment injection. 



 349 

0

10

20

30

40

50

60

0 50 100 150 200 250 300

Mass of Gas Condensate Mixture Injected, gm

M
as

s 
o

f 
liq

u
id

 c
o

lle
ct

ed
 a

t 
th

e 
ef

fl
u

en
t,

 g
m

Pre-treatment Condensate

Post-treatment Condensate

 

Figure A8-11: Mass of condensate liquid collected at outlet versus mass of gas 
condensate mixture injected for all mixtures. 
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APPENDIX A9 - EXPERIMENT # 149 
 

Objective: 

To examine the effectiveness of the Chemical L-20294 to reduce the impairment 

due to condensate blocking in a TCL core in the presence of 25% initial water saturation. 

The experiment was conducted at the temperature of 175 oF. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

both room temperature and at 175 oF. Table A9-1 summarizes the properties of the core 

as well as the experimental conditions for permeability measurement at ambient 

conditions. Figure A9-1 shows the pressure drop across the core during nitrogen 

injection. Table A9-2 summarizes the results of the nitrogen flood at room temperature.  

The core dry permeability was also measured at experiment temperature of 175 

oF. Figure A9-2 shows the pressure drop across the core for different flow rates during 

this flooding. There was a little increase in the calculated permeability as the flow rate 

was increased. Table A9-3 summarizes the results for dry permeability measurement at 

175 oF. The difference between average permeabilities in these two measurements was 

small. The average permeability of 3.3 md was used in the relative permeability 

calculations.  

Since the solubility of calcite decreases with increase in temperature; it was 

decided to inject the brine to the core when brine and core were both at temperature. The 

volume of brine required to establish 25% initial water saturation, 5.2 cc, in the core was 

calculated and loaded into a tube loop with a valve on each side. It was then pressurized 

using nitrogen to the core pressure to avoid evaporation upon heating. The loop was 
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connected to the top of the core and after heating, the brine was pushed into the core by 

flowing nitrogen through the loop. Then nitrogen was injected into the core to distribute 

the brine more homogeneously and also to measure the gas permeability at the initial 

water saturation (BPR1 = 4025 and BPR2 =1205 psig). Injection was conducted at 

different flow rates. Figure A9-3 shows the pressure drop across the core for nitrogen 

injection to measure krg at Swi. The results are summarized in Table A9-4.   

The pre-treatment gas-condensate flood was performed using Mixture#1 fluid 

(see Chapter 3 for composition) at 175 oF at a single flow rate. Table A9-5 summarizes 

the pressure settings as well as the gas and condensate properties for this pre-treatment 

gas condensate flood. Figure A9-4 shows the pressure drop across the core for this flood. 

The results of the first pre-treatment gas-condensate flood, flow rates, pressure drops, and 

relative permeabilities, are summarized in Table A9-6.  

240 gm of a treatment solution was loaded into an accumulator and put in the 

oven. The injection was started immediately. The composition of the treatment solution is 

given in Table A9-7. The core was treated with approximately 10 pore volumes of the 

treatment solution injected at the rate of 25 cc/hr. Figure A9-5 shows the pressure drop 

across the core for treatment flood. The pressure drop has an increasing trend. 

The core was aged overnight then was flooded with the first post-treatment gas-

condensate at the same pressure settings as those used for the pre-treatment condensate 

flood. However, the pump injection rate was mistakenly higher, 50 cc/hr for post-

treatment versus 40 cc/hr for pre-treatment. Figure A9-6 shows the pressure drop across 

the core for the first post-treatment gas-condensate flood. The pressure drop for the pre-

treatment gas-condensate flood is also shown for comparison purpose, the blue curve. 

Table A9-8 summarizes the results.  
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Since the improvement factor was high, it was decided to inject more gas 

condensate mixture through the core to assess the durability of the treatment. Total of 226 

pore volumes of gas condensate mixture was injected into the core subsequent to 

treatment. Figure A9-7 shows a bar chart plot of changes in improvement factor with 

cumulative pore volume of injected gas condensate mixture. 

To evaluate the possible damage to the core, it was decided to measure its 

permeability by injecting methane. Approximately 200 pore volumes of hot methane was 

injected into the core at different flow rates. As it is seen in Figure A9-8 the calculated 

relative permeability was greater than 0.8.  This was considered as sign of no damage to 

the core permeability. The mass of effluent liquid collected during pre- and post-

treatment condensate floods are shown versus PV injected in Figure A9-9. The 

consistency between different gas condensate mixtures is evident. 
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Table A9-1: Core properties and pressure settings for nitrogen flood at 75 oF. 

Core Texas Cream Limestone 

Diameter, inches 0.996 

Length, inches 6.965 

Weight, gm 207 

Porosity, % 23.4 

Swi, % 25 

BPR1 Setting, psig 3216 

BPR2 Setting, psig 1008 

Table A9-2  Results for the nitrogen flood to measure dry permeability at 75 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 282.4 24.5 3.24 

50 141.2 12.0 3.30 

150 423.6 36.6 3.25 

Average permeability, md 3.24 

Table A9-3: Results for the nitrogen flood to measure dry permeability at 175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

50 149.7 15.0 3.16 

100 299.5 28.8 3.30 

150 449.2 42.8 3.32 

Average permeability, md 3.26 
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Table A9-4: Results for nitrogen injection at Swi=25%. 

Pump flow rate 
(cc/hr) 

Core flow rate 
(cc/hr) 

Average pressure drop 
(psi) krg 

240 718.8 87.0 0.79 
150 449.2 53.7 0.80 
100 299.5 35.5 0.81 
50 149.7 17.5 0.82 

Table A9-5: Pressure settings and fluid properties for the pre-treatment condensate. 

BPR-1, psi  4430  

BPR-2, psi 1225 
Density of gas phase 
(single-phase), g/cc 

0.2848 
  

Temperature, °F 175  

  @  Core Condition Gas Phase Oil Phase 

Density, gm/cc 0.0638 0.5927 

Viscosity, cp 0.0A9 0.2113 

Volume fraction 0.9469 0.0531 
IFT, dyne/cm 6.577 
PVT Ratio 1.26 

Table A9-6: Results for the pre-treatment two-phase gas-condensate flood.  

q_pump, cc/hr 40 

qtotal_core, cc/hr 123.8 

qgas_core, cc/hr 117.2 

qoil_core, cc/hr 6.57 

Δp, psia 111.00 

krg 0.069 

kro 0.055 

Nc 2.14E-06 
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Table A9-7: Treatment composition. 

Component Mass % 

2BE-EtOH 68.6 

EtOH 29.4 

L-20294 2 

Table A9-8: Summary of post-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 50 

qtotal_core, cc/hr 156.9 

qgas_core, cc/hr 148.7 

qoil_core, cc/hr 8.2 

Δp, psia 80.0 

krg 0.121 

kro 0.095 

krg-treated / krg-untreated 1.76 
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Figure A9-1: Pressure drop across the core during nitrogen injection - 75 oF. 
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Figure A9-2: Pressure drop across the core during nitrogen injection - 175 oF. 
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Figure A9-3: Pressure drop across the core during Nitrogen relative permeability 
measurement at Swi=25%. 
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Figure A9-4: Pressure drop across the core during the pre-treatment gas-condensate 
flood. 
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Figure A9-5: Pressure drop across the core during treatment injection. 
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Figure A9-6: Pressure drop across the core for the first post-treatment condensate flood. 
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Figure A9-7: Changes in improvement factor with injecting more gas condensate. 
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Figure A9-8: Pressure drop across the core during methane injection. 
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Figure A9-9: Mass of condensate liquid collected versus mass of gas condensate mixture 
injected for all gas condensate floods. 
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APPENDIX A10 - EXPERIMENT # 151 
 

Objective: 

To examine the effectiveness of 3M Chemical L-20294 to reduce the impairment 

due to condensate blocking in a TCL core in the presence of 25% initial water saturation. 

The experiment was conducted at the temperature of 275 oF. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A10-1 summarizes the properties of the core as well as the 

experimental conditions for permeability measurement at ambient conditions. Figure 

A10-1 shows the pressure drop across the core during nitrogen injection at room 

temperature. Table A10-2 summarizes the results of the nitrogen flood at room 

temperature.  

The core dry permeability was also measured at experiment temperature of 275 

oF. Figure A10-2 shows the pressure drop across the core for different flow rates. Table 

A10-3 summarizes the results for dry permeability measurement at 275 oF. The 

difference between average permeabilities in these two measurements was small. The 

average permeability of 5.76 md was used in relative permeability calculations.  

Since the solubility of calcite decreases with increase in temperature; it was 

decided to inject the brine to the core when both were at temperature. The volume of 

brine required to establish 25% initial water saturation, 5.6 cc, in the core was calculated 

and loaded into a tube loop with a valve on each side. It was then pressurized using 

nitrogen to the core pressure to avoid evaporation upon heating. The loop was connected 

to the top of the core and after heating, the brine was pushed into the core by flowing 
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nitrogen through the loop. Then nitrogen was injected into the core to distribute the brine 

more homogeneously and also to measure the gas permeability at the initial water 

saturation (BPR1 = 3900 and BPR2 =1600 psig). Injection was conducted at different 

flow rates. Figure A10-3 shows the pressure drop across the core for nitrogen injected to 

measure gas relative permeability at initial water saturation. Table A10-4 summarizes the 

results related to krg measurement at initial water saturation.  Including Non-Darcy effect 

krg of 0.85 was calculated. 

The pre-treatment gas-condensate flood was performed using Mixture#2 fluid 

(see Chapter 3 for composition) at 275 oF at a single pump rate of 100 cc/hr. Table A10-5 

summarizes the pressure settings as well as the gas and condensate properties for this  

flood. Figure A10-4 shows the pressure drop across the core for this flood. The results of 

the pre-treatment gas-condensate flood, flow rates, pressure drops, and relative 

permeabilities, are summarized in Table A10-6.  

250 gm of a treatment solution was loaded into an accumulator and put in the 

oven. The injection was started immediately. Composition of the treatment solution is 

given in Table A10-7. The core was treated with approximately 11 pore volumes of the 

treatment solution injected at the rate of 60 cc/hr. Figure A10-5 shows the pressure drop 

across the core for treatment injection. The pressure drop reached a maximum, 107 psia, 

then leveled off at lower level at about 60 psia. 

The core was aged overnight then was flooded with the post-treatment gas-

condensate at the same flow rate and pressure settings as those used for the pre-treatment 

condensate flood. Figure A10-6 shows the pressure drop across the core for the post first 

treatment gas-condensate flood. The pressure drop for the pre-treatment gas-condensate 

flood is also shown for comparison purpose, the blue curve. Table A10-8 summarizes the 

results.  
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Since the improvement factor was low, it was decided to measure the 

permeability to methane as assess the possibility of retreating the core. Approximately 

100 pore volumes of methane were injected into the core at different flow rates. The 

calculated relative permeability was greater than 0.85. Figure A10-7 shows the pressure 

drop data. This was considered as a sign of no damage to the core.  

It was then decided to retreat the core. 300 gm of treatment, with the same 

composition as in the first treatment, was loaded into as accumulator and put in the oven. 

Approximately 12 pore volumes of treatment were injected into the core at the rate of 100 

cc/hr. The pressure drop showed an increasing trend toward the end of injection. Figure 

A10-8 shows the pressure drop versus pore volume of treatment injected. Similar to the 

first treatment, the core was aged overnight before being flooded with gas condensate. 

Figure A10-9 shows the pressure drop across the core for gas condensate flood after 

second treatment. The stabilized pressure drop for the gas condensate after second 

treatment; therefore the improvement factor increased from 1.22 to 1.48. The next 

morning approximately fifty pore volume of gas condensate was injected. The pressure 

drop increased and the improvement factor dropped to 1.24. A plot of pressure drop for 

all gas condensate floods is given in Figure A10-10. Since the improvement did not last it 

was decided to stop the experiment.  

Figure A10-11 shows the mass of effluent liquids collected during pre- and post-

treatment condensate floods are shown versus mass of gas condensate mixture injected 

into the core.  



 364 

Table A10-1: Core properties and pressure settings for nitrogen flood at 75 oF. 

Core Texas Cream Limestone 

Diameter, inches 0.996 

Length, inches 7.408 

Weight, gm 207 

Porosity, % 23.7 

Swi, % 25 

BPR1 Setting, psig 2270 

BPR2 Setting, psig 1119 

Table A10-2: Results for the nitrogen flood to measure dry permeability at 75 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 184.9 10.4 5.42 

200 369.7 21.1 5.34 

300 554.6 32.1 5.26 

400 739.4 43.6 5.17 

Average permeability, md 5.44 

Table A10-3: Results for the nitrogen flood to measure dry permeability at 275 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 222.3 14.8 5.66 

200 444.5 28.7 5.83 

300 666.8 43.9 5.72 

Average permeability, md 5.76 
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Table A10-4: Results for nitrogen injection at Swi=25%. 

Pump flow rate 
(cc/hr) 

Core flow rate 
(cc/hr) 

Average pressure drop 
(psi) krg 

100 223.2 17.1 0.85 
200 446.3 35.2 0.83 
300 669.5 54.2 0.81 
700 1562.2 134.0 0.76 

Table A10-5: Pressure settings and fluid properties for the pre-treatment condensate. 

BPR-1, psi  4480  

BPR-2, psi 1496 
Density of gas phase 
(single-phase), g/cc 

0.2506 
  

Temperature, °F 275  

  @  Core Condition Gas Phase Oil-Phase 

Density, gm/cc 0.0726 0.5523 

Viscosity, cp 0.0169 0.164 

Volume fraction 0.9508 0.0492 
IFT, dyne/cm 4.27 
PVT Ratio 2.0 

Table A10-6: Results for the pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 

qtotal_core, cc/hr 260.5 

qgas_core, cc/hr 247.7 

qoil_core, cc/hr 12.82 

Δp, psia 80.50 

krg 0.138 

kro 0.069 

Nc 3.93E-06 
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Table A10-7: Treatment composition. 

Component Mass % 

2BE-EtOH 68.6 

EtOH 29.4 

L-20294 2 

Table A10-8: Summary of post-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 

qtotal_core, cc/hr 262.6 

qgas_core, cc/hr 249.7 

qoil_core, cc/hr 12.9 

Δp, psia 66.5 

krg 0.169 

kro 0.085 

krg-treated / krg-untreated 1.22 
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Figure A10-1: Pressure drop across the core during nitrogen injection - 75 oF. 
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Figure A10-2: Pressure drop across the core during nitrogen injection -275 oF. 
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Figure A10-3: Pressure drop across the core during krg measurement at Swi=25%. 
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Figure A10-4: Pressure drop across the core during the pre-treatment gas-condensate. 
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Figure A10-5: Pressure drop across the core during first treatment injection. 
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Figure A10-6: Pressure drop across the core for the post first treatment condensate flood. 
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Figure A10-7: Pressure drop across the core during methane injection. 
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Figure A10-8: Pressure drop across the core during second treatment injection.  
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Figure A10-9: Pressure drop for the post second treatment condensate flood. 
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Figure A10-10: Pressure drop for the second gas condensate flood post second treatment. 
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Figure A10-11: Mass of condensate liquid collected versus mass of gas condensate 
mixture injected for all gas condensate floods. 
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APPENDIX A11 - EXPERIMENT # 152 
 

Objective: 

To examine the effectiveness of 3M Chemical L-20294 to reduce the impairment 

due to condensate blocking in a TCL core in the presence of 25% initial water saturation. 

The experiment was conducted at the temperature of 275 oF. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting methane at 

room temperature. Table A11-1 summarizes the properties of the core as well as the 

experimental conditions for permeability measurement at ambient conditions. Figure 

A11-1 shows the pressure drop across the core during methane injection at room 

temperature. Table A11-2 summarizes the results of the methane flood.  

The core dry permeability was also measured at the experiment temperature of 

275 oF by injecting nitrogen. Figure A11-2 shows the pressure drop across the core for 

different flow rates. Table 153-3 summarizes the results for dry permeability 

measurement at 275 oF using nitrogen. The difference between average permeabilities in 

these two measurements was small. The average permeability of 4.62 md was used in 

relative permeability calculations. There was a little increase in the calculated 

permeability as the flow rate was increased for measurements at both temperatures.  

Since the solubility of calcite decreases with increase in temperature; it was 

decided to inject the brine to the core when core and brine were both at temperature. The 

volume of brine required to establish 25% initial water saturation, 5.8 cc, in the core was 

calculated and loaded into a tube loop with a valve on each side. It was then pressurized 

using nitrogen to the core pressure to avoid evaporation upon heating. The loop was 



 374 

connected to the top of the core and after heating, the brine was pushed into the core by 

flowing nitrogen through the loop. Then nitrogen was injected into the core to distribute 

the brine more homogeneously and also to measure the gas permeability at the initial 

water saturation (BPR1 = 4370 and BPR2 =1320 psig). Injection was conducted at 

different flow rates. Figure A11-3 shows the pressure drop across the core for nitrogen 

injection at initial water saturation. Table A11-4 summarizes the results related to krg 

measurement at initial water saturation.   

The pre-treatment gas-condensate flood was performed using Mixture#2 fluid 

(see Chapter 3 for composition) at 275 oF at a single pump rate of 100 cc/hr. Table A11-5 

summarizes the pressure settings as well as the gas and condensate properties for this  

flood. Figure A11-4 shows the pressure drop across the core for this flood. The results for 

the pre-treatment gas-condensate flood, flow rates, pressure drops, and relative 

permeabilities, are summarized in Table A11-6.  

200 gm of a treatment solution was made, loaded into an accumulator, and put in 

the oven. The injection was started immediately. Composition of the treatment solution is 

given in Table A11-7. The core was treated with approximately 12 pore volumes of the 

treatment solution injected at the rate of 64 cc/hr. Figure A11-5 shows the pressure drop 

across the core for treatment injection. The pressure drop passed a hump then followed an 

increasing trend. 

The core was aged overnight then was flooded with the post-treatment gas-

condensate at the same flow rate and pressure settings as those used for the pre-treatment 

condensate flood. Figure A11-6 shows the pressure drop across the core for the post-

treatment gas-condensate flood. The pressure drop for the pre-treatment gas-condensate 

flood is also shown for comparison purpose, the blue curve. Table A11-8 summarizes the 

results. The pressure drop across the core for the post first treatment flood was different 
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in different directions as in specified in Figure A11-6. The immediate explanation was 

that the treatment plugged the face of the core. 

Since the improvement factor was marginal and also the pressure drop for post-

treatment condensate was different in different directions, it was decided to measure the 

permeability to methane. Approximately 60 pore volumes of methane were injected into 

the core at different flow rates. The calculated relative permeability was greater than 

0.75. Figure A11-7 shows the pressure drop data. This was considered as some damage to 

the core.  

 Although the core was damaged to some degree, it was then decided to retreat the 

core. 300 gm of treatment, with the same composition as that used in first treatment, was 

loaded into as accumulator and put in the oven. Approximately nine pore volumes of 

treatment were injected into the core at the rate of 24 cc/hr. The pressure drop not only 

showed an increasing trend toward the end of injection but also was much higher than 

expected comparing it with the pressure drop in the first treatment. Figure A11-8 shows 

the pressure drop versus pore volume of the second treatment injected. Similar to the first 

treatment, the core was aged overnight before being flooded with gas condensate. Figure 

A11-9 shows the pressure drop for gas condensate flood after second treatment. The 

pressure drop across the core for this gas condensate was higher than the pre-treatment 

gas condensate flood.  This was a clear indication of damage to the core due to the 

treatment.  

Figure A11-10 shows the mass of effluent liquids collected during pre- and post-

treatment condensate floods are shown versus mass of gas condensate mixture injected.  
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Table A11-1: Core properties and pressure settings for methane flood at 75 oF. 

Core Texas Cream Limestone 

Diameter, inches 0.991 

Length, inches 8.02 

Weight, gm 205.4 

Porosity, % 23.7 

Swi, % 25 

BPR1 Setting, psig 2395 

BPR2 Setting, psig 950 

Table A11-2: Results for the methane flood to measure dry permeability at 75 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

128 344.1 16.2 4.52 

192 516.1 24.0 4.56 

320 860.2 39.5 4.62 

448 1204.3 54.6 4.68 

Average permeability, md 4.57 

Table A11-3: Results for the nitrogen flood to measure dry permeability at 275 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

128 309.4 27.4 4.57 

192 464.1 41.2 4.56 

320 773.5 67.8 4.62 

448 1082.9 93.6 4.68 

Average permeability, md 4.62 
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Table A11-4: Results for nitrogen injection at Swi=25%. 

Pump flow rate 
(cc/hr) 

Core flow rate 
(cc/hr) 

Average pressure drop 
(psi) krg 

400 1178.5 128.0 0.81 
300 883.9 95.3 0.81 
200 589.3 63.8 0.81 
100 294.6 32.8 0.79 

Table A11-5: Pressure settings and fluid properties for the pre-treatment condensate. 

BPR-1, psi  4331  

BPR-2, psi 1517 
Density of gas phase 
(single-phase), g/cc 0.2459 

Temperature, °F 275  

  @  Core Condition Gas Phase Oil-Phase 

Density, gm/cc 0.0742 0.5505 

Viscosity, cp 0.0157 0.1228 

Volume fraction 0.9497 0.0503 
IFT, dyne/cm 4.142 
PVT Ratio 2.41 

Table A11-6: Results for the pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 96 

qtotal_core, cc/hr 240.5 

qgas_core, cc/hr 228.4 

qoil_core, cc/hr 12.10 

Δp, psia 90.00 

krg 0.144 

kro 0.060 

Nc 3.35E-06 
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Table A11-7: Treatment composition. 

Component Mass % 

2BE-EtOH 68.6 

EtOH 29.4 

L-20294 2 

Table A11-8: Summary of post-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 96 

qtotal_core, cc/hr 243.6 

qgas_core, cc/hr 231.8 

qoil_core, cc/hr 11.8 

Δp, psia 71.6 

krg 0.183 

kro 0.075 

krg-treated / krg-untreated 1.27 
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Figure A11-1: Pressure drop across the core during methane injection - 75 oF. 
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Figure A11-2: Pressure drop across the core during nitrogen injection - 275 oF. 
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Figure A11-3: Pressure drop across the core during krg measurement at Swi=25%. 
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Figure A11-4: Pressure drop across the core during pre-treatment gas-condensate. 
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Figure A11-5: Pressure drop across the core during first treatment injection. 

0

20

40

60

80

100

0 10 20 30 40

Pore Volume Injected

P
re

ss
u

re
 d

ro
p

, p
si

a

Pre-treatment Condensate
Post-treatment Condensate

q_core = 252 cc/hr
krg = 0.150
kro= 0.061
IF = 1.05

q_core = 252 cc/hr
krg = 0.183
kro= 0.075
IF = 1.27

Flow in bottom-up 

Flow in top to bottom 

 

Figure A11-6: Pressure drop across the core for the post first treatment condensate flood. 
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Figure A11-7: Pressure drop across the core during methane injection. 
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Figure A11-8: Pressure drop across the core during second treatment injection. 
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Figure A11-9: Pressure drop across the core for the post second treatment condensate 
flood. 
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Figure A11-10: Mass of condensate liquid collected at the effluent versus mass of gas 
condensate mixture injected for all gas condensate floods. 
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APPENDIX A12 - EXPERIMENT # 156 
 

Objective: 

To examine the effectiveness of 3M Chemical L-18961 to reduce the impairment due to 

condensate blocking in a TCL core in the presence of 25% initial water saturation. The 

experiment was conducted at the temperature of 175 oF. 

 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A12-1 summarizes the properties of the core as well as the 

experimental conditions for permeability measurement at ambient conditions. Figure 

A12-1 shows the pressure drop across the core during nitrogen injection at room 

temperature. Table A12-2 summarizes the results of this nitrogen flood.  

The core dry permeability was also measured at the experiment temperature of 

175 oF. Figure A12-2 shows the pressure drop across the core for different flow rates. 

Table A12-3 summarizes the results for dry permeability measurement at 175 oF. There 

was a considerable difference between permeabilities from these two measurements, 3.86 

versus 2.25 md. The average permeability of 2.25 md was used in relative permeability 

calculations.  

Since the solubility of calcite decreases with increase in temperature; it was 

decided to inject the brine to the core when both were at temperature. The volume of 

brine required to establish 25% initial water saturation, 5.1 cc, in the core was calculated 

and loaded into a tube loop with a valve on each side. It was then pressurized using 

nitrogen to the core pressure to avoid water evaporation upon heating. The loop was 

connected to the top of the core and after heating, the brine was pushed into the core by 

flowing nitrogen through the loop. Then nitrogen was injected into the core to distribute 

the brine more homogeneously and also to measure the gas permeability at the initial 

water saturation (BPR1 = 4313 and BPR2 =1084 psig). Injection was conducted at two 

different flow rates. Figure A12-3 shows the pressure drop across the core for nitrogen 



 385 

injection at initial water saturation. Table A11-4 summarizes the results related to krg 

measurement at initial water saturation.  The gas relative permeability at initial water 

saturation was unexpectedly low, 0.32. 

The pre-treatment gas-condensate flood was conducted using Mixture#1 fluid (see 

Chapter 3 for composition) at 175 oF at a single pump rate of 40 cc/hr. Table A12-5 

summarizes the pressure settings as well as the gas and condensate properties for this  

flood. Figure A12-4 shows the pressure drop across the core for this flood. The results of 

the pre-treatment gas-condensate flood, flow rates, pressure drops, and relative 

permeabilities, are summarized in Table A12-6.  

220 gm of a treatment solution was loaded into an accumulator and put in the 

oven. The injection was started immediately. Composition of the treatment solution is 

given in Table A12-7. The core was treated with approximately 13 pore volumes of the 

treatment solution injected at the rate of 15 cc/hr. Figure A12-5 shows the pressure drop 

across the core for treatment injection. The pressure drop passed a hump but instead of 

leveling off at about 110 psia the pressure increased and the data became spiky. 

The core was aged overnight then was flooded with the post-treatment gas-

condensate at the same flow rate and pressure settings as those used for the pre-treatment 

condensate flood. Figure A12-6 shows the pressure drop across the core for the post-

treatment gas-condensate flood. The pressure drop for the pre-treatment gas-condensate 

flood is also shown for comparison purpose, the blue curve. Table A12-8 summarizes the 

results. The improvement factor was not promising. 

The final permeability of core was measured by injecting methane.  More than 

200 pore volumes of methane were injected into the core at two different flow rates. The 

calculated relative permeability was 0.38. Figure A12-7 shows the pressure drop data.  

Figure A12-8 shows the mass of effluent liquids collected during pre- and post-

treatment condensate floods versus mass of gas condensate mixture injected.  
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Table A12-1: Core properties and pressure settings for nitrogen flood at 75 oF. 

Core Texas Cream Limestone 

Diameter, inches 0.992 

Length, inches 7.986 

Weight, gm 206.6 

Porosity, % 20.2 

Swi, % 25 

BPR1 Setting, psig 3555 

BPR2 Setting, psig 965 

Table A12-2: Results for the nitrogen flood to measure dry permeability at 75 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 334.7 27.8 3.89 

200 669.3 56.1 3.84 

300 1004.0 85.0 3.81 

Average permeability, md 3.86 

Table A12-3: Results for the nitrogen flood to measure dry permeability at 175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 348.7 55.0 2.29 

50 174.3 27.8 2.27 

150 523.0 83.2 2.28 

200 697.3 110.5 2.28 

Average permeability, md 2.25 
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Table A12-4: Results for nitrogen injection at Swi=25%. 

Pump flow rate 
(cc/hr) 

Core flow rate 
(cc/hr) 

Average pressure drop 
(psi) krg 

100 350.2 170.0 0.33 
50 175.1 86.0 0.32 

Table A12-5: Pressure settings and fluid properties for the pre-treatment condensate. 

BPR-1, psi  4400  

BPR-2, psi 1256 
Density of gas phase 
(single-phase), g/cc 

0.2822 
  

Temperature, °F 175  

  @  Core Condition Gas Phase Oil-Phase 

Density, gm/cc 0.067 0.5894 

Viscosity, cp 0.0151 0.2067 

Volume fraction 0.944 0.056 
IFT, dyne/cm 6.232 
PVT Ratio 1.23 

Table A12-6: Results for the pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 40 

qtotal_core, cc/hr 117.3 

qgas_core, cc/hr 110.7 

qoil_core, cc/hr 6.57 

Δp, psia 168.00 

krg 0.043 

kro 0.035 

Nc 2.03E-06 



 388 

Table A12-7: Treatment composition. 

Component Mass % 

2BE-EtOH 59.4 

EtOH 29.7 

IPA 9.9 

L-18961 1 

Table A12-8: Summary of post-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 40 

qtotal_core, cc/hr 119.0 

qgas_core, cc/hr 112.4 

qoil_core, cc/hr 6.6 

Δp, psia 130.0 

krg 0.056 

kro 0.045 

krg-treated / krg-untreated 1.3 
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Figure A12-1: Pressure drop across the core during nitrogen injection - 75 oF. 
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Figure A12-2: Pressure drop across the core during nitrogen injection -175 oF. 
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Figure A12-3: Pressure drop across the core during krg measurement at Swi=25%. 
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Figure A12-4: Pressure drop across the core during the pre-treatment gas-condensate. 
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Figure A12-5: Pressure drop across the core during treatment injection. 
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Figure A12-6: Pressure drop across the core for the post-treatment condensate flood. 
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Figure A12-7: Pressure drop across the core during methane injection. 
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Figure A12-8: Mass of liquid collected at the effluent versus mass gas condensate 
mixture injected. 
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Appendix A13 - Experiment # 159 

 

Objective: 

The first objective of this experiment was to examine the effectiveness of the 3M 

Chemical L-18961 to change the wettability of a Texas Cream Limestone core at 25% 

initial water saturation at 175 oF and enhance the gas and condensate relative 

permeabilities. Plan was to run the experiment at different core pressures. This will allow 

to measure krgs at different liquid dropouts and different capillary numbers and also 

enable us to see how sensitive the treatment is to both capillary number and the degree of 

richness of condensate fluid.  
 

Experimental Results: 

The initial permeability of the core, dry, was measured by nitrogen injection at 

room temperature (RT). Table A13-1 summarizes the properties of the core as well as the 

experimental conditions. Figure A13-1 shows the pressure drop across the core during 

nitrogen injection. Table A13-2 summarizes the results of the nitrogen flood. The 

absolute permeability used to calculate relative permeabilities was the one derived from 

analysis of data using Forchheimer equation, using both P and P2 methods and they were 

essentially the same. This permeability is also reported in Table A13-2.  

The oven temperature was increased to 175 oF. The core dry permeability was 

also measured at temperature of 175 oF by injecting nitrogen. Figure A13-2 shows the 

pressure drop during this injection. Table A13-3 summarizes the data. The absolute 

permeability used in the calculations was 5.42 md. 

Since the solubility of calcite decreases with increase in temperature it, was 

decided to inject the brine to the core when core and brine were both at temperature. The 
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volume of brine required to establish 25% initial water saturation in the core was 

calculated, 5.4 cc, and loaded into a tube loop with a valve on each side. It was then 

pressurized using nitrogen to the core pressure to avoid evaporation upon heating. The 

loop was connected to the top of the core and after heating the brine was pushed into the 

core by flowing nitrogen through the loop. Next day nitrogen was injected into the core to 

distribute the brine more homogeneously and also to measure the gas permeability at the 

initial water saturation (BPR1 = 4175 and BPR2 =1155 psig). Multiple flow rates were 

tried. Figure A13-3 shows the pressure drop across the core during nitrogen injection at 

initial water saturation. The results are summarized in Table A13-4.  For all of the above 

mentioned nitrogen floods the beta factor came out to be negative which makes no sense 

unless there was a leak in the system which we could not prove it to be the case.  

The first pre-treatment gas-condensate flood was performed using Mixture#1 

fluid (see Chapter 3 for composition) at 175 oF at five different flow rates. Table A13-5 

summarizes the pressure settings as well as the gas and condensate properties for the first 

flow rate of this pre-treatment condensate. The fluid properties changed from flow rate to 

flow arte as it was calculated at the average core pressure. Figure A13-4 shows the 

pressure drop across the core for the first pretreatment gas condensate flood. The results 

of the first pre-treatment gas-condensate flood, flow rates, pressure drops, and relative 

permeabilities, are summarized in Table A13-6. Tables A13-7 and A13-8 summarize the 

pressure settings as well as fluid properties for the second and third pre-treatment 

condensate floods. The pressure drop data for these two floods are shown in Figures A13-

5 and A13-6 respectively. Tables A13-9 and A13-10 summarize the results for the second 

and third pre-treatment gas condensate floods respectively. The core pressure for the 

three pretreatment gas condensate floods were approximately 3200, 2000, and 1200 psig. 
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The core was treated with about 14 pore volumes of the treatment solution with 

the composition given in Table A13-11. Figure A13-7 shows the pressure drop across the 

core for treatment injection. The core was aged overnight then was flooded with the post-

treatment gas-condensate flood at the same pressure settings as those used for the third 

pre-condensate flood, core pressure 1200 psig. Figure A13-8 shows the pressure drop 

across the core for the post first treatment gas-condensate flood. The pressure drop for the 

pre-treatment gas-condensate flood at the same core pressure is also shown for 

comparison purpose, the blue curve. Table A13-12 summarizes the results. At the end of 

the flood it was tried to increase the flow rate so that the resulting pressure drop is the 

same as the pressure drop for each one of the pre-treatment floods. Then the 

improvement ratio was re-defined as the ratio of flow rate passing the core after treatment 

to that before treatment both under the same pressure drop across the core. The 

improvement factors derived under this definition were comparable, slightly higher, to 

those derived based on the ratio of gas relative permeabilities. 

The improvement factor was not promising. It was thought that one possible 

explanation could be low or insufficient adsorption of chemical possibly due to low 

concentration, one percent. It was decided to retreat the core with a two percent chemical 

in treatment solution. Before re-treating the core, the core permeability was measured by 

flowing methane through the core. Figure A13-9 shows the pressure drop across the core 

for this flood. Table A13-13 summarizes the results.  After injecting less than 140 PVs of 

methane, the effective permeability was more than 80% of original permeability which 

was considered as a sign of no damage to the core permeability.  

The core was retreated by injecting 13 PVs of treatment solution composed of 2% 

chemical in solvent. Figure A13-10 shows the pressure drop across the core for second 

treatment injection. For a lower injection rate of 40 cc/hr, in the second treatment 
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injection compared to 50 cc/hr in the first treatment, the pressure drop across the core was 

higher. No information about the treatment viscosity was available to see if the difference 

between viscosities were that high to cause such an increase in the pressure drop. The 

core was aged overnight before being flooded with the post second treatment condensate. 

Figure A13-11 shows the pressure drop data for the condensate flood after second 

treatment the pressure drop data for the pre-treatment gas-condensate flood is also shown, 

blue curve, for comparison purpose. Table A13-14 summarizes the data for the post 

second treatment gas-condensate flood. There was no appreciable increase in the 

improvement factor.  

This chemical, called L20891, was also provided as a solution in ketone-water 

solvent system. Since there was no other chemical in hand to try, it was decided to treat 

the core using 3M solution although the initial screening test did not show a good result 

in terms of compatibility at 175 oF. After heating for an hour, the injection was started at 

the rate of 40 cc/hr, but due to increase in the pressure drop it was reduced in steps and 

eventually the final injection rate was 25 cc/hr. The injection was terminated after 

injecting five pore volumes. Figure A13-12 shows the pressure drop for the third 

treatment. The core was aged overnight before being flooded by the condensate.  

The post-third treatment gas-condensate flood were conducted under conditions 

of the third pretreatment gas condensate flood, i.e. BPR2=1200 psig.  Figure A13-13 

shows the pressure drop data for this flood. Table A13-15 summarizes the results. Since 

the improvement factor was even lower than what observed after the first two treatments, 

it was decided to measure the core permeability by injecting methane. Figure A13-14 

shows the pressure drop across the core for this methane flood. Table A13-16 

summarizes the results. After injecting 80 PVs of methane the calculated permeability 

was only 60% of the original permeability.  
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The second gas condensate flood after the third treatment was conducted at the 

BPR2 setting of 2000 psi, second preflood condensate. Figure A13-15 shows the pressure 

drop across the core for this and its corresponding pre-treatment flood. The pressure drop 

for the pre-treatment flood is shown in blue. Table A13-17 summarizes the results for this 

flood. The improvement factors were not considerable at any of the core pressures, 3200, 

2000, or 1200 psig. In another words, the chemical was not effective. 

The last gas-condensate flood after the third treatment was conducted at 

BPR2=1200.  Figures A13-16 shows the pressure drop data for this flood. Table A13-18 

summarizes the results. 

Methane was injected into the core to displace and evaporate the condensate and 

measure the final permeability at some residual condensate saturation. Theoretically, it 

takes injection of few hundred pore volumes to dry out the core from condensate but 

practically speaking it may take injecting thousands of pore volumes of methane to 

completely dry the core. The pressure drop for the final methane flood is shown in Figure 

A13-17. After correcting for non-Darcy effects, calculation showed that more than 80% 

of permeability was back; which was an indication of no damage to the core by of 

treatment.  

Figure A13-18 is a plot of mass of gas-condensate mixture injected into the core 

versus mass of condensate liquid collect at the effluent at room temperature. The plot 

clearly indicates that all the gas-condensate mixture used were consistent in terms of 

composition and the fact that being single-phase when injected. 

Figure A13-19 is a plot of gas relative permeability versus capillary number 

derived from the pre-treatment condensate floods for the same fluid flashed to different 

pressures, different liquid dropouts, at 175 oF. For the critical capillary number of 1E-5 

for this case there is a considerable increase in the krg with increase in the capillary 
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number although the fluid has the highest richness in terms of liquid dropout compared to 

liquid dropout at two other pressures. 
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Table A13-1: Core properties and pressure settings for nitrogen flood. 

Core Texas Cream Limestone 

Diameter, inches 0.996 

Length, inches 8.024 

Weight, gm 199.9 

Porosity, % 24.1 

Swi, % 25 

BPR1 Setting, psig 3413 

BPR2 Setting, psig 1030 

Table A13-2: Results for the nitrogen injection to measure dry permeability – RT. 

Pump flow rate (cc/hr) Core flow rate (cc/hr) Average pressure drop (psi) k (md) 

100 303.3 18.6 5.29 

200 606.7 36.6 5.38 

300 910.0 54.1 5.46 

400 1213.4 72.0 5.47 

100 303.3 18.6 5.29 

Corrected permeability, md 5.26 

Table A13-3: Results for nitrogen injection to measure dry permeability at 175 oF. 

Pump flow rate (cc/hr) Core flow rate (cc/hr) Average pressure drop (psi) k (md) 
100 300 20.8 5.28 
200 600 41.6 5.28 
300 900 61.9 5.32 
400 1200 81.6 5.38 

Corrected permeability, md 5.42 
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Table A13-4: Results for nitrogen injection at Swi=25%. 

Pump flow rate 
(cc/hr) 

Core flow rate 
(cc/hr) 

Average pressure drop 
(psi) krg 

500 1603 134.0 0.80 
100 321 28.4 0.75 

Table A13-5: Pressure settings and fluid properties for the first pre-treatment condensate. 

BPR-1, psig  4425  

BPR-2, psig 3205  

Density of gas phase (single-phase), g/cc 0.2822  

Temperature, °F 175  

  @  Core Condition Gas Phase Oil-Phase 

Density, gm/cc 0.1911 0.4737 

Viscosity, cp 0.0244 0.1035 

Volume fraction 0.8694 0.1306 
IFT, dyne/cm 0.44 
PVT Ratio 1.57 

Table A13-6: Results for the first pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 50 150 300 450 525 

qtotal_core, cc/hr 61.9 185.7 365.6 545.4 633.4 

qgas_core, cc/hr 53.8 161.4 318.1 474.6 551.4 

qoil_core, cc/hr 8.08 24.25 47.57 70.80 81.96 

Δp, psia 31.60 76.50 125.00 166.00 187.00 

krg 0.127 0.158 0.194 0.220 0.229 

kro 0.081 0.099 0.117 0.130 0.133 

Nc 1.30E-05 3.32E-05 5.94E-05 6.83E-05 9.81E-05 
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Table A13-7: Pressure settings and fluid properties for the second pre-treatment 
condensate. 

BPR-1, psig  4450  

BPR-2, psig 2010  

Density of gas phase (single-phase), g/cc 0.2851  

Temperature, °F 175  

  @  Core Condition Gas Phase Oil-Phase 

Density, gm/cc 0.1083 0.5493 

Viscosity, cp 0.0173 0.1605 

Volume fraction 0.908 0.092 
IFT, dyne/cm 2.982 

PVT Ratio 1.06 

Table A13-8: Pressure settings and fluid properties for the third pre-treatment condensate. 

BPR-1, psig  4450  

BPR-2, psig 1200  

Density of gas phase (single-phase), g/cc 0.2851  

Temperature, °F 175  

  @  Core Condition Gas Phase Oil-Phase 

Density, gm/cc 0.0618 0.5947 

Viscosity, cp 0.0148 0.214 

Volume fraction 0.9487 0.0513 
IFT, dyne/cm 6.789 
PVT Ratio 1.28 
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Table A13-9: Results for the second pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 50 100 175 

qtotal_core, cc/hr 95.8 189.0 326.0 

qgas_core, cc/hr 86.9 171.4 295.1 

qoil_core, cc/hr 8.81 17.63 30.90 

Δp, psia 48 99 162 

krg 0.096 0.092 0.097 

kro 0.090 0.086 0.092 

Nc 2.91E-06 6.20E-06 1.05E-05 

Table A13-10: Results for the third pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 50 100 150 

qtotal_core, cc/hr 159.9 312.2 457.2 

qgas_core, cc/hr 151.7 295.8 432.4 

qoil_core, cc/hr 8.20 16.45 24.78 

Δp, psia 64 127 190 

krg 0.107 0.106 0.104 

kro 0.084 0.084 0.083 

Nc 1.71E-06 3.47E-06 5.34E-06 

Table A13-11: Treatment composition. 

Component Mass % 

2BE-EtOH 59.4 

EtOH 29.7 

IPA 9.9 

L-18961 1 
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Table A13-12: Summary of post-first treatment two-phase gas-condensate flood. 

q_pump, cc/hr 50 100 150 

qtotal_core, cc/hr 160.6 314.7821153 463.7 

qgas_core, cc/hr 152.4 298.3 438.9 

qoil_core, cc/hr 8.2 16.49 24.81 

Δp, psia 50.7 99.00 143.00 

krg 0.136 0.137 0.140 

kro 0.106 0.108 0.111 

Nc 1.307E-06 2.69E-06 3.97E-06 

krg-treated / krg-untreated 1.27 1.27 1.25 

Table A13-13: Results for methane injection before second treatment. 

Pump flow rate 
(cc/hr) 

Core flow rate 
(cc/hr) 

Average pressure 
drop (psi) krg 

200 679 36.7 0.82 
300 1019 54.8 0.82 
400 1358 73.2 0.82 
500 1698 91.8 0.82 
600 2037 111.0 0.81 
700 2377 131.0 0.80 
800 2716 150.0 0.80 
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Table A13-14: Summary of post-second treatment two-phase gas-condensate flood. 

q_pump, cc/hr 50 100 150 

qtotal_core, cc/hr 161 315 464 

qgas_core, cc/hr 152.4 298.3 438.9 

qoil_core, cc/hr 8.2 16.49 24.81 

Δp, psia 50.0 99.00 144.00 

krg 0.138 0.137 0.139 

kro 0.108 0.108 0.111 

Nc 1.29E-06 2.69E-06 3.99E-06 

krg-treated / krg-untreated 1.29 1.29 1.33 

Table A13-15: Summary of post-third treatment two-phase gas-condensate flood#1. 

q_pump, cc/hr 50 100 150 

qtotal_core, cc/hr 161 313 464 

qgas_core, cc/hr 152.4 296.5 438.9 

qoil_core, cc/hr 8.2 16.49 24.81 

Δp, psia 61 112 161 

krg 0.114 0.120 0.124 

kro 0.089 0.095 0.099 

Nc 1.560E-06 3.06E-06 4.47E-06 

krg-treated / krg-untreated 1.06 1.14 1.19 

Table A13-16: Results for methane injection. 

Pump flow rate 
(cc/hr) 

Core flow rate 
(cc/hr) 

Average pressure 
drop (psi) krg 

300 1019 76.5 0.59 
400 1358 100.0 0.60 
500 1698 122.9 0.61 
600 2037 145.0 0.62 
700 2377 167.0 0.63 
800 2716 190.0 0.63 
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Table A13-17: Summary of post-third treatment gas-condensate flood#2. 

q_pump, cc/hr 50 100 175 

qtotal_core, cc/hr 95.4 189.0 326.0 

qgas_core, cc/hr 86.6 171.4 295.1 

qoil_core, cc/hr 8.81 17.63 30.90 

Δp, psia 43 86 143 

krg 0.106 0.106 0.110 

kro 0.100 0.099 0.104 

Nc 2.64E-06 5.38E-06 9.30E-06 

krg-treated / krg-untreated 1.11 1.15 1.13 

Table A13-18: Summary of post-third treatment gas-condensate flood#3. 

q_pump, cc/hr 50 100 150 

qtotal_core, cc/hr 158 308 452 

qgas_core, cc/hr 149.5 291.4 427.2 

qoil_core, cc/hr 8.22 16.50 24.82 

Δp, psia 61 121 175 

krg 0.112 0.109 0.112 

kro 0.088 0.088 0.090 

Nc 1.64E-06 3.36E-06 4.99E-06 

krg-treated / krg-untreated 1.05 1.19 1.15 
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Table A13-19: Results for the final methane injection.  

Pump flow rate 
(cc/hr) 

Core flow rate 
(cc/hr) 

Average pressure 
drop (psi) krg 

200 679.0 38.8 0.78 
300 1018.5 58.2 0.77 
400 1358.0 78.0 0.77 
500 1697.6 98.4 0.76 
600 2037.1 118.7 0.76 
700 2376.6 140.0 0.75 
800 2716.1 161.0 0.75 
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Figure A13-1: Pressure drop during nitrogen injection to measure dry permeability at RT. 
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Figure A13-2: Pressure drop during nitrogen injection to measure dry permeability -175 
oF. 
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Figure A13-3: Pressure drop across the core during krg measurement at Swi=25%. 
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Figure A13-4: Pressure drop during the first pre-treatment gas-condensate. 
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Figure A13-5: Pressure drop across the core during the second pre-treatment gas-
condensate. 
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Figure A13-6: Pressure drop across the core during the third pre-treatment gas-
condensate. 
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Figure A13-7: Pressure drop across the core during first treatment injection. 
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Figure A13-8: Pressure drop across the core for the post-first treatment condensate flood. 



 411 

0

30

60

90

120

150

180

0 20 40 60 80 100 120 140

Pore Volume Injected

P
re

ss
u

re
 d

ro
p

, p
si

a

q_core = 679 cc/hr
krg = 0.82

q_core = 1018 cc/hr
krg = 0.82

q_core = 1358 cc/hr
krg = 0.82

q_core = 1698 cc/hr
krg = 0.82

q_core = 2037 cc/hr
krg = 0.81

q_core = 2377 cc/hr
krg = 0.8

q_core = 2716 cc/hr
krg = 0.8

 

Figure A13-9: Pressure drop across the core for methane injection before second 
treatment injection. 
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Figure A13-10: Pressure drop across the core during second treatment injection. 
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Figure A13-11: Pressure drop across the core for the post-second treatment condensate 
flood. 
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Figure A13-12: Pressure drop across the core during third treatment injection. 
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Figure A13-13: Pressure drop across the core for the post-third treatment condensate 
flood#1. 
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Figure A13-14: Pressure drop across the core during methane flood. 
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Figure A13-15: Pressure drop across the core during the post-third treatment condensate 
flood#2. 
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Figure A13-16: Pressure drop across the core for the post-third treatment condensate 
flood#3. 
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Figure A13-17: Pressure drop across the core during final methane flood. 

 

Figure A13-18: Mass of condensate liquid collected versus mass of gas condensate 
mixture injected for all mixtures. 
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Figure A13-19: Effect of capillary number on gas relative permeability. 
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APPENDIX A14 - EXPERIMENT # 161 
 

Objective: 

To examine the effectiveness of Chemical L-18961 to reduce the damage due to 

water blocking (presence of high water saturation) when methane is the flowing fluid. 

Plan was to measure gas relative permeability under both unsteady- and steady-state 

conditions. In the unsteady-state method, two PVs of brine were injected into a dry core. 

The core was then flooded by methane at different flow rates, each flow rate injected for 

the same number of PVs. For the steady state case, however, brine and methane were co-

injected into the core at different fractional flows. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting methane at 

100 oF temperature. Table A14-1 summarizes the properties of the core as well as the 

experimental conditions. Figure A14-1 shows the pressure drop across the core during 

methane injection. Table A14-2 summarizes the results of the methane flood. The core 

dry permeability was also measured at experiment temperature of 175 oF. Figure A14-2 

shows the pressure drop across the core for different flow rates. There was a little 

increase in the calculated permeability as the flow rate was increased. Pressure drops for 

each flow rate was measured by reducing the injection rate after the highest flow rate was 

tried to see if there was any hysteresis. As is seen in Figure A14-2, the pressure drop for 

all flow rates were the same in both directions, increasing or decreasing the flow rates. 

Table A14-3 summarizes the results for dry permeability measurement at 175 oF. The 

difference between average permeabilities measured at both temperatures was small. The 

average permeability of 4.78 md was used in relative permeability calculations. There is a 
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little increase in the calculated permeability as the flow rate was increased for 

measurements at both temperatures. Although the changes was not noticeable; but this 

increase was not expected. Indeed, there opposite was expected to happen if there was 

any non-Darcy effect. 

To make the brine a piece of TCL rock was grounded. One gm crushed TCL rock 

was added to one litter 3% NaCl brine this was to have the brine solution fully saturated 

with whatever it can dissolve from the rock. This would prevent releasing particles and 

possibility of damage to the core permeability which masks the results. It was then 

stirred, while heating at 80 oC, for couple of hours. The hot turbid brine solution was then 

passed through a 0.45 micron filter before loading into an accumulator and heating it up 

in the oven for injection. Two pore volumes of this brine were injected into the core. It 

worth to mention that the core is not fully saturated with brine at the end of this flood 

because water is displacing gas immiscibly. The core was then flooded with methane. 

The displacing methane was pre-saturated with water by passing it through a glass bead 

column, partially saturated by DI water, installed between top of the core and outlet of 

BPR1, see Figure A14-3. Five different gas flow rates were tried each continued for 

injection of 25 PVs. For each flow rate the pressure drop at the end of injection was used 

to calculate the gas relative permeability. Figure A14-4 shows the pressure drop data. 

Table A14-4 summarizes these results.  

The second part of relative permeability measurements were conducted under 

steady-state method. In this part, gas and water were co-injected into the core at a 

constant fractional flow of water for each gas-brine rate combinations. During this flood 

the gas injection rate was kept constant while the brine injection rate was changed, 

increased, to make measurements at higher fractional flows of brine. Figure A14-5 shows 

the pressure across the core for this flood. Table A14-5 summarizes these results.  
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It was planned to measure the end point gas relative permeability, after steady 

state measurements were done. The flow rate was selected to be the highest rate tried 

during unsteady-state method and the injection volume was hundred pore volumes. 

Figure A14-6 shows the pressure drop for this flood. The shape of the curve is a 

characteristic of this kind of displacement as is the case for all rates in Figure A14-4. The 

calculated krg was the same as what was measured for the same flow rate during 

unsteady-state method. This was considered as a sign that there was no or negligible 

damage to the core possibly due to brine-rock interaction. 

Primary screening tests showed that the treatment solution is not compatible with 

the brine at brine-treatment mixtures with brine mass percents higher than 35%. It was 

not clear how much would be the brine saturation at the end of the methane flood, 

conducted prior to treatment injection, most probably higher than 35% as the core has a 

low permeability. It was decided to displace the brine from the core using a preflush 

before treatment injection to avoid damage to the core due to incompatibility issue. IPA 

passed the screening tests and was found effective. 6 pore volumes of IPA were injected 

into the core. The core was then flooded with methane to displace the IPA and measure 

the permeability. Figure A14-7 shows the pressure drop for this flood. The same trend, 

decrease in calculated krg with decrease in the injection rate was observed for this flood 

as well. The reason for this behavior was not clear. 

The core was then treated by injecting 15 PVs of treatment solution with 

composition given in Table A14-6. Figure A14-8 shows the pressure drop across the core 

for this injection. The core was aged overnight. The next morning the treatment was 

displaced from the core by injecting methane. Figure A14-9 shows the pressure drop for 

methane flood. Flooding the core with methane at this stage served three purposes: First, 

it helped to measure the core permeability at some residual treatment saturation; second, 
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helped to establish the same water saturation and distribution in the core for the unsteady-

state measurement of gas relative permeability; and third, helped to avoid mixing of brine 

with treatment which could damage the core due to incompatibility issue and also 

changes the IFT and viscosity of the fluid in the core. The higher viscosity and less 

volatility of the treatment solution compared to those of IPA is evident from the higher 

value of krg for methane displacing IPA compared to that for methane displacing 

treatment.  

To evaluate the effectiveness of the treatment in mitigating the water-blocking 

problem, measurements were made for the gas relative permeability following the same 

procedure, flow rates, and settings used for before treatment measurements. 2 pore 

volume of brine were injected into the core. Then it was flooded by humidified methane 

at different flow rates. Figure A14-10 shows the pressure drop for this flood. For 

comparison purpose, the pre-treatment pressure drop data, the blue line, is also shown in 

this figure. Pressure drops for post-treatment flood are lower than those for pre-treatment 

for all methane flow rates. This is an indication of some improvement in the gas mobility 

upon treatment. Table A14-7 summarizes these results. 

Then the measurement of gas relative permeability under steady-state was made 

under conditions similar to pre-treatment case. Figure A14-11 shows the results for this 

injection. For comparison purpose the pre-treatment pressure drop is also shown in this 

figure. For all flow rates the improvement factors was less than one. This means there 

should have been some damage to the core otherwise at least the pressure drops and 

consequently the krgs should have been the same as the before treatment values. Table 

A14-8 summarizes these results. 

To make a measurement of the core final permeability it was decided to displace 

the brine from core using IPA then flood it with methane. 6 pore volumes IPA were 
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injected into the core to displace the brine from the core. During this flood, some white 

precipitate was collected at the bottom of sampling beaker. This is shown in Figure A14-

12.  No analysis has been made on this sample to see what the source of this precipitate 

is. This observation contradicted what was observed during injection of the first IPA 

preflush before treatment injection. 

To measure the final permeability of the core, more than 100 PVs of methane 

were injected into the core to remove the IPA preflush from the core.  Figure A14-13 

shows the pressure drop for methane injection. Compare to the permeability calculated 

for the similar flood before treatment there was no appreciable decrease in the 

permeability. This makes it difficult to explain if the was no damage to the core then why 

the krgs calculated during post treatment co-injection flood has lower values compared to 

those of before treatment. 
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Table A14-1: Core properties and pressure settings for methane flood. 

Core Texas Cream Limestone 

Diameter, inches 0.992 

Length, inches 8.03 

Weight, gm 202.14 

Porosity, % 24.80 

Swi, % 0 

BPR1 Setting, psig 3224 

BPR2 Setting, psig 974 

Table A14-2: Results for the methane flood to measure dry permeability at 100 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 332.41 15.3 4.74 

200 664.82 29.7 4.90 

300 997.23 44.8 4.87 

400 1329.64 58.9 4.94 

500 1662.05 73.6 4.94 

Average permeability, md 4.88 

Table A14-3: Results for the methane flood to measure dry permeability at 175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 311.3 16.4 4.54 

200 622.6 31.3 4.75 

300 933.8 46.4 4.81 

400 1245.1 61.7 4.82 

500 1556.4 75.8 4.90 

Average permeability, md 4.76 
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Table A14-4: Results for unsteady-state methane flood – before treatment. 

Pump flow rate (cc/hr) Core flow rates (cc/hr) 
Average pressure drop 

(psi) krg 

42 131 30.1 0.22 

84 262 42.3 0.31 

168 523 64.4 0.41 

252 785 83.6 0.47 

336 1047 100.8 0.52 

Table A14-5: Results for steady-state methane-water co-injection – before treatment. 

Gas flow rate 
(cc/hr) 

Brine flow rate 
(cc/hr) 

Water 
fractional 

flow 
Average pressure 

drop (psi) 
krg krw 

54.5 3 0.05 43.6 0.063 0.087 

54.5 6 0.10 67.3 0.041 0.113 

54.5 16 0.23 124.0 0.022 0.163 

Table A14-6: Treatment composition. 

Component Mass % 

2BE-EtOH 58.8 

EtOH 29.4 

IPA 9.8 

L-18961 2 
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Table A14-7: Results for unsteady-state methane flood – after treatment. 

Pump flow rate 
(cc/hr) 

Core flow rates 
(cc/hr) 

Average pressure 
drop (psi) 

krg IF 

42 131 20.4 0.32 1.48 

84 262 31.3 0.42 1.35 

168 524 51.3 0.51 1.26 

252 786 71.0 0.56 1.18 

336 1048 89.7 0.59 1.12 

Table A14-8: Results for steady-state methane-water co-injection – after treatment. 

Gas flow 
rate (cc/hr) 

Brine flow 
rate (cc/hr) 

Water fractional 
flow 

Average pressure 
drop (psi) 

krg krw IF 

54.51 3 0.05 46.5 0.059 0.082 0.94 

54.51 6 0.10 75.4 0.036 0.101 0.89 

54.51 16 0.23 159.0 0.017 0.128 0.78 
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Figure A14-1: Pressure drop during methane injection at 100 oF. 
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Figure A14-2: Pressure drop across the core during methane injection at 175 oF. 
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Figure A14-3: Schematic of set up for water-blocking experiments. 
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Figure A14-4: Pressure drop across the core for methane flooding water-saturated core – 
pre-treatment. 
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Figure A14-5: Pressure drop across the core for pre-treatment methane-brine co-injection. 
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Figure A14-6: Pressure drop across the core during methane injection to calculate end 
point gas relative permeability. 
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Figure A14-7: Pressure drop across the core during displacing IPA with methane. 
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Figure A14-8: Pressure drop across the core during treatment injection. 
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Figure A14-9: Pressure drop during treatment displacement by methane flood. 
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Figure A14-10: Pressure drop across the core for methane flooding water-saturated core – 
post-treatment. 
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Figure A14-11: Pressure drop across the core during post-treatment methane-brine co-
injection. 

 
 

 

 

 

 

 

 

 

Figure A14-12: Precipitation during last IPA preflush injection. 
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Figure A14-13: Pressure drop across the core during displacement of last IPA by methane 
flood. 
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Appendix A15 - Experiment # 162 
 

Objective: 

The objective of this experiment was to examine the effectiveness of the 3M 

chemical L-20294 to reduce the damage due to water blocking (presence of high water 

saturation) when methane is the flowing gas. Plan was to measure gas relative 

permeability under both unsteady- and steady-state conditions. In the unsteady-state 

method, two PVs of brine were injected into a dry core. The core was then flooded by 

methane at different flow rates, each flow rate injected for the same number of PVs. For 

the steady state case, however, brine and methane were co-injected into the core at 

different fractional flows. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting methane at 

room temperature. Table A15-1 summarizes the properties of the core as well as the 

experimental conditions. Figure A15-1 shows the pressure drop across the core during 

methane injection. Table A15-2 summarizes the results of the methane flood. The core 

dry permeability was also measured at experiment temperature of 175 oF. Figure A15-2 

shows the pressure drop across the core for different flow rates. There was a little 

increase in the calculated permeability as the flow rate was increased. Table A15-3 

summarizes the results for dry permeability measurement at 175 oF. The difference 

between average permeabilities measured at both temperatures was small. The average 

permeability of 4.73 md was used in relative permeability calculations.  

To make the brine a piece of TCL rock was grounded. One gm crushed TCL rock 

was added to one litter 3% NaCl brine. This was to have the brine solution fully saturated 

with whatever it can dissolve from the rock. Having the brine not interacting with the 
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core would prevent releasing particles and possibility of damage to the core permeability 

which masks the results. It was then stirred, while heating at 80 oC, for couple of hours. 

The hot turbid brine solution was then passed through 0.45 micron filter before loading 

into an accumulator and heating it up in the oven for injection. Two pore volumes of this 

brine were injected into the core. The core is not fully saturated with brine at the end of 

brine injection because the displacement of gas by water is not a miscible displacement. 

The core was then flooded with methane. The displacing methane was pre-saturated with 

water by passing it through a glass bead column, partially filled by DI water, installed 

between top of the core and outlet of BPR1, see Figure A15-3.  

Five different gas flow rates were tried each continued for injection of 25 PVs. 

For each flow rate the pressure drop at the end of injection was used to calculate the gas 

relative permeability. Figure A15-4 shows the pressure drop across the core when water 

is displaced from the core by methane injection. Table A15-4 summarizes the results of 

methane flood.  

The second part of relative permeability measurements were under steady-state 

method. In this part of experiment, methane and water were co-injected into the core at a 

constant fractional flow of water for each gas-brine rate combinations. During this flood 

the methane injection rate was kept constant while the brine injection rate was changed, 

increased, to make measurements at a higher fractional flow of brine. Figure A15-5 

shows the pressure across the core for methane-water co-injection. Table A15-5 

summarizes the results.  

It was planned to measure the end point gas relative permeability, after steady 

state measurements were done. The flow rate was selected to be the highest rate tried 

during unsteady-state method and the injection volume was decided to be hundred pore 

volumes. Figure A15-6 shows the pressure drop across the core for this flood. The shape 
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of the curve is a characteristic of this kind of displacement as is the case for all rates in 

Figure A15-4. The calculated krg was slightly higher than what was calculated for the 

same flow rate during unsteady-state method, 0.49 versus 0.43. This was considered as a 

sign that there was no damage to the core so far possibly due to brine-core interaction. 

Primary screening tests showed that the treatment solution is not compatible with 

the brine at brine-treatment mixtures with brine mass percents higher than 35%. Since it 

was not clear how much would be the brine saturation at the end of methane flood, most 

probably higher than 35% as the core has a low permeability; it was decided to displace 

the brine from core using a preflush before treatment injection. Doing so helps to avoid 

damage to the core due to incompatibility issue. IPA passed the screening tests and was 

found effective. Eight pore volumes of IPA were injected into the core to displace the 

brine from the core. The core was then flooded with methane to displace the IPA and 

measure the permeability. Figure A15-7 shows the pressure drop across the core for 

methane injection to displace IPA. Table A15-6 summarizes the data. 

To check if there was any damage to the core and also confirm the validity of data 

has taken for the first co-injection, the methane-brine co-injection was repeated using the 

same flow rates. Figure A15-8 shows the pressure drop across the core for the second 

methane-brine co-injection flood before treatment. These data are summarized in Table 

A15-7.  The relative permeability data for the two steady-state measurements of relative 

permeabilities are comparable within less than 10% of each other. Then the end point 

methane permeability was measured followed by IPA injection. The end point gas 

relative permeability after second methane-brine co-injection was exactly the same as the 

first one. The IPA was displaced from the core to have it ready for treatment injection. 

The relative permeability to methane at the end of 85 PVs injected was approximately 

0.95. The core was then treated with 15 PVs of treatment solution injected at the rate of 
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32 cc/hr. The treatment’s composition is given in Table A15-8. The core was aged 

overnight. Figure A15-9 shows the pressure drop data for the treatment injection. 

The next morning the treatment was displaced from the core by injecting 

methane. Figure A15-10 shows the pressure drop for this flood. This displacement served 

three purposes. First, it helped to measure the core permeability at some residual 

treatment saturation; second, it helped to establish the same water saturation and 

distribution in the core for the unsteady-state measurement of gas relative permeability; 

and third, it helped avoiding mixing of brine with treatment which could damage the core 

due to incompatibility issue and also changes the IFT and viscosity of the fluid in the core 

through mixing. The higher viscosity and less volatility of the treatment solution 

compared to those of IPA is evident from the higher value of krg for methane displacing 

IPA compared to methane displacing treatment.  

To evaluate the effectiveness of the treatment in mitigating the water-blocking 

problem, measurements were made for the gas relative permeability following the same 

procedure, flow rates, and settings used for before treatment measurements. Two pore 

volumes of brine were injected into the core. Then it was flooded by humidified methane 

at different flow rates. Figure A15-11 shows the pressure drop for this flood. For 

comparison purpose, the pre-treatment pressure drop data, the blue line, is also shown in 

the figure. The pressure drops for post-treatment flood were slightly lower than those for 

pre-treatment for all flow rates. This is an indication of some improvement in the gas 

mobility upon treatment. Table A15-9 summarizes these results. As can be seen in the 

table there was some increase in the gas relative permeability although it was not 

significant. It is also noticeable that the IFs decreased for higher flow rates.   

The enhancement in the gas permeability due to treatment was also evaluated for 

the steady-state mode of gas relative permeability measurement. Figure A15-12 shows 
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the pressure drop data for this flood. As is seen, the pressure drop is higher for the post-

treatment case for the last two flow rates which indicates not only there was no increase 

in the gas relative permeability but there was some reduction in it. Table A15-10 

summarizes the results. With the exception of the first flow rate the krgs are lower in the 

post-treatment case compared to those of pre-treatment. It is difficult to find a 

justification for it unless something has happened during this flood after the first flow 

rates combinations.  

The core was treated for the second time after it was pre-treated with dopamine 

and aged overnight. More than fifteen pore volumes of treatment (3% L20294 in 2BE-

EtOH(70-30 by mass)) was injected into the core at the rate of 25 cc/hr. Figure A15-13 

shows the pressure drop for this injection. It was noticed that the ratio of pressure drop to 

injection rate shows a little increase for the second treatment which might be an 

indication of some damage to the core after first treatment. The next morning methane 

was injected into the core to displace the treatment and measure the permeability. The 

permeability was low 0.3 compared to 0.55 measured after the first treatment injection.  

Two pore volumes of brine were injected into the core. Then, it was flooded by 

methane at different flow rates. Figure A15-14 shows the pressure drop for this flood.  

Mistakenly, the number of pore volumes injected for each rate was higher than pre-

treatment case and the first post-treatment one so the results are not comparable. The 

experiment was abandoned at this stage.  
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Table A15-1: Core properties and pressure settings for methane flood. 

Core Texas Cream Limestone 

Diameter, inches 0.992 

Length, inches 8.025 

Weight, gm 201.04 

Porosity, % 21.2 

Swi, % 0 

BPR1 Setting, psig 3064 

BPR2 Setting, psig 924 

Table A15-2: Results for the methane flood to measure dry permeability at RT. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 341.2 15.2 4.72 

200 682.5 30.1 4.77 

300 1023.7 44.6 4.83 

400 1364.9 58.8 4.88 

500 1706.1 73.0 4.91 

Average permeability, md 4.82 

Table A15-3: Results for the methane flood to measure dry permeability at 175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 322 17.7 4.35 

200 645 32.7 4.71 

300 967 47.9 4.82 

400 1290 63.2 4.87 

500 1612 78.3 4.91 

Average permeability, md 4.73 
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Table A15-4: Results for unsteady-state methane flood – before treatment. 

Pump flow rate (cc/hr) Core flow rates (cc/hr) 
Average pressure drop 

(psi) krg 

42 135.4 32.7 0.21 

84 270.7 46.1 0.30 

168 541.5 70.2 0.39 

252 812.2 91.8 0.45 

336 1082.9 112.0 0.49 

Table A15-5: Results for steady-state relative permeability – before treatment. 

Gas flow rate 
(cc/hr) 

Brine flow rate 
(cc/hr) 

Water 
fractional 

flow 
Average pressure 

drop (psi) 
krg krw 

56.3 3 0.05 55.8 0.051 0.068 

56.3 6 0.10 73.0 0.039 0.105 

56.3 16 0.22 164.0 0.017 0.124 

Table A15-6: Results for methane flood after IPA injection. 

Pump flow rate (cc/hr) Core flow rates (cc/hr) 
Average pressure drop 

(psi) krg 

200 643.5 33.0 0.98 

300 965.2 49.7 0.98 

400 1286.9 65.0 1.00 

500 1608.6 87.4 0.93 

Table A15-7: Results for steady-state relative permeability – before treatment. 

Gas flow rate 
(cc/hr) 

Brine flow rate 
(cc/hr) 

Water 
fractional 

flow 
Average pressure 

drop (psi) 
krg krw 

56.3 3 0.05 59 0.048 0.065 

56.3 6 0.10 73 0.039 0.105 

56.3 16 0.22 171 0.017 0.119 
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Table A15-8: Treatment composition. 

Component Mass % 

2BE-EtOH 68.6 

EtOH 29.4 

L-20294 2 

Table A15-9: Results for unsteady-state methane flood – after treatment. 

Pump flow rate 
(cc/hr) 

Core flow rates 
(cc/hr) 

Average pressure 
drop (psi) 

krg IF 

42 135.4 26.2 0.26 1.25 

84 270.8 39.5 0.35 1.17 

168 541.5 63.2 0.43 1.11 

252 812.3 85.4 0.48 1.08 

336 1083.1 104.7 0.52 1.07 

Table A15-10: Results for steady-state gas flood – after treatment. 

Gas flow 
rate (cc/hr) 

Brine flow 
rate (cc/hr) 

Water 
fractional flow 

Average pressure 
drop (psi) 

krg krw IF 

56.3 3 0.05 48.7 0.058 0.08 1.15 

56.3 6 0.10 75.4 0.034 0.09 0.86 

56.3 16 0.22 159.0 0.014 0.10 0.84 
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Figure A15-1: Pressure drop across the core during methane injection at RT. 
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Figure A15-2: Pressure drop across the core during methane injection at 175 oF. 
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Figure A15-3: Schematic of set up for water-blocking experiments. 
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Figure A15-4: Pressure drop across the core for methane flooding water-saturated core – 
pre-treatment. 
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Figure A15-5: Pressure drop across the core for pre-treatment methane-brine co-injection. 
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Figure A15-6: Pressure drop during injection of hundred PVs of methane to measure end-
point gas relative permeability. 
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Figure A15-7: Pressure drop across the core during displacing IPA with methane. 
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Figure A15-8: Pressure drop across the core during second methane-brine co-injection. 
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Figure A15-9: Pressure drop across the core during treatment injection. 
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Figure A15-10: Pressure drop across the core during treatment displacement by methane 
flood. 
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Figure A15-11: Pressure drop across the core during methane flooding water-saturated 
core – post-treatment. 
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Figure A15-12: Pressure drop across the core during post-treatment methane-brine co-
injection. 
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Figure A15-13: Pressure drop across the core during second treatment injection. 
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Figure A15-14: Pressure drop during methane injection into water-saturated core. 



 447 

APPENDIX A16 - EXPERIMENT # 165 
 

Objective: 

The objective of this experiment was to examine the effectiveness of the 3M 

chemical L-20294 to reduce the impairment due to condensate blocking in a TCL core in 

the presence of 25% initial water saturation. The experiment was conducted at the 

temperature of 175 oF. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting methane at 

both room temperature and at 175 oF. Table A16-1 summarizes the properties of the core 

as well as the experimental conditions for permeability measurement at ambient 

conditions. Figure A16-1 shows the pressure drop across the core during methane 

injection. Table A16-2 summarizes the results of the methane flood. The core’s dry 

permeability was also measured at experiment temperature of 175 oF. Figure A16-2 

shows the pressure drop across the core for different flow rates. There was a little 

increase in the calculated permeability as the flow rate was increased. Table A16-3 

summarizes the results for dry permeability measurement at 175 oF. The difference 

between average permeabilities measured at both temperatures was small. The average 

permeability of 4.58 md was used in the relative permeability calculations.  

Since the solubility of calcite decreases with increase in temperature; it was 

decided to inject the brine to the core when rock and brine were both at temperature. The 

volume of brine required to establish 25% initial water saturation in the core was 

calculated, 5.2 cc, and loaded into a tube loop with a valve on each side. It was then 

pressurized using nitrogen to the core pressure to avoid evaporation upon heating. The 
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loop was connected to the top of the core and after heating, the brine was pushed into the 

core by flowing nitrogen through the loop. Then methane was injected into the core to 

distribute the brine more homogeneously and also to measure the gas permeability at the 

initial water saturation (BPR1 = 3516 and BPR2 =1145 psig). Multiple flow rates were 

tried. Figure A16-3 shows the pressure drop across the core during methane injection to 

measure gas relative permeability at initial water saturation. The data is summarized in 

Table A16-4.   

The pre-treatment gas-condensate flood was performed using Mixture#1 fluid 

(see Chapter 3 for composition) at 175 oF at two different flow rates. Table A16-5 

summarizes the pressure settings as well as the gas and condensate properties for this pre-

treatment gas condensate flood. Figure A16-4 shows the pressure drop across the core for 

this flood. The results of the first pre-treatment gas-condensate flood, flow rates, pressure 

drops, and relative permeabilities, are summarized in Table A16-6. The core was treated 

with about 15 pore volumes of the treatment solution with the composition given in Table 

A16-7. The pressure drop across the core during treatment flood is given in Figure A16-

5.  

The core was aged overnight then was flooded with the post-treatment gas-

condensate at the same pressure settings as those used for the pre-treatment gas 

condensate flood. Figure A16-6 shows the pressure drop across the core for the post-

treatment gas-condensate flood. The pressure drop for the pre-treatment gas-condensate 

flood is also shown for comparison purpose, the blue curve. Table A16-8 summarizes the 

results.  

The improvement factor was not promising. It was decided to treat the core for 

the second time using the same treatment solution. The core was treated by injecting 14 

PVs of treatment solution. Figure A16-7 shows the pressure drop across the core during 
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this flood. The pressure drops across the core for the two treatment injections are 

proportional fairly well to their corresponding injection rates. The core was aged 

overnight before being flooded by the post second treatment gas condensate flood. Figure 

A16-8 shows the pressure drop across the core for the condensate flood after second 

treatment. The pressure drop data for the pre-treatment gas-condensate flood is also 

shown, blue curve, for comparison purpose. Table A16-9 summarizes the data for the 

post-second treatment gas-condensate flood. There was no appreciable increase in the 

improvement factor.  

To ensure that there was no damage to the core, it was decided to measure its 

permeability by injecting methane. Close to two hundred pore volumes of hot methane 

were injected into the core at different flow rates. As it is seen in Figure A16-9 the 

methane was able to evaporate all the condensate and recover the whole initial 

permeability back. As a last trail, it was decided to use dopamine to enhance the 

adsorption of the chemical. To do so, five pore volume of dopamine solution was made 

and injected following the procedure explained before. The next day 15 pore volumes of 

treatment solution was injected into the core at the rate of 30 cc/hr. Figure A16-10 shows 

the pressure drop across the core for the third treatment injection. The ratio of pressure 

drop to the flow rate is almost the same as those of other two treatment injections, which 

indicates that there was no reduction in the core permeability upon treating it with the 

dopamine. 

The post-third treatment gas-condensate flood was conducted the next day.  

Figures A16-11 shows the pressure drop data for this flood. Table A16-10 summarizes 

the results. There was no enhancement in the effectiveness of the chemical even with the 

aid of dopamine. In this experiment the mass of effluent condensate collected at room 

temperature was measured and recorded versus time. Figure A16-12 shows a plot of mass 
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of condensate liquid collected at the core effluent versus the mass of gas condensate 

mixture injected into the core. As one can see there is a very good agreement between 

them (the same slope for all plots). 

 Methane was injected into the core to displace and evaporate the condensate 

liquid and measure the final permeability. Figure A16-13 shows the pressure drop for the 

final methane flood. After injecting more than 130 PVs the gas relative permeability was 

about 0.9 which was considered as an indication of no damage to the core permeability 

by any of the treatments although they were not successful to increase the gas relative 

permeability. 
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Table A16-1: Core properties and pressure settings for methane flood. 

Core Texas Cream Limestone 

Diameter, inches 0.991 

Length, inches 8.05 

Weight, gm 205.23 

Porosity, % 20.4 

Swi, % 25 

BPR1 Setting, psig 2870 

BPR2 Setting, psig 957 

Table A16-2: Results for the methane flood to measure dry permeability at 75 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

200 622.0 28.0 4.73 

300 932.9 42.0 4.73 

400 1243.9 56.0 4.73 

500 1554.9 69.0 4.80 

200 622.0 28.0 4.73 

Average permeability, md 4.75 

Table A16-3: Results for the methane flood to measure dry permeability at 175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 298.1 17.1 4.21 

200 596.1 31.7 4.54 

300 894.2 46.5 4.64 

400 1192.3 61.2 4.71 

500 1490.3 75.4 4.77 

Average permeability, md 4.58 
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Table A16-4: Results for methane injection at Swi=25%. 

Pump flow rate 
(cc/hr) 

Core flow rate 
(cc/hr) 

Average pressure drop 
(psi) krg 

500 1490.3 93.3 0.84 
400 1192.3 74.5 0.84 
300 894.2 56.0 0.84 
200 596.1 37.5 0.84 

Table A16-5: Pressure settings and fluid properties for the first pre-treatment gas 
condensate flood. 

BPR-1, psig  4600  

BPR-2, psig 1155  
Density of gas phase (single-
phase), g/cc 0.2895  

Temperature, °F 175  

  @  Core Condition Gas Phase Oil Phase Gas Phase Oil Phase 

Density, gm/cc 0.0577 0.599 0.0615 0.595 

Viscosity, cp 0.0146 0.2203 0.0148 0.2145 

Volume fraction 0.9526 0.0474 0.949 0.051 
IFT, dyne/cm 7.269 6.825 
PVT Ratio 1.33 1.28 

Table A16-6: Results for the pre-treatment two-phase gas-condensate flood.  

q_pump, cc/hr 50 100 

qtotal_core, cc/hr 173.6 326.3 

qgas_core, cc/hr A16.4 309.7 

qoil_core, cc/hr 8.23 16.64 

Δp, psia 73.0 142.0 

krg 0.121 0.118 

kro 0.091 0.092 

Nc 1.53E-06 3.17E-06 
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Table A16-7: Treatment composition. 

Component Mass % 

2BE-EtOH 68.6 

EtOH 29.4 

L-20294 2 

Table A16-8: Summary of post-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 50 

qtotal_core, cc/hr 156.9 

qgas_core, cc/hr 148.7 

qoil_core, cc/hr 8.2 

Δp, psia 63.4 

krg 0.128 

kro 0.101 

Nc 1.329E-06 

krg-treated / krg-untreated 1.06 

Table A16-9: Summary of post-second treatment two-phase gas-condensate flood. 

q_pump, cc/hr 50 

qtotal_core, cc/hr 155.9 

qgas_core, cc/hr 147.7 

qoil_core, cc/hr 8.22 

Δp, psia 63.0 

krg 0.128 

kro 0.101 

Nc 1.32E-06 

krg-treated / krg-untreated 1.06 
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Table A16-10: Summary of post-third treatment two-phase gas-condensate flood. 

q_pump, cc/hr 50 100 

qtotal_core, cc/hr 181.0 351.5 

qgas_core, cc/hr 172.9 335.3 

qoil_core, cc/hr 8.11 16.28 

Δp, psia 71.0 137.0 

krg 0.129 0.131 

kro 0.094 0.097 

Nc 1.49E-06 3.06E-06 

krg-treated / krg-untreated 1.07 1.11 

Table A16-11: Results for the final methane injection. 

Pump flow rate 
(cc/hr) 

Core flow rate 
(cc/hr) 

Average pressure 
drop (psi) krg 

200 782 45 0.91 
300 1173 66 0.92 
400 1564 89 0.92 
500 1955 113 0.90 
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Figure A16-1: Pressure drop during methane injection to measure dry permeability at RT. 
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Figure A16-2: Pressure drop across the core during methane injection to measure dry 
permeability -175 oF. 
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Figure A16-3: Pressure drop across the core during krg measurement at Swi=25%. 
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Figure A16-4: Pressure drop across the core during the pre-treatment gas-condensate. 
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Figure A16-5: Pressure drop across the core during the first treatment injection. 
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Figure A16-6: Pressure drop across the core during the post-treatment condensate flood. 
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Figure A16-7: Pressure drop across the core during the second treatment injection. 
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Figure A16-8: Pressure drop for the post-second treatment condensate flood. 
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Figure A16-9: Pressure drop across the core during methane injection. 
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Figure A16-10: Pressure drop across the core during the third treatment injection. 
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Figure A16-11: Pressure drop across the core during the post-third treatment condensate 
flood. 
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Figure A16-12: Mass of condensate liquid collected versus mass of gas condensate 
mixture injected for all mixtures. 
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Figure A16-13: Pressure drop across the core during final methane flood. 
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APPENDIX A17 - EXPERIMENT # 169 
 

Objective: 

The objective of this experiment was to evaluate the effectiveness of 3M 

Chemical L-18961 to improve the gas and condensate relative permeabilities in a Texas 

Cream Limestone core in the presence of 25% initial water saturation. This experiment 

was conducted at 175 oF. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A17-1 summarized the properties of the core as well as the 

experimental conditions. Figure A17-1 shows the pressure drop across the core during 

nitrogen injection. Table A17-2 summarizes the results of the nitrogen injection. The dry 

permeability was also measured at temperature by injecting nitrogen. Figure A17-2 

shows the pressure drop across the core for this flood. Table A17-3 summarizes the 

results. There was a little difference between the measured permeability at room 

temperature compared to that at temperature of 175 oF. The absolute permeability of 5.92 

md was used in relative permeability calculations. 

To introduce the initial water saturation into the core, 5.1 ml brine was loaded to a 

loop with a valve on each side and pressurized using nitrogen to the core pressure. The 

brine was 30,000 ppm NaCl plus appropriate amount of calcium salt to prevent rock 

dissolution. The loop was connected to the top of the core. After one hour, the brine was 

pushed to the core using nitrogen injection. The core was then flooded with close to 150 

PVs nitrogen injected at two different flow rates to distribute the brine more evenly in the 

core. Table A17-4 summarizes the results. The relative gas permeability was averaged to 
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be 0.83. Figure A17-3 shows the pressure drop during gas relative permeability 

measurement at initial water saturation. 

The pre-treatment gas condensate flood was conducted at 175 oF at two different 

pump flow rates of 50 and 100 cc/hr. The composition of synthetic mixture used is given 

in Table A17-5. Table A17-6 summarizes the pressure settings as well as the gas and 

condensate properties at core condition for the pre-treatment gas-condensate flood. 

Figure A17-4 shows the pressure drop across the core for this flood. The results of pre-

treatment gas-condensate flood, flow rates, pressure drops, and relative permeabilities, 

are summarized in Table A17-7.  

The core was then treated with about 15 pore volumes of the treatment solution 

with the composition given in Table A17-8. The pressure drop across the core for 

treatment flood is given in Figure A17-5. The core was aged overnight then was flooded 

with the first post-treatment gas-condensate at the same pressure settings as those used to 

conduct the pre-condensate gas condensate flood. Figure A17-6 shows the pressure drop 

across the core for the first post-treatment gas-condensate flood. Table A17-9 

summarizes the results for this flood. There was almost 50% increase in gas and 

condensate relative permeabilities due to treatment.  

To assess the durability of the treatment, four more condensate flood was 

conducted. The pressure drop for these floods as well as for the pre-treatment condensate 

is shown in Figure A17-7. Condensate floods 2-4 gave the same pressure drop, slightly 

higher than the first one, therefore showed the same improvement factor. But for the last 

flood, number 5, the pressure drop was considerably higher and there was a decrease in 

the improvement factor. So it might be concluded that the treatment was not durable. 

Table A17-10 summarizes the values of improvement factors for the post-treatment 

condensate floods. 
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The final permeability of the core was measured by flowing methane through the 

core. The final permeability was comparable to that of the initial value. Figure A17-11 

shows the mass of liquid condensate collected at the effluent of the core. 



 465 

Table A17-1: Core properties and pressure settings for nitrogen flood. 

Core Texas Cream Limestone 

Diameter, inches 0.99 

Length, inches 7.47 

Weight, gm 182.4 

Porosity, % 21.4 

Swi, % 25 

BPR1 Setting, psig 3370 

BPR2 Setting, psig 880 

Table A17-2: Results for nitrogen injection to measure dry permeability - RT. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

75 263.2 12.9 6.17 

150 526.4 25.5 6.22 

300 1052.8 50.4 6.29 

500 1754.7 82.9 6.37 

75 263.2 12.9 6.17 

Average permeability, md 6.26 

Table A17-3: Results for nitrogen injection to measure dry permeability -175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

75 259.6 15.0 5.88 

150 519.2 31.7 5.57 

300 1038.4 58.2 6.07 

500 1730.6 95.4 6.17 

Average permeability, md 5.92 
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Table A17-4: Results for nitrogen flood to measure krg @ Swi = 25%. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) krg 

500 1730.6 121 0.82 

400 1384.5 94 0.85 

Relative gas permeability at initial water saturation 0.83 

Table A17-5: Composition of synthetic fluid used for condensate. 

Component Mole% 

C1 86 

C3 6 

nC7 5 

nC10 3 

Table A17-6: Pressure settings and fluid properties for pre-treatment gas-condensate 
flood. 

BPR-1, psi  4500 

BPR-2, psi 1060 

Density of gas phase (single-phase), 
g/cc 

0.287 

Temperature, °F 175 

Fluid properties @ core condition 
Gas 

Phase 
Oil  

Phase 
Gas 

Phase 
Oil  

Phase 

Density, gm/cc 0.0542 0.6027 0.0556 0.6012 

Viscosity, cp 0.0145 0.2259 0.0146 0.2235 

Liquid dropout fraction 0.9557 0.0443 0.9544 0.0456 

IFT, dyne/cm 7.691 7.514 

PVT Ratio 1.38 1.37 
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Table A17-7: Results for the pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 50 100 

qtotal_core, cc/hr 182.8 356.6 

qgas_core, cc/hr 174.7 340.4 

qoil_core, cc/hr 8.10 16.26 

Δp, psia 60.00 114.00 

krg 0.111 0.115 

kro 0.080 0.084 

Nc 1.66E-06 3.22E-06 

Table A17-8: Treatment composition. 

Component Mass % 

2BE-EtOH 61.74 

EtOH 26.46 

IPA 9.8 

L-18961 2 

Table A17-9: Summary of post-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 50 100 

qtotal_core, cc/hr 183.2 359.6 

qgas_core, cc/hr 175.1 343.4 

qoil_core, cc/hr 8.0 16.15 

Δp, psia 41 81 

krg 0.163 0.162 

kro 0.117 0.118 

Nc 1.125E-06 6.97E-05 

krg-treated / krg-untreated 1.47 1.41 
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Table A17-10: Improvement factor for post-treatment condensate floods. 

  Improvement Factor 
 Post-treatment Condensate# First flow rate, 1830 cc/hr Second flow rate, 358 cc/hr 

1 1.47 1.41 
2 1.44 1.37 
3 1.44 1.37 
4 1.44 1.37 
5 1.31 1.29 
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Figure A17-1: Pressure drop across the core during nitrogen injection to measure dry 
permeability-RT. 
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Figure A17-2: Pressure drop across the core during nitrogen injection to measure dry 
permeability-175 oF. 
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Figure A17-3: Pressure drop across the core during nitrogen injection to measure krg @ 
Swi-175 oF. 
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Figure A17-4: Pressure drop across the core during pre-treatment gas-condensate flood. 
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Figure A17-5: Pressure drop across the core during treatment injection. 
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Figure A17-6: Pressure drop across the core for the post-treatment gas-condensate flood. 
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Figure A17-7: Pressure drop across the core for all post-treatment gas-condensate floods. 
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Figure A17-8: Mass of condensate liquid collected at the effluent versus mass of gas-
condensate mixture injected for all gas condensate floods. 



 473 

APPENDIX A18 - EXPERIMENT # 172 
 

Objective: 

The objective of this experiment was to evaluate the effectiveness of 3M 

Chemical L-18961 to improve the gas and condensate relative permeabilities in a Texas 

Cream Limestone core in the presence of 25% initial water saturation. This experiment 

was conducted at 230 oF. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A18-1 summarized the properties of the core as well as the 

experimental conditions. Figure A18-1 shows the pressure drop across the core during 

nitrogen injection. Table A18-2 summarizes the results of the nitrogen injection. The dry 

permeability was also measured at temperature by injecting nitrogen. Figure A18-2 

shows the pressure drop across the core for this flood. Table A18-3 summarizes the 

results. There was a little difference between the measured permeability at room 

temperature compared to that at temperature of 230 oF. The absolute permeability of 

16.13 md was used in the relative permeability calculations. 

To introduce the initial water saturation into the core, 5.1 ml brine was loaded to a 

loop with a valve on each side and pressurized using nitrogen to the core pressure. The 

brine was 30,000 ppm NaCl plus appropriate amount of calcium salt to prevent rock 

dissolution. The loop was connected to the top of the core. After one hour, the brine was 

pushed to the core using nitrogen injection. The core was then flooded with close to 150 

PVs nitrogen injected at two different flow rates to distribute the brine more evenly in the 

core. Table A18-4 summarizes the results. The relative gas permeability was averaged to 
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be 0.84. Figure A18-3 shows the pressure drop during gas relative permeability 

measurement at initial water saturation. 

The pre-treatment gas condensate flood was conducted at 230 oF at two different 

pump flow rates of 100 and 200 cc/hr. The composition of synthetic mixture used is 

given in Table A18-5. Table A18-6 summarizes the pressure settings as well as the gas 

and condensate properties at core condition for the pre-treatment gas-condensate flood. 

Figure A18-4 shows the pressure drop across the core for this flood. The results of pre-

treatment gas-condensate flood, flow rates, pressure drops, and relative permeabilities, 

are summarized in Table A18-7.  

The core was then treated with about 15 pore volumes of the treatment solution 

with the composition given in Table A18-8. The pressure drop across the core for 

treatment flood is given in Figure A18-5. The core was aged overnight then was flooded 

with the first post-treatment gas-condensate at the same pressure settings as those used to 

conduct the pre-condensate gas condensate flood. Figure A18-6 shows the pressure drop 

across the core for the first post-treatment gas-condensate flood. Table A18-9 

summarizes the results for this flood. The improvement factors for both flow rates were 

marginal, 1.43 and 1.29.  

Three more condensate floods were conducted. The pressure drop for these floods 

as well as for the pre-treatment condensate is shown in Figure A18-7. Table A18-10 

summarizes the values of improvement factors for the post-treatment condensate floods. 

The final permeability of the core was measured by flowing methane through the 

core. After injecting 213 PVs of methane, the calculated final permeability was 0.86. 

Figure A18-8 shows the mass of liquid condensate collected at the effluent of the core. 
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Table A18-1: Core properties and pressure settings for nitrogen flood. 

Core Texas Cream Limestone 

Diameter, inches 0.99 

Length, inches 8.025 

Weight, gm 191.2 

Porosity, % 20.23 

Swi, % 25 

BPR1 Setting, psig 3410 

BPR2 Setting, psig 879 

Table A18-2: Results for nitrogen injection to measure dry permeability - RT. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 350.4 6.6 17.17 

200 700.7 13.5 16.78 

300 1051.1 20.2 16.83 

400 1401.4 27.3 16.60 

500 1751.8 34.2 16.56 

Average permeability, md 16.84 

Table A18-3: Results for nitrogen injection to measure dry permeability - 230 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 348.7 8.4 16.07 

200 697.4 16.6 16.26 

300 1046.1 25.0 16.20 

400 1394.8 33.5 16.20 

500 1743.5 42.4 15.92 

Average permeability, md 16.13 
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Table A18-4: Results for nitrogen flood to measure krg @ Swi = 25%. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) krg 

1500 5230.5 152.0 0.83 

1000 3487.0 97.5 0.86 

Relative gas permeability at initial water saturation 0.84 

Table A18-5: Composition of synthetic fluid used for condensate. 

Component Mole% 

C1 85 

C3 6 

nC7 5 

nC10 3 

nC12 1 

Table A18-6: Pressure settings and fluid properties for pre-treatment gas-condensate 
flood. 

BPR-1, psi  4650 

BPR-2, psi 1060 

Density of gas phase (single-phase), 
g/cc 

0.2783 

Temperature, °F 230 

Fluid properties @ core condition 
Gas 

Phase 
Oil  

Phase 
Gas 

Phase 
Oil  

Phase 

Density, gm/cc 0.056 0.5889 0.057 0.5877 

Viscosity, cp 0.0155 0.2059 0.0155 0.2044 

Liquid dropout fraction 0.9528 0.0472 0.9518 0.0482 

IFT, dyne/cm 6.658 6.54 
PVT Ratio 1.52 1.50 
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Table A18-7: Results for the pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 342.9 674.0 

qgas_core, cc/hr 326.7 641.5 

qoil_core, cc/hr 16.19 32.49 

Δp, psia 44.80 85.00 

krg 0.117 0.122 

kro 0.077 0.081 

Nc 3.62E-06 7.00E-06 

Table A18-8: Treatment composition. 

Component Mass % 

2BE-EtOH 61.74 

EtOH 26.46 

IPA 9.8 

L-18961 2 

Table A18-9: Summary of post-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 352.7 676.7 

qgas_core, cc/hr 336.7 644.4 

qoil_core, cc/hr 16.1 32.35 

Δp, psia 32.0 66.00 

krg 0.168 0.157 

kro 0.109 0.104 

Nc 2.226E-06 1.15E-04 

krg-treated / krg-untreated 1.43 1.29 
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Table A18-10: Improvement factor for post-treatment condensate floods. 

  Improvement Factor 
 Post-treatment Condensate# First flow rate, 353 cc/hr Second flow rate, 677 cc/hr 

1 1.43 1.29 
2 1.32 1.28 
3 1.33 1.23 
4 1.32 1.21 
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Figure A18-1: Pressure drop across the core during nitrogen injection to measure dry 
permeability-RT. 
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Figure A18-2: Pressure drop across the core during nitrogen injection to measure dry 
permeability- 230 oF. 
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Figure A18-3: Pressure drop across the core during nitrogen injection to measure krg @ 
Swi- 230 oF. 
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Figure A18-4: Pressure drop across the core during pre-treatment gas-condensate flood. 
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Figure A18-5: Pressure drop across the core during treatment injection. 
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Figure A18-6: Pressure drop across the core for the post-treatment gas-condensate flood. 
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Figure A18-7: Pressure drop across the core for all post-treatment gas-condensate floods. 
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Figure A18-8: Mass of condensate liquid collected at the effluent versus mass of gas-
condensate mixture injected for all gas condensate floods. 
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APPENDIX A19 - EXPERIMENT # 174 
 

Objective: 

The objective of this experiment was to evaluate the effectiveness of 3M 

Chemical L-20886 to improve the gas and condensate relative permeabilities in Texas 

Cream Limestone core in the presence of 25% initial water saturation at the temperature 

of 175 oF. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A19-1 summarizes the properties of the core as well as the 

experimental conditions. Figure A19-1 shows the pressure drop across the core during 

nitrogen injection. Table A19-2 summarizes the results of the nitrogen injection. The dry 

permeability was also measured at temperature by injecting nitrogen. Figure A19-2 

shows the pressure drop across the core this flood. Table A19-3 summarizes the results. 

The difference between the dry permeability measurements at these two different 

temperatures was negligible. The absolute permeability of 19.25 md was used to calculate 

relative permeabilities. 

To introduce the initial water saturation into the core, the volume of brine 

required to establish the initial water saturation of 25% in the core, 4.0 ml, was 

calculated. The calculated brine volume was loaded into a loop with a valve on each side 

and pressurized using nitrogen to the core pressure to prevent evaporation of water due to 

heating. The brine was 30,000 ppm NaCl plus appropriate amount of calcium salt to 

prevent rock dissolution. The loop was connected to the top of the core. After one hour, 

the brine was pushed into the core by flowing humidified nitrogen into through the loop. 
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The core was then flooded with over 160 PVs nitrogen at two different flow rates to 

distribute the brine more evenly and measure the gas relative permeability at initial water 

saturation. Table A19-4 summarizes the results. The relative gas permeability was 

averaged to be 0.8. Figure A19-3 shows the pressure drop during gas relative 

permeability measurement at initial water saturation. 

The pre-treatment gas condensate flood was conducted at 175 oF at two different 

pump flow rates of 100 and 200 cc/hr. The composition of synthetic mixture used is 

given in Table A19-5. Its composition was slightly different than that of Mixture #1 (see 

Chapter 3 for composition and other related properties). Table A19-6 summarizes the 

pressure settings as well as the gas and condensate properties at core condition for the 

pre-treatment gas-condensate flood. Figure A19-4 shows the pressure drop across the 

core for pre-treatment gas condensate flood. The results of pre-treatment gas-condensate 

flood, flow rates, pressure drops, and relative permeabilities, are summarized in Table 

A19-7. There was some noise in the pressure drop data which might be due to a sticky 

BPR. The initial pressure spike happened at 10 PVs of injection was due to high pump 

rate of 300 cc/hr. 

The core was then treated by injecting more than 16 pore volumes of the 

treatment solution with the composition given in Table A19-8. Figure A19-5 shows the 

pressure drop across the core for treatment injection. Next, the core was aged overnight 

then was flooded with the first post-treatment gas-condensate at the same pressure 

settings as those used for the pre-condensate flood. Figure A19-6 shows the pressure drop 

across the core for the post-treatment gas-condensate flood. Table A19-9 summarizes the 

results. The treatment enhanced the gas and condensate relative permeabilities by 

approximately 50%.  It was in the middle of second flow rate as is seen in the figure that 

the pressure drop went up quickly. It was thought that the sharp increase in the pressure 
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was due to failure of the piston in the accumulator which caused the water got into the 

core. The injection was stopped and investigation of the accumulator proved the above 

postulate. Due to this failure the value of improvement factor reported for the second 

flow rate might be questionable. 

Figure A19-7 shows the mass of liquid collected in the effluent versus mass of gas 

condensate mixture injected into the core for the pre- and post-treatment condensate 

floods. It is apparent from this figure that the two fluids were quite consistent. 
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Table A19-1: Core properties and pressure settings for nitrogen flood. 

Core Texas Cream Limestone 

Diameter, inches 0.985 

Length, inches 6.82 

Weight, gm 161 

Porosity, % 19 

Swi, % 25 

BPR1 Setting, psig 3410 

BPR2 Setting, psig 879 

Table A19-2: Results for nitrogen injection to measure dry permeability-RT. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

200 684.1 9.4 20.2 

300 1026.1 14.5 19.6 

400 1368.1 19.8 19.2 

500 1710.2 24.8 19.1 

Average permeability, md 19.68 

Table A19-3: Results for nitrogen injection to measure dry permeability-175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

200 682.2 11.0 19.5 

300 1023.4 16.8 19.1 

400 1364.5 22.7 19.1 

Average permeability, md 19.25 
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Table A19-4: Results for nitrogen flood to measure krg @ Swi=25%. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) krg 

1500 5133.3 107.5 0.78 

1000 3422.2 68.6 0.81 

Relative gas permeability at initial water saturation 0.8 

Table A19-5: Composition of synthetic fluid used for condensate. 

Component Mole% 

C1 84.4 

C3 6.8 

nC7 5.6 

nC10 3.3 

Table A19-6: Pressure settings and fluid properties for pre-treatment gas-condensate 
flood. 

BPR-1, psi  4723 

BPR-2, psi 1065 
Density of gas phase (single-phase), 
g/cc 0.307 

Temperature, °F 175 

Fluid properties @ core condition 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 

Density, gm/cc 0.0536 0.6009 0.0559 0.5984 

Viscosity, cp 0.0145 0.2229 0.0145 0.2193 

Liquid dropout fraction 0.9501 0.0499 0.9477 0.0523 

IFT, dyne/cm 7.67 7.391 
PVT Ratio 1.20 1.20 
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Table A19-7: Results for the pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 379.4 728.6 

qgas_core, cc/hr 360.5 690.5 

qoil_core, cc/hr 18.93 38.11 

Δp, psia 43.8 84.0 

krg 0.089 0.089 

kro 0.072 0.074 

Nc 4.32E-06 8.59E-06 

Table A19-8: Treatment composition. 

Component Mass % 

2BE-EtOH 68.6 

EtOH 29.4 

L-20886 2 

Table A19-9: Summary of post-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 371.9 735.7 

qgas_core, cc/hr 353.0 697.7 

qoil_core, cc/hr 18.9 37.96 

Δp, psia 29.5 57.00 

krg 0.130 0.133 

kro 0.106 0.110 

Nc 2.951E-06 5.24E-05 

krg-treated / krg-untreated 1.45 1.49 
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Figure A19-1: Pressure drop across the core during nitrogen injection to measure dry 
permeability-RT. 
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Figure A19-2: Pressure drop across the core during nitrogen injection to measure dry 
permeability-175 oF. 
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Figure A19-3: Pressure drop across the core during nitrogen injection to measure krg @ 
Swi-175 oF. 
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Figure A19-4: Pressure drop across the core during pre-treatment gas-condensate flood. 
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Figure A19-5: Pressure drop across the core during treatment injection. 
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Figure A19-6: Pressure drop across the core for the post-treatment gas-condensate flood. 
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Figure A19-7: Mass of liquid condensate collected at the effluent during pre- and post-
gas condensate floods. 
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APPENDIX A20 - EXPERIMENT # 175 
 

Objective: 

The objective of this experiment was to examine the effectiveness of 3M 

Chemical L-20886 to reduce the impairment due to condensate blocking in a TCL core in 

the presence of 25% initial water saturation. The experiment was conducted at the 

temperature of 230 oF. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A20-1 summarizes the properties of the core as well as the 

experimental conditions for permeability measurement at ambient conditions. Figure 

A20-1 shows the pressure drop across the core during nitrogen injection at room 

temperature. Table A20-2 summarizes the results of the nitrogen flood.  

The core dry permeability was also measured at the temperature of 175 oF. Figure 

A20-2 shows the pressure drop across the core for different flow rates. Table A20-3 

summarizes the results for dry permeability measurement at 175 oF. There was no 

considerable difference between permeabilities from these two measurements, 9.64 

versus 9.13 md. The average permeability of 9.13 md was used in relative permeability 

calculations.  

Since the solubility of calcite decreases with increase in temperature; it was 

decided to inject the brine to the core when both were at temperature. The oven 

temperature was set to 230 oF. The volume of brine required to establish 25% initial 

water saturation, 4.2 cc, in the core was calculated and loaded into a tube loop with a 

valve on each side. It was then pressurized using nitrogen to the core pressure to avoid 
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water evaporation upon heating. The loop was connected to the top of the core and after 

heating, the brine was pushed into the core by flowing nitrogen through the loop. Then 

nitrogen was injected into the core to distribute the brine more homogeneously and also 

to measure the gas permeability at the initial water saturation (BPR1 = 4498 and BPR2 

=1153 psig). Injection was conducted at two different flow rates. Figure A20-3 shows the 

pressure drop across the core during nitrogen injection to measure gas relative 

permeability at initial water saturation. Table A20-4 summarizes the results related to krg 

measurement at initial water saturation.   

An accumulator of gas condensate mixture having composition of Mixture# 2 (see 

Chapter 3 for composition) was prepared and put in the oven to become single-phase over 

night. The pre-treatment gas-condensate flood was performed at three different pump rate 

of 100, 200, and 300 cc/hr. Table A20-5 summarizes the pressure settings as well as the 

gas and condensate properties for this  flood. The pre-treatment gas condensate flood was 

conducted twice. The results were exactly the same. Here the results for the second flood 

are provided. Figure A20-4 shows the pressure drop across the core for both floods. The 

results of the second pre-treatment gas-condensate flood, flow rates, pressure drops, and 

relative permeabilities, are summarized in Table A20-6.  

200 gm of a treatment solution was prepared, loaded into an accumulator, and put 

in the oven. Composition of the treatment solution is given in Table A20-7. The core was 

treated with approximately 10 pore volumes of the treatment solution injected at the rate 

of 40 cc/hr. Figure A20-5 shows the pressure drop across the core for treatment flood. 

The pressure drop passed a hump then leveling off at about 30 psia.  

The core was aged overnight then was flooded with the first post-treatment gas-

condensate at the same flow rate and pressure settings as those used for the pre-treatment 

gas condensate flood. Figure A20-6 shows the pressure drop across the core for the first 
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post-treatment gas-condensate flood. The pressure drop for the pre-treatment gas-

condensate flood, the blue curve, is also shown for comparison purpose. Table A20-8 

summarizes the results. The improvement factor was unbelievably high. The 

interpretation was that there was a leak between the outlet of the accumulator and the 

BPR1. The post treatment gas condensate flood was repeated. Figure A20-7 shows the 

pressure drop for this flood. The results are summarized in Table A20-9.  

The improvement factor was not promising, therefore, it was decided to retreat the 

core using the same composition as for first treatment. The pressure drop for the second 

treatment was approximately 10% higher than what observed for the first treatment 

injected at the same rate. Figure A20-8 shows the pressure drop across the core for 

second treatment flood. After aging overnight, the core was flooded with another gas 

condensate. Figure A20-9 shows the pressure drop for this flood. The summary of results 

for this flood is provided in Table A20-10. The enhancement in the improvement factor 

was marginal.  

The final permeability of core was measured by injecting methane.  Close to 300 

pore volumes of hot methane were injected into the core at two different flow rates. The 

calculated relative permeability for lower flow rate was 0.9. Figure A20-10 shows the 

pressure drop data for final methane flooding.  

Figure A20-11 shows the mass of effluent liquids collected during pre- and post-

treatment condensate floods versus mass of gas condensate mixture injected.  
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Table A20-1: Core properties and pressure settings for nitrogen flood at 75 oF. 

Core Texas Cream Limestone 

Diameter, inches 0.985 

Length, inches 6.34 

Weight, gm 156.1 

Porosity, % 21.3 

Swi, % 25 

BPR1 Setting, psig 3722 

BPR2 Setting, psig 887 

Table A20-2: Results for the nitrogen flood to measure dry permeability at 74 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

200 745.6 21.0 9.16 

300 1118.3 31.4 9.19 

400 1491.1 42.6 9.03 

500 1863.9 53.6 8.97 

Average permeability, md 9.13 

Table A20-3: Results for the nitrogen flood to measure dry permeability at 175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

200 749.9 23.0 9.50 

300 1124.8 33.3 9.85 

400 1499.7 45.7 9.57 

Average permeability, md 9.64 
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Table A20-4: Results for nitrogen injection at Swi=25%. 

Pump flow rate 
(cc/hr) 

Core flow rate 
(cc/hr) 

Average pressure drop 
(psi) krg 

1000 3434.7 132.0 0.83 
500 1717.3 63.6 0.87 

Table A20-5: Pressure settings and fluid properties for the pre-treatment condensate. 

BPR-1, psi 4530 

BPR-2, psi 1256 

Density of gas phase 
(single-phase), g/cc 

0.2748 

Temperature, °F 230 

Average  Core Pressure 1280 1304 1326 

@ Core Pressure 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 

Density, gm/cc 0.06 0.5844 0.0609 0.5834 0.0619 0.5823 

Viscosity, cp 0.0147 0.1612 0.0147 0.16 0.0147 0.1588 

Volume fraction 0.9489 0.0511 0.9481 0.0519 0.9471 0.0529 
IFT, dyne/cm 6.216 6.119 5.877 
PVT Ratio 1.69 1.68 1.66 

Table A20-6: Results for the pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 200 300 

qtotal_core, cc/hr 316.6 624.4 936.6 

qgas_core, cc/hr 300.4 592.0 888.0 

qoil_core, cc/hr 16.18 32.41 48.61 

Δp, psia 48.30 95.50 139.00 

krg 0.127 0.126 0.130 

kro 0.075 0.075 0.078 

Nc 3.16E-06 6.36E-06 9.25E-06 
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Table A20-7: Treatment composition. 

Component Mass % 

2BE-EtOH 69.3 

EtOH 29.7 

L-20886 1 

Table A20-8: Summary of post first treatment two-phase gas-condensate flood#1. 

q_pump, cc/hr 100 200 300 

qtotal_core, cc/hr 316.7 624.6 936.6 

qgas_core, cc/hr 300.5 592.2 888.0 

qoil_core, cc/hr 16.2 32.42 48.61 

Δp, psia 10.9 39.20 73.00 

krg 0.562 0.308 0.248 

kro 0.332 0.184 0.147 

krg-treated / krg-untreated 4.43 2.44 1.90 

Table A20-9: Summary of post first treatment two-phase gas-condensate flood#2. 

q_pump, cc/hr 100 200 300 

qtotal_core, cc/hr 316.6 620.3 936.6 

qgas_core, cc/hr 300.5 588.1 888.0 

qoil_core, cc/hr 16.1 32.20 48.61 

Δp, psia 39.0 75.00 115.00 

krg 0.157 0.160 0.157 

kro 0.092 0.095 0.093 

krg-treated / krg-untreated 1.24 1.26 1.21 
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Table A20-10: Summary of post second treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 200 300 

qtotal_core, cc/hr 316.6 618.7 936.6 

qgas_core, cc/hr 300.5 586.6 888.0 

qoil_core, cc/hr 16.0 32.11 48.61 

Δp, psia 34.0 72.00 115.00 

krg 0.180 0.166 0.157 

kro 0.105 0.099 0.094 

krg-treated / krg-untreated 1.42 1.31 1.21 
 



 500 

0

10

20

30

40

50

60

0 20 40 60 80 100

Pore Volume Injected

P
re

ss
u

re
 d

ro
p

, p
si

a
q_core = 1864 cc/hr
k = 8.97 md

q_core = 746 cc/hr
k = 9.16 md

q_core = 1118 cc/hr
k = 9.2 md

q_core = 1491 cc/hr
k = 9.03 md

 

Figure A20-1: Pressure drop across the core during nitrogen injection - 74 oF. 
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Figure A20-2: Pressure drop across the core during nitrogen injection - 175 oF. 



 501 

0

40

80

120

160

200

0 20 40 60 80 100 120

Pore Volume Injected

P
re

ss
u

re
 d

ro
p

, p
si

a

q_core = 1717 cc/hr
krg =  0.87

q_core = 3435 cc/hr
krg =  0.83

 

Figure A20-3: Pressure drop during krg measurement at Swi=25%. 
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Figure A20-4: Pressure drop across the core during the pre-treatment gas-condensate. 
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Figure A20-5: Pressure drop across the core during first treatment injection. 
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Figure A20-6: Pressure drop across the core for the post first treatment condensate 
flood#1. 
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Figure A20-7: Pressure drop across the core for the post first treatment condensate 
flood#2. 
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Figure A20-8: Pressure drop across the core during second treatment injection. 
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Figure A20-9: Pressure drop across the core for the post second treatment condensate 
flood. 
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Figure A20-10: Pressure drop across the core during final methane injection. 
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Figure A20-11: Mass of liquid condensate collected at the effluent versus mass of gas 
condensate mixture injected. 
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APPENDIX A21 - EXPERIMENT # 179 
 

Objective: 

The objective of this experiment was to evaluate the effectiveness of 3M 

Chemical L-19446#2 to improve the gas and condensate relative permeabilities in a 

Texas Cream Limestone core in the presence of 25% initial water saturation at the 

temperature of 175 oF. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A21-1 summarizes the properties of the core as well as the 

experimental conditions. Figure A21-1 shows the pressure drop across the core during 

nitrogen injection. Table A21-2 summarizes the results of the nitrogen injection. The dry 

permeability was also measured at the temperature of 175 oF by injecting nitrogen. Figure 

A21-2 shows the pressure drop for nitrogen injection at temperature. Table A21-3 

summarizes the results. There was almost no difference between the two measured 

permeability at room temperature and at temperature of 175 oF. The absolute 

permeability of 12.75 md was used in relative calculations. 

To introduce the initial water saturation into the core, 5.3 ml brine was loaded into 

a loop with a valve on each side and was pressurized using nitrogen to the core pressure. 

The brine was 30,000 ppm NaCl plus appropriate amount of calcium salt to prevent rock 

dissolution. The loop was connected to the top of the core. After one hour, the brine was 

pushed into the core by injecting nitrogen through the loop. The core was then flooded 

with more than 80 PVs of nitrogen at two different flow rates to distribute the brine more 

evenly in the core. Table A21-4 summarizes the results. The relative gas permeability 
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was calculated to be 0.82. Figure A21-3 shows the pressure drop during gas relative 

permeability measurement at initial water saturation. The effect of non-Darcy is evident 

from the difference between krgs at high and low flow rates. This effect has been 

accounted for. 

The pre-treatment gas condensate flood was conducted at 175 oF at two different 

pump flow rates of 100 and 200 cc/hr. Synthetic Mixture#1 was used in this experiment. 

Table A21-5 summarizes the pressure settings as well as the gas and condensate 

properties at the core conditions for the pre-treatment gas-condensate flood. Figure A21-4 

shows the pressure drop across the core for the pre-treatment gas condensate flood. The 

results of pre-treatment gas-condensate flood, flow rates, pressure drops, and relative 

permeabilities, are summarized in Table A21-6.  

The core was then treated with more than 12 pore volumes of the treatment 

solution with the composition given in Table A21-7. The treatment was preheated for 

three hours before injection. Figure A21-5 shows the pressure drop across the core for 

treatment injection. Next, the core was aged overnight then was flooded with the first 

post-treatment gas-condensate at the same pressure settings as those used in the pre-

condensate flood. Figure A21-6 shows the pressure drop across the core for the post-

treatment gas-condensate flood. Pressure drop for the pre-treatment gas condensate flood 

is also shown for comparison purpose. Table A21-8 summarizes the results.  

Since the initial improvement factors were promising, it was decided to inject 

more condensate to see if the improvement would last. Following the first post-treatment 

gas condensate flood, an accumulator of condensate was injected daily for three 

consecutive days. Figure A21-7 shows the changes in the pressure drop response and 

Figure A21-8 shows the changes in the improvement factor, respectively. Table A21-9 
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summarizes the changes in improvement factor with pore volume of gas condensate 

mixture injected into the core after treatment. 

The final permeability of the core was measured by injecting hot methane through 

the core. In this injection steady pressure drop were measured for two different flow 

rates. After injection of more than 200 pore volumes of gas the gas relative permeability 

of approximately 0.9 was calculated which was considered as a sign of no damage. 

Figure A21-9 shows the pressure drop for this last flood on this core. Figure A21-10 

compares mass of condensate liquids collected at the effluent versus mass of gas-

condensate mixture injected into the core for all gas condensate floods. This plot shows 

that all condensate mixtures were consistent within experimental errors. 
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Table A21-1: Core properties and pressure settings for nitrogen flood. 

Core Texas Cream Limestone 

Diameter, inches 0.985 

Length, inches 8.04 

Weight, gm 193.5 

Porosity, % 21.4 

Swi, % 25 

BPR1 Setting, psig 3243 

BPR2 Setting, psig 842 

Table A21-2: Results for nitrogen injection to measure dry permeability-RT. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

200 701.5 18.0 12.69 

300 1052.2 27.2 12.59 

400 1403.0 36.6 12.48 

500 1753.7 46.4 12.31 

Average permeability, md 12.59 

Table A21-3: Results for nitrogen injection to measure dry permeability-175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

200 707.9 21.0 12.40 

300 1061.8 32.2 12.13 

400 1415.8 43.5 11.98 

Average permeability, md 12.17 
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Table A21-4: Results for nitrogen flood to measure krg @ Swi. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) krg 

1000 3539.4 142.0 0.75 

200 707.9 25.5 0.84 

Relative gas permeability at initial water saturation 0.82 

Table A21-5: Pressure settings and fluid properties for pre-treatment gas-condensate 
flood. 

BPR-1, psi  4590 

BPR-2, psi 1170 

Density of gas phase (single-
phase), g/cc 

0.2899 

Temperature, °F 175 

Fluid properties @ core 
condition 

Gas 
Phase 

Oil  
Phase 

Gas 
Phase 

Oil  
Phase 

Density, gm/cc 0.0605 0.5961 0.0614 0.5952 

Viscosity, cp 0.0148 0.216 0.0148 0.2148 

Liquid dropout fraction 0.9499 0.0501 0.9491 0.0509 

IFT, dyne/cm 6.942 6.844 
PVT Ratio 1.30 1.28 

Table A21-6: Results for the pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 331.9 654.6 

qgas_core, cc/hr 315.3 621.3 

qoil_core, cc/hr 16.63 33.32 

Δp, psia 74.50 131.40 

krg 0.087 0.097 

kro 0.067 0.076 

Nc 4.35E-06 7.78E-06 
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Table A21-7: Treatment composition. 

Component Mass % 

2BE-EtOH 68.6 

EtOH 29.4 

L-19446#2 2 

Table A21-8: Summary of post-treatment1 two-phase gas-condensate flood#1. 

q_pump, cc/hr 100 200 

qtotal_core, cc/hr 336.9 696.3 

qgas_core, cc/hr 320.4 660.4 

qoil_core, cc/hr 16.6 35.93 

Δp, psia 38.5 88.00 

krg 0.170 0.152 

kro 0.130 0.125 

Nc 2.21E-06 6.86E-05 

krg-treated / krg-untreated 1.95 1.55 

Table A21-9: Changes in improvement factor with injecting more condensate. 

PV Injected 337 cc/hr 697 cc/hr 
178 1.95 1.55 
355 1.67 1.44 
537 1.56 1.44 
717 1.60 1.41 
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Figure A21-1: Pressure drop during nitrogen injection to measure dry permeability-RT. 
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Figure A21-2: Pressure drop during nitrogen injection to measure dry permeability-175 
oF. 
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Figure A21-3: Pressure drop across the core during nitrogen injection to measure krg @ 
Swi-175 oF. 

0

40

80

120

160

0 20 40 60 80 100 120 140 160 180

Pore Volume Injected

P
re

ss
u

re
 d

ro
p

, p
si

a

q_core = 332cc/hr
krg = 0.087
kro= 0.067
Nc = 4.35 E-6

q_core = 655 cc/hr
krg = 0.097
kro= 0.076
Nc = 7.78 E-6

 

Figure A21-4: Pressure drop across the core during pre-treatment gas-condensate flood. 
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Figure A21-5: Pressure drop across the core during treatment injection. 
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Figure A21-6: Pressure drop across the core for the post-treatment gas-condensate 
flood#1. 
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Figure A21-7: Pressure drop across the core for the all gas-condensate floods. 
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Figure A21-8: Changes in the improvement factor with PV gas-condensate injected. 
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Figure A21-9: Pressure drop across the core for the final methane injection. 
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Figure A21-10: Mass of liquid condensate collected at the effluent versus mass of gas 
condensate mixture injected. 
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APPENDIX A22 - EXPERIMENT # 180 
 

Objective: 

The objective of this experiment was to evaluate the effectiveness of 3M 

Chemical L-19446#2 to improve the gas and condensate relative permeabilities in a 

Texas Cream Limestone core in the presence of 25% initial water saturation at the 

temperature of 175 oF. Another objective of this experiment was to evaluate the effect of 

treatment at different liquid dropouts as well as at different capillary numbers. To 

accomplish this objective the core pressure was changed to have different liquid dropouts 

in the core. For each liquid dropout different flow rates were tried to cover a wide 

capillary number range. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A22-1 summarizes the properties of the core as well as the 

experimental conditions. Figure A22-1 shows the pressure drop across the core during 

nitrogen injection. Table A22-2 summarizes the results of the nitrogen injection. The dry 

permeability was also measured at the temperature of 175 oF by injecting nitrogen. Figure 

A22-2 shows the pressure drop for this flood. Table A22-3 summarizes the results. The 

difference between the two measurements was negligible. The value of 23.69 md 

measured at experiment temperature was used to calculate relative permeabilities. 

To introduce the initial water saturation into the core, 5.5 ml brine was loaded to a 

loop with a valve on each side and was pressurized using nitrogen to 1000 psi. The brine 

was 30,000 ppm NaCl plus appropriate amount of calcium salt to prevent rock 

dissolution. The loop was connected to the top of the core. After one hour, the brine was 
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pushed to the core by injecting nitrogen through the loop. The core was then flooded with 

over 80 PVs nitrogen at two different flow rates to distribute the brine more evenly in the 

core. Table A22-4 summarizes the results. The relative gas permeability was calculated to 

be 0.86. Figure A22-3 shows the pressure drop across the core during gas relative 

permeability measurement at initial water saturation 

Thee pre-treatment gas condensate floods were conducted all at the same 

temperature, 175 oF, but at different core pressures. Running the experiment at different 

core pressures made it possible to see the effect of treatment at different liquid dropouts. 

Running each of these floods at different flow rates allowed observing the effect of 

capillary number. Synthetic Mixture#1 was used in gas condensate floods in this 

experiment. Table A22-5 shows the pressure settings, liquid dropouts, and range of 

capillary number examined in each of these floods.  

The first gas condensate flood was conducted at the core pressure of 1200 psi. 

Table A22-6 summarizes the pressure settings as well as the gas and condensate 

properties at core condition for this pre-treatment gas-condensate flood. Figure A22-4 

shows the pressure drop across the core for this flood. The results of pre-treatment gas-

condensate flood, flow rates, pressure drops, and relative permeabilities, are summarized 

in Table A22-7.  

The second pre-treatment gas condensate flood was conducted at the core 

pressure of 2000 psi. Table A22-8 summarizes the pressure settings as well as the gas and 

condensate properties at core condition for this pre-treatment gas-condensate flood. 

Figure A22-5 shows the pressure drop across the core for this flood. The results of pre-

treatment gas-condensate flood, flow rates, pressure drops, and relative permeabilities, 

are summarized in Table A22-9.  
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The third pre-treatment gas condensate flood was conducted at the core pressure 

of 3200 psi. Table A22-10 summarizes the pressure settings as well as the gas and 

condensate properties at core condition for this pre-treatment gas-condensate flood. 

Figure A22-6 shows the pressure drop across the core for this flood. The results of pre-

treatment gas-condensate flood, flow rates, pressure drops, and relative permeabilities, 

are summarized in Table A22-11.  

250 gm of a treatment solution was made, loaded into an accumulator, and put in 

the oven. The composition of treatment is given in Table A22-12. The treatment was 

preheated for three hours before injection. The core was then treated by injecting 

approximately 13 pore volumes of the treatment solution injected at the rate of 50 cc/hr. 

Figure A22-7 shows the pressure drop across the core for the first treatment flood.  

Next, the core was aged overnight then was flooded with the first post-treatment 

gas-condensate at the same pressure settings as those used for the pre-condensate 

flood#1. Figure A22-8 shows the pressure drop data across the core for the post-treatment 

gas-condensate flood#1. The pressure drop for the pre-treatment gas condensate flood 

corresponding to the first gas condensate flood after first treatment is also provided in 

Figure A22-8. Table A22-13 summarizes the results.  

Since the improvement factors were lower than expected, it was decided to 

measure the single-phase permeability to methane and evaluate the possibility of 

retreating the core. Hot methane was injected into the core. Approximately total of 180 

pore volumes of methane was injected and steady-state pressure drops for three flow rates 

were measured. Figure A22-9 shows the pressure drop for this methane flood. The 

measured methane relative permeability was around 0.8 which was considered as a sign 

of no-damage. The core was then retreated by injecting approximately 10 pore volumes 

of treatment solution having the same composition as the first treatment. The pressure 
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drop across the core was very similar to the first treatment with fewer spikes in data and 

essentially the same stabilized pressure drop at the end of injection. The core was then 

shut-in overnight.   

A gas condensate flood was conducted under conditions of pre-treatment 

condensate#1. There was no appreciable enhancement in the improvement factors as is 

shown in Figure A22-10 and Table A22-14.  
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Table A22-1: Core properties and pressure settings for nitrogen flood. 

Core Texas Cream Limestone 

Diameter, inches 0.99 

Length, inches 8.02 

Weight, gm 190.14 

Porosity, % 22.17 

Swi, % 25 

BPR1 Setting, psig 3614 

BPR2 Setting, psig 971 

Table A22-2: Results for nitrogen injection to measure dry permeability- 74 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

200 666.1 8.7 25.00 

300 999.1 13.4 24.42 

400 1332.1 18.0 24.16 

500 1665.2 23.0 23.64 

Average permeability, md 24.53 

Table A22-3: Results for nitrogen injection to measure dry permeability-175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

200 678.5 10.3 24.27 

300 1017.7 16.0 23.43 

400 1357.0 21.4 23.36 

Average permeability, md 23.69 
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Table A22-4: Results for nitrogen flood to measure krg @ Swi. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) krg 

1000 3735.9 72.0 0.80 

200 747.2 13.3 0.86 

Relative gas permeability at initial water saturation 0.86 

Table A22-5: Summary of conditions for pre-treatment gas condensate floods. 

Pre-treatment Gas condensate 
# 

1 2 3 

Core pressure, psi 1215 1995 3196 

Liquid dropout, % 5 9 13 

Range of Capillary Number 
4.6E-6 - 
1.2E-5 

1.4E-5 - 
5.0 E-5 

4E-5 - 
3.7E-4 

PVT Ratio 1.3 1 1.6 

Table A22-6: Pressure settings and fluid properties for the pre-treatment gas-condensate 
flood#1. 

BPR-1, psi  4598 
BPR-2, psi 1215 
Density of gas phase  
(single-phase), g/cc 

0.2899 

Temperature, °F 175 
Fluid properties @ core 
condition 

Gas 
Phase 

Oil 
Phase 

Gas 
Phase 

Oil 
Phase 

Gas 
Phase 

Oil 
Phase 

Density, gm/cc 0.0621 0.5944 0.063 0.5935 0.0645 0.5919 
Viscosity, cp 0.0148 0.2137 0.0149 0.2124 0.0149 0.2102 
Liquid dropout,  
 fraction 

0.9485 0.0515 0.9476 0.0524 0.9462 0.0538 

IFT, dyne/cm 6.764 6.661 6.494 
PVT Ratio 1.28 1.27 1.25 
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Table A22-7: Results for the pre-treatment two-phase gas-condensate flood#1. 

q_pump, cc/hr 100 200 400 

qtotal_core, cc/hr 323.9 638.6 1248.6 

qgas_core, cc/hr 307.2 605.1 1181.4 

qoil_core, cc/hr 16.68 33.46 67.17 

Δp, psia 39.00 73.00 132.00 

krg 0.082 0.087 0.094 

kro 0.065 0.069 0.076 

Nc 4.56E-06 8.67E-06 1.57E-05 

Table A22-8: Pressure settings and fluid properties for the pre-treatment gas-condensate 
flood#2. 

BPR-1, psi  4591 

BPR-2, psi 1995 

Density of gas phase  
(single-phase), g/cc 

0.2899 

Temperature, °F 175 

Fluid properties  
@ core condition 

Gas 
Phase 

Oil 
Phase 

Gas 
Phase 

Oil 
Phase 

Gas 
Phase 

Oil 
Phase 

Gas 
Phase 

Oil 
Phase 

Density, gm/cc 0.1077 0.5499 0.1092 0.5485 0.1105 0.5473 0.1116 0.5462 

Viscosity, cp 0.0173 0.1611 0.0174 0.1597 0.0174 0.1585 0.0175 0.1575 

Liquid dropout,  
 fraction 

0.9085 0.0915 0.9074 0.0926 0.9063 0.0937 0.9054 0.0946 

IFT, dyne/cm 3.019 2.935 2.863 2.801 

PVT Ratio 1.07 1.07 1.06 0.94 
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Table A22-9: Results for the pre-treatment two-phase gas-condensate flood#2. 

q_pump, cc/hr 200 400 600 800 

qtotal_core, cc/hr 391.3 773.7 1148.7 1518.7 

qgas_core, cc/hr 355.5 702.0 1041.0 1375.0 

qoil_core, cc/hr 35.81 71.64 107.63 143.67 

Δp, psia 55.00 103.00 145.00 A22.00 

krg 0.079 0.084 0.088 0.095 

kro 0.074 0.079 0.083 0.089 

Nc 1.44E-05 2.78E-05 4.01E-05 5.08E-05 

Table A22-10: Pressure settings and fluid properties for the pre-treatment gas-condensate 
flood#3. 

BPR-1, psi  4591 

BPR-2, psi 1995 

Density of gas phase  
(single-phase), g/cc 

0.2899 

Temperature, °F 175 

Fluid properties  
@ core condition 

Gas 
Phase 

Oil 
Phase 

Gas 
Phase 

Oil 
Phase 

Gas 
Phase 

Oil 
Phase 

Gas 
Phase 

Oil 
Phase 

Gas 
Phase 

Oil 
Phase 

Density, gm/cc 0.19 0.47470.19130.4736 0.19320.47180.19480.47030.19670.4686 

Viscosity, cp 0.02430.10410.02440.1034 0.02460.10240.02480.1015 0.025 0.1006 

Liquid dropout,  
 fraction 

0.86930.13070.86940.1306 0.86950.13050.86970.1303 0.87 0.13 

IFT, dyne/cm 0.454 0.437 0.414 0.395 0.374 

PVT Ratio 1.55 1.57 1.60 1.60 1.63 
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Table A22-11: Results for the pre-treatment two-phase gas-condensate flood#3. 

q_pump, cc/hr 200 600 1200 A220 2400 

qtotal_core, cc/hr 255 762 1515 2262 2998 

qgas_core, cc/hr 221.8 662.8 1317.7 1967.2 2608.6 

qoil_core, cc/hr 33.35 99.56 197.76 294.73 389.79 

Δp, psia 23.00 56.00 102.00 143.00 185.00 

krg 0.166 0.204 0.225 0.241 0.247 

kro 0.107 0.130 0.140 0.149 0.151 

Nc 4.01E-05 1.01E-04 1.95E-04 2.73E-04 3.70E-04 

Table A22-12: Treatment composition. 

Component Mass % 

2BE-EtOH 68.6 

EtOH 29.4 

L-19446#2 2 

Table A22-13: Summary of post 1st treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 200 400 

qtotal_core, cc/hr 322.4 640.1 1246.6 

qgas_core, cc/hr 305.6 606.6 1179.3 

qoil_core, cc/hr 16.8 33.54 67.32 

Δp, psia 28.0 58.00 120.00 

krg 0.115 0.110 0.104 

kro 0.090 0.087 0.083 

krg-treated / krg-untreated 1.40 1.26 1.11 
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Table A22-14: Summary of post 2nd treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 200 400 

qtotal_core, cc/hr 322.4 640.1 1246.6 

qgas_core, cc/hr 305.6 606.6 1179.3 

qoil_core, cc/hr 16.8 33.54 67.32 

Δp, psia 28.0 61.00 127.00 

krg 0.115 0.105 0.098 

kro 0.090 0.083 0.079 

krg-treated / krg-untreated 1.40 1.33 1.18 
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Figure A22-1: Pressure drop during nitrogen injection to measure dry permeability- 74 
oF. 
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Figure A22-2: Pressure drop during nitrogen injection to measure dry permeability-175 
oF. 
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Figure A22-3: Pressure drop during nitrogen injection to measure krg @ Swi-175 oF. 
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Figure A22-4: Pressure drop during pre-treatment gas-condensate flood#1. 
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Figure A22-5: Pressure drop during pre-treatment gas-condensate flood#2. 
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Figure A22-6: Pressure drop during pre-treatment gas-condensate flood#3. 
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Figure A22-7: Pressure drop across the core during treatment injection. 
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Figure A22-8: Pressure drop for the post first treatment gas-condensate flood#1. 
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Figure A22-9: Pressure drop for the methane injection. 
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Figure A22-10: Pressure drop for the post second treatment condensate flood. 
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Figure A22-11: Mass of liquid collected at the core effluent versus mass of gas 
condensate mixture injected. 
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APPENDIX A23 - EXPERIMENT # 182 
 

Objective: 

The objective of this experiment was to evaluate the effectiveness of 3M 

Chemical L-19446-1 to improve the gas and condensate relative permeabilities in a Texas 

Cream Limestone core in the presence of 25% initial water saturation at the temperature 

of 175 oF. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A23-1 summarizes the properties of the core as well as the 

experimental conditions. Figure A23-1 shows the pressure drop across the core during 

nitrogen injection. Table A23-2 summarized the results of the nitrogen injection. The dry 

permeability was also measured at the temperature of 175 oF by injecting nitrogen. Figure 

A23-2 shows the pressure drop for nitrogen injection at temperature. Table A23-3 

summarizes the results. There was a little difference between the measured permeability 

at room temperature compared to that at temperature of 175 oF. The value measured at 

temperature was used as base absolute permeability. 

To introduce the initial water saturation into the core, 4.8 ml brine was loaded to a 

loop with a valve on each side and was pressurized using nitrogen to 1000 psi. The brine 

was 30,000 ppm NaCl plus appropriate amount of calcium salt to prevent rock 

dissolution. The loop was connected to the top of the core. After heating for one hour, the 

brine was pushed into the core by injecting nitrogen through the loop. The core was then 

flooded with over 100 PVs nitrogen at a core rate of about 1000 cc/hr to distribute the 

brine more evenly in the core. The measured gas relative permeability was measured to 
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be 0.94. Figure A23-3 shows the pressure drop during gas relative permeability 

measurement at initial water saturation. This high gas relative permeability at initial 

water saturation was not expected, but it was accepted assuming the water got into very 

small pores don't contribute to flow. 

The pre-treatment gas condensate flood was conducted at 175 oF at a pump flow 

rate of 50 cc/hr which gives total core rate of 154 cc/hr at liquid drop out of 5%. 

Synthetic Mixture#1 was used in this experiment. Table A23-4 summarizes the pressure 

settings as well as the gas and condensate properties at core condition for the pre-

treatment gas-condensate flood. Figure A23-4 shows the pressure drop across the core 

during pre-treatment gas condensate flood. The results of pre-treatment gas-condensate 

flood, flow rates, pressure drops, and relative permeabilities, are summarized in Table 

A23-5.  

The core was then treated with more than 10 pore volumes of the treatment 

solution with a composition given in Table A23-6. The treatment was placed in the oven 

but injection started right away. Figure A23-5 shows the pressure drop across the core 

during treatment injection. Next, the core was aged for three hours before flooded with 

the first post-treatment gas-condensate at the same pressure settings as those used for pre-

condensate flood. Figure A23-6 shows the pressure drop across the core for the pre- and 

post-treatment gas-condensate floods. Table A23-7 summarizes the results.  

Since the initial improvement factor was promising, it was decided to inject more 

condensate to see if the improvement would last. Following the first post-treatment gas 

condensate flood, three more gas-condensate floods were conducted on the core. The 

changes in the pressure drop response and improvement factor are shown in Figure A23-

7 and Figure A23-8 respectively. Table A23-8 summarizes the changes in improvement 

factor with pore volume of gas condensate mixture injected into the core after treatment. 
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The final permeability of the core was measured by injecting hot methane through 

the core. The measured final gas permeabilities are higher than the initially measured 

value of 2.8 md by values up to more than 50% and if the data are analyzed for non-

Darcy effect; it is even more than double. The reason for this discrepancy is not clear 

now unless there have been some changes to the core permeability in the course of 

experiment. Possible leak during measuring final permeability could cause this to happen 

but no evidence was found to support this idea. Another possibility is that the core had 

some initial water saturation to begin with. However, keeping a core in a hot oven, 100 

oC, for several days weakens this hypothesis. If this last possibility is not the case; then 

the results are valid.  

Figure A23-9 shows the pressure drop for this last flood on the core. Plot of mass 

of condensate liquid collected at the effluent versus mass of gas-condensate mixture 

injected into the core is shown in Figure A23-10. This plot shows that all condensate 

mixtures were consistent within experimental errors. 
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Table A23-1: Core properties and pressure settings for nitrogen flood. 

Core Texas Cream Limestone 

Diameter, inches 0.994 

Length, inches 7.72 

Weight, gm 197.4 

Porosity, % 19.5 

Swi, % 25 

BPR1 Setting, psig 3614 

BPR2 Setting, psig 971 

Table A23-2: Results for nitrogen injection to measure dry permeability-RT. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

200 639.3 89.0 2.24 

100 319.6 44.0 2.26 

50 159.8 22.0 2.26 

Average permeability, md 2.26 

Table A23-3: Results for nitrogen injection to measure dry permeability-175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

50 227.6 32.0 2.46 

100 455.1 56.0 2.81 

200 910.2 100.0 3.14 

Average permeability, md 2.8 
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Table A23-4: Pressure settings and fluid properties for pre-treatment gas-condensate 
flood. 

BPR-1, psi  4539 

BPR-2, psi 1233 

Density of gas phase (single-phase), g/cc 0.2883 

Temperature, °F 175 

Fluid properties @ core condition Gas Phase Oil Phase 

Density, gm/cc 0.065 0.5914 

Viscosity, cp 0.015 0.2095 

Liquid dropout fraction 0.9458 0.0542 

IFT, dyne/cm 6.447 
PVT Ratio 1.25 

Table A23-5: Results for the pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 50 

qtotal_core, cc/hr 154.1 

qgas_core, cc/hr 145.8 

qoil_core, cc/hr 8.35 

Δp, psia 118 

krg 0.106 

kro 0.085 

Nc 1.78E-06 

Table A23-6: Treatment composition. 

Component Mass % 

2BE-EtOH 68.6 

EtOH 29.4 

L-19446-1 2 
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Table A23-7: Summary of post-treatment two-phase gas-condensate flood#1. 

q_pump, cc/hr 50 

qtotal_core, cc/hr 154.2 

qgas_core, cc/hr 145.9 

qoil_core, cc/hr 8.3 

Δp, psia 55.7 

krg 0.223 

kro 0.179 

Nc 8.35E-07 

krg-treated / krg-untreated 2.11 

Table A23-8: Changes in improvement factor with injecting more condensate. 

PV Injected 337 cc/hr 
52 2.11 
107 2 
205 1.89 
292 1.89 
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Figure A23-1: Pressure drop during nitrogen injection to measure dry permeability-RT. 
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Figure A23-2: Pressure drop during nitrogen injection to measure dry permeability-175 
oF. 
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Figure A23-3: Pressure drop during nitrogen injection to measure krg @ Swi-175 oF. 
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Figure A23-4: Pressure drop across the core during pre-treatment gas-condensate flood. 
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Figure A23-5: Pressure drop across the core during treatment injection. 
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Figure A23-6: Pressure drop across the core for the post-treatment gas-condensate 
flood#1. 
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Figure A23-7: Pressure drop across the core for all gas-condensate floods. 
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Figure A23-8: Changes in the improvement factor with PV gas-condensate injected. 
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Figure A23-9: Pressure drop for the final methane injection. 
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Figure A23-10: Mass of liquid condensate collected at the effluent versus mass of gas 
condensate mixture injected. 
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APPENDIX A24 - EXPERIMENT # 184 
 

Objective: 

The objective of this experiment was to reproduce the data in Experiment # 182 

under exactly the same conditions.  
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A24-1 summarizes the properties of the core as well as the 

experimental conditions. Figure A24-1 shows the pressure drop across the core during 

nitrogen injection. Table A24-2 summarizes the results of the nitrogen injection. The dry 

permeability was also measured at the temperature of 175 oF by injecting nitrogen. Figure 

A24-2 shows the pressure drop for nitrogen injection at temperature. Table A24-3 

summarizes the results. There was a negligible difference between the measured 

permeability at room temperature compared to that at temperature of 175 oF. Data in both 

set were analyzed for non-Darcy effect and resulted in permeability values of 2.84 and 

2.6 md respectively. The latter one was used in relative permeability calculations. 

To introduce the initial water saturation into the core, 5 ml brine was loaded to a 

loop with a valve on each side and was pressurized using nitrogen to the core pressure. 

The brine was 30,000 ppm NaCl plus appropriate amount of calcium salt to prevent rock 

dissolution. The loop was connected to the top of the core. After heating for one hour, the 

brine was pushed into the core by injecting nitrogen through the loop. The core was then 

flooded with more than 100 PVs nitrogen at three different flow rates to distribute the 

brine more evenly in the core. The gas relative permeability at initial water saturation was 
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measured to be 0.7. Figure A24-3 shows the pressure drop during gas relative 

permeability measurement at initial water saturation.  

The pre-treatment gas condensate flood was conducted at 175 oF at pump flow 

rate of 30 cc/hr which gives total core rate of 93 cc/hr at liquid drop out of 5%. Synthetic 

Mixture#1 was used in this experiment. Table A24-4 summarizes the pressure settings as 

well as the gas and condensate properties at core condition for the pre-treatment gas-

condensate flood. Figure A24-4 shows the pressure drop across the core for the pre-

treatment gas condensate flood. The first part of the pressure drop data showing the 

buildup of liquid in the core is missing due to a mistake not to keep the data recording 

button on. The results are summarized in Table A24-5.  

The core was then treated with more than 10 pore volumes of the treatment 

solution with the composition given in Table A24-6. The treatment was placed in the 

oven but injection started right away. Figure A24-5 shows the pressure drop across the 

core for treatment injection. Next, the core was aged for three hours before being flooded 

with the first post-treatment gas-condensate at the same pressure settings as those used 

for the pre-treatment gas condensate flood. Figure A24-6 compares the pressure drop data 

across the core for the pre- and post-treatment gas-condensate floods. Table A24-7 

summarizes the results.  

Since the initial improvement factor was very good, it was decided to inject more 

condensate to see if the improvement would last. Following the first post-treatment gas 

condensate flood, two more accumulator of gas-condensate were injected into the core. 

Since the injection rate was chosen low, basically due to low core permeability, it took a 

long time to finish injecting one accumulator. To avoid handling very large data files 

each injection was broken into three or more files. Table A24-8 summarizes the changes 

in improvement factor with pore volume of gas condensate mixture injected into the core 
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after treatment. These changes in the improvement factor are shown as bar chart in Figure 

A24-7. The net injection time after treatment was more than hundred hours. As it is 

evident from data in Figure A24-7 during each accumulator injection there was a little or 

even no drop in the improvement factor. The improvement factor dropped from 2.2 at the 

end of first accumulator injection to 1.87 at the beginning and during injection of the 

second accumulator. There was a less reduction in the improvement factor between 

second and third accumulators. As it is evident from data, most of the reduction in the 

improvement factor has happened when the injection was halted to replace the 

accumulators and wait to have the new one ready for injection.  

The final permeability of the core was measured by injecting hot methane through 

the core. The measured final gas effective permeability is 83% of the initial absolute 

value which is acceptable. Figure A24-9 shows the pressure drop for this last flood on 

this core. Figure A24-10 shows a plot of mass of condensate liquid collected at the 

effluent versus mass of gas-condensate mixture injected into the core. This plot shows 

that all condensate mixtures were consistent within experimental errors. Theoretically 

these straight lines, except for the first post treatment flood, should be parallel. Although 

overall it is acceptable but some of the deviation from being parallel with others which 

could be due to variation in ambient temperature over the course of injection. 
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Table A24-1: Core properties and pressure settings for nitrogen flood. 

Core Texas Cream Limestone 

Diameter, inches 0.988 

Length, inches 8.03 

Weight, gm 213 

Porosity, % 19.7 

Swi, % 25 

BPR1 Setting, psig 3492 

BPR2 Setting, psig 1033 

Table A24-2: Results for nitrogen injection to measure dry permeability-RT. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

200 610.0 82.0 2.47 

100 305.0 39.6 2.55 

50 152.5 19.0 2.66 

Average permeability, md 2.56 

Table A24-3: Results for nitrogen injection to measure dry permeability-175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

50 153.0 22.5 2.53 

100 306.0 46.9 2.43 

200 612.0 96.7 2.35 

Average permeability, md 2.44 
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Table A24-4: Pressure settings and fluid properties for pre-treatment gas-condensate 
flood. 

BPR-1, psi  4539 

BPR-2, psi 1233 

Density of gas phase (single-phase), g/cc 0.2891 

Temperature, °F 175 

Fluid properties @ core condition Gas Phase Oil Phase 

Density, gm/cc 0.0659 0.5905 

Viscosity, cp 0.015 0.2084 

Liquid dropout fraction 0.945 0.055 

IFT, dyne/cm 6.347 
PVT Ratio 1.24 

Table A24-5: Results for the pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 30 

qtotal_core, cc/hr 91.5 

qgas_core, cc/hr 86.5 

qoil_core, cc/hr 5.03 

Δp, psia 144 

krg 0.058 

kro 0.047 

Nc 1.97E-06 

Table A24-6: Treatment composition. 

Component Mass % 

2BE-EtOH 68.6 

EtOH 29.4 

L-19446-1 2 
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Table A24-7: Summary of post-treatment two-phase gas-condensate flood#1. 

q_pump, cc/hr 30 

qtotal_core, cc/hr 93.6 

qgas_core, cc/hr 88.7 

qoil_core, cc/hr 5.0 

Δp, psia 67.5 

krg 0.127 

kro 0.101 

Nc 8.90E-07 

krg-treated / krg-untreated 2.17 

Table A24-8: Changes in improvement factor with injecting more condensate. 

Cumulative PV Injected Cumulative Injection Time, 
hr 

IF 

38 8.1 2.17 
84 17.9 2.17 
126 26.8 2.17 
195 41.5 1.87 
224 47.7 1.87 
295 62.8 1.86 

357.4 76.0 1.83 
397.6 84.6 1.82 
443.6 94.4 1.82 
501.6 106.7 1.84 
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Figure A24-1: Pressure drop during nitrogen injection to measure dry permeability-RT. 
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Figure A24-2: Pressure drop across the core during nitrogen injection to measure dry 
permeability-175 oF. 
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Figure A24-3: Pressure drop across the core during nitrogen injection to measure krg @ 
Swi-175 oF. 
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Figure A24-4: Pressure drop across the core during pre-treatment gas-condensate flood. 
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Figure A24-5: Pressure drop across the core during treatment injection. 

0

40

80

120

160

0 10 20 30 40

Pore Volume Injected

P
re

ss
u

re
 d

ro
p

, p
si

a

Pre-treatment Condensate

Post-1A Condensate

q_core = 94 cc/hr
krg = 0.127
kro= 0.101
IF = 2.17

q_core = 92 cc/hr
krg = 0.058
kro= 0.047
Nc = 1.84 E-6

 

Figure A24-6: Pressure drop across the core for the post-treatment gas-condensate 
flood#1. 
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Figure A24-7: Pressure drop across the core for all gas-condensate floods. 
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Figure A24-8: Changes in the improvement factor with PV gas-condensate injected. 
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Figure A24-9: Pressure drop across the core for the final methane injection. 
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Figure A24-10: Mass of liquid condensate collected at the effluent versus mass of gas 
condensate mixture injected.  
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APPENDIX A25 - EXPERIMENT # 187 
 

Objective: 

The objective of this experiment was to examine the effectiveness of 3M 

Chemical 153239-29E to improve the gas and condensate relative permeabilities reduced 

due to condensate blocking in a TCL core in the presence of 25% initial water saturation. 

The experiment was conducted at the temperature of 175 oF. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A25-1 summarizes the properties of the core as well as the 

experimental conditions for permeability measurement at room temperature. Figure A25-

1 shows the pressure drop across the core during nitrogen injection. Table A25-2 

summarizes the results shown in Figure A25-1. The core dry permeability was also 

measured at experiment temperature of 175 oF. Figure A25-2 shows the pressure drop 

across the core for different flow rates. Table A25-3 summarizes the results for dry 

permeability measurement at 175 oF. There was a considerable difference between 

average permeabilities measured at two different temperatures. The average permeability 

of 30.67 md calculated from non-Darcy analysis of rate-pressure data measured at 

temperature was used in relative permeability calculations. There is a little decrease in the 

calculated permeability for each single flow rate as the flow rate was increased for 

measurements at both temperatures possibly due to some inertia effects. Pressure drop 

across the top section of the core, around half of core length, was observed to be a little 

higher than half of the pressure drop, 0.52. 
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Since the solubility of calcite decreases with increase in temperature; it was 

decided to inject the brine (30,000 ppm NaCl/l + appropriate amount of calcium salt 0.25 

gm/l) to the core when both were at temperature. The volume of brine required to 

establish 25% initial water saturation in the core was calculated, 5.8 cc, and loaded into a 

tube loop with a valve on each side. It was then pressurized using nitrogen to the core 

pressure to avoid water evaporation upon heating. The loop was connected to the top of 

the core and after heating for an hour, the brine was pushed into the core by flowing 

nitrogen through the loop. Then nitrogen was injected into the core to distribute the brine 

more evenly and also to measure the gas permeability at the initial water saturation 

(BPR1 = 4295 and BPR2 =1234 psig). Multiple flow rates were tried. Figure A25-3 

shows the pressure drop across the core during nitrogen injection to measure gas relative 

permeability at initial water saturation. The data is summarized in Table A25-4.  During 

this part of experiment it was noticed that the pressure drop across the top half of the core 

is more than 50% of pressure drop across the core, 0.58. If the nitrogen relative 

permeability at initial water saturation is calculated independently based on the data for 

the first half and whole length of the core, two different but close numbers would achieve 

0.75 from top half and 0.81 from data for whole length. For practical purposes these are 

close but can be interpreted as if waster is not distributed 100% evenly unless there was 

some heterogeneity in the core. 

The pre-treatment gas-condensate flood was performed using Mixture#1 fluid 

(see Chapter 3 for composition) at 175 oF at four different flow rates covered a wide 

range of capillary number. Table A25-5 summarizes the pressure settings as well as the 

gas and condensate properties for the first flow rate of this pre-treatment condensate. 

Figure A25-4 shows the pressure drop across the core for the pre-treatment gas 
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condensate flood. The results of the pre-treatment gas-condensate flood, flow rates, 

pressure drops, and relative permeabilities, are summarized in Table A25-6.  

400 cc of treatment solution, mixed and shipped from 3M, was loaded into an 

accumulator and put in the oven. Treatment injection was started right after the pre-

treatment gas-condensate flood was finished without preheating the treatment. The core 

was treated with more than 12 pore volumes of the treatment solution injected at the rate 

of 25 cc/hr which gave the residence time of close to one hour. Figure A25-5 shows the 

pressure drop across the core for treatment injection.  

The core was aged for three hours before being flooded with the first post-

treatment gas-condensate at the same pressure settings as those used for the pre-treatment 

gas-condensate flood. Figure A25-6 shows the pressure drop across the core for the post-

treatment gas-condensate flood. The pressure drop for the pre-treatment gas-condensate 

flood is also shown for comparison purpose, the blue curve. Table A25-7 summarizes the 

results. Two point worth to mention here: first the effect of capillary number on the pre-

treatment gas relative permeability, increase in the gas relative permeability as the 

capillary number increased, inline with reports in the literature; second, the reduction in 

the improvement factor as owing to treatment as capillary number increases for this 

system. Figure A25-7 shows these observations. 

The durability of the treatment was evaluated by injecting another accumulator of 

gas-condensate mixture through the core next morning. The result for this flood is 

summarized in Table A25-8 while the pressure drop data versus pore volumes of gas-

condensate mixture injected through the core is depicted in Figure A25-8. Overall a 

monotonic reduction in improvement factor in noticeable for all flow rates, but there were 

less reductions, percentage-wise, as capillary number increases, 44, 36, 25, and 13% 

respectively from lowest to the highest flow rate.   
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Methane was injected into the core to displace and evaporate the condensate 

liquid and measure the final permeability. Figure A25-9 shows the pressure drop across 

the core for the final methane flood. After injecting 160 PVs of methane, the gas relative 

permeability for the lowest flow rate was about 1, exactly 1.13, which was an indication 

of no damage to the core by of treatment although it was not durable in increasing the gas 

relative permeability. The rate-pressure data for final methane was also analyzed to take 

into account the non-Darcy effects as well as gas expansion. The effective permeability to 

gas was calculated to be 32.12 md which was slightly higher than dry permeability of 

30.7 md calculated at temperature at the beginning of experiment but less than 37.3 md 

measured at room temperature.  

Mass of condensate liquid collected during the pre- and two post-treatment gas-

condensate floods is plotted versus mass of mixture injected in Figure A25-10 which 

shows that gas-condensate mixtures were similar. As final comment, no capillary end 

effect was observed for any of the multi-phase floods. 
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Table A25-1: Core properties and pressure settings for methane flood. 

Core Texas Cream Limestone 

Diameter, inches 0.99 

Length, inches 8.036 

Weight, gm 187 

Porosity, % 23.1 

Swi, % 25.00 

BPR1 Setting, psig 3492 

BPR2 Setting, psig 1033 

Table A25-2: Results for the nitrogen flood to measure dry permeability at 77 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 316.9 3.5 29.77 

200 633.7 7.1 29.35 

300 950.6 11.0 28.55 

400 1267.4 14.8 28.26 

Average permeability, md - From non-Darcy Analysis 37.3 

Table A25-3: Results for the nitrogen flood to measure dry permeability at 175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 321.3 4.2 28.24 

200 642.7 8.5 27.91 

300 964.0 12.9 27.56 

400 1285.4 17.4 27.27 

Average permeability, md - From non-Darcy Analysis 30.7 
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Table A25-4: Results for nitrogen injection at Swi=25%. 

Pump flow rate 
(cc/hr) 

Core flow rate 
(cc/hr) 

Average pressure drop 
(psi) krg 

1000 3213.5 54.5 0.71 
500 1606.7 25.7 0.75 
200 642.7 9.8 0.79 
100 321.3 4.8 0.81 

Table A25-5: Pressure settings and fluid properties for the first pre-treatment condensate. 

BPR-1, psig  4539  

BPR-2, psig 1186  
Density of gas phase (single-phase), 
g/cc 0.29  

Temperature, °F 175  

  @  Core Condition Gas Phase Oil Phase 

Density, gm/cc 0.0599 0.5967 

Viscosity, cp 0.0147 0.2169 

Volume fraction 0.9505 0.0495 
IFT, dyne/cm 7.01 
PVT Ratio 1.3 

Table A25-6: Results for the pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 50 100 300 600 

qtotal_core, cc/hr 167.7 333.2 976.0 1952.0 

qgas_core, cc/hr 159.4 316.5 925.9 1851.9 

qoil_core, cc/hr 8.30 16.62 50.07 100.14 

Δp, psia 17.4 33.0 92.0 165.0 

krg 0.074 0.077 0.081 0.091 

kro 0.057 0.060 0.065 0.072 

Nc 2.54E-06 4.84E-06 1.38E-05 2.48E-05 
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Table A25-7: Summary of post-treatment two-phase gas-condensate flood#1. 

q_pump, cc/hr 50 100 300 600 

qtotal_core, cc/hr 167.5 334.0 983.6 1915.5 

qgas_core, cc/hr 159.3 317.5 933.9 1815.7 

qoil_core, cc/hr 8.26 16.53 49.67 99.80 

Δp, psia 10.7 20.5 62.0 126.0 

krg 0.120 0.125 0.122 0.117 

kro 0.092 0.096 0.094 0.092 

Nc 1.56E-06 3.01E-06 9.33E-06 1.90E-05 

krg-treated / krg-untreated 1.63 1.61 1.50 1.29 

Table A25-8: Summary of post-treatment two-phase gas-condensate flood#2. 

q_pump, cc/hr 50 100 300 600 

qtotal_core, cc/hr 166.5 331.6 975.9 1903.5 

qgas_core, cc/hr 158.3 315.1 926.5 1804.3 

qoil_core, cc/hr 8.21 16.41 49.38 99.17 

Δp, psia 12.8 23.6 67.0 129.0 

krg 0.099 0.107 0.112 0.114 

kro 0.076 0.083 0.087 0.089 

Nc 2.76E-04 5.12E-04 1.49E-03 2.87E-03 

krg-treated / krg-untreated 1.35 1.39 1.37 1.25 
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Figure A25-1: Pressure drop during nitrogen injection to measure dry permeability at RT. 
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Figure A25-2: Pressure drop during nitrogen injection to measure dry permeability -175 
oF. 
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Figure A25-3: Pressure drop across the core during krg measurement at Swi=25%. 
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Figure A25-4: Pressure drop across the core during the pre-treatment gas-condensate 
flood. 
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Figure A25-5: Pressure drop across the core during treatment injection. 
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Figure A25-6: Pressure drop across the core during the first post-treatment gas-
condensate flood. 
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Figure A25-7: Changes in gas relative permeability and improvement factor with Nc. 
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Figure A25-8: Pressure drop across the core during the second post-treatment gas-
condensate flood. 
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Figure A25-9: Pressure drop across the core during final methane flood. 
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Figure A25-10: Mass of condensate liquid collected versus mass of gas condensate 
mixture injected for all gas condensate floods. 
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APPENDIX A26 - EXPERIMENT # 188 
 

Objective: 

The objective of this experiment was to examine the effectiveness of 3M 

Chemical L-19446-1 to improve the gas and condensate relative permeabilities reduced 

due to condensate blocking in a TCL core at the presence of 25% initial water saturation. 

The experiment was conducted at the temperature of 175 oF. The main focus in this 

experiment was to see how the treatment will work at different liquid dropouts each 

flowing at different capillary numbers. To have different liquid drop out at the core 

condition different core outlet pressures as well as different composition of synthetic 

fluids were used. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A26-1 summarizes the properties of the core as well as the 

experimental conditions for permeability measurement at room temperature. Figure A26-

1 shows the pressure drop across the core during nitrogen injection. Table A26-2 

summarizes the results shown in Figure A26-1. The core dry permeability was also 

measured at experiment temperature of 175 oF. Figure A26-2 shows the pressure drop 

across the core for different flow rates. Table A26-3 summarizes the results for dry 

permeability measurement at 175 oF. There was a difference between average 

permeabilities measured at two different temperatures. The average permeability of 20.4 

md calculated from non-Darcy analysis of rate-pressure data measured at temperature 

was used in relative permeability calculations. There is a little increase in the calculated 

permeability for each single flow rate as the flow rate was increased for measurements at 
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higher temperature. Pressure drop across the top section of the core, has about half of 

core length, was observed to be a little higher than half of the pressure drop, 0.52. This 

ratio during hot nitrogen injection was 0.55. 

Since the solubility of calcite decreases with increase in temperature; it was 

decided to inject brine (30,000 ppm NaCl/l + appropriate amount of calcium salt 0.25 

gm/l) to the core when both were at temperature. The volume of brine required to 

establish 25% initial water saturation in the core was calculated, 5.7 cc, and loaded into a 

tube loop with a valve on each side. It was then pressurized using nitrogen to the core 

pressure to avoid evaporation upon heating. The loop was connected to the top of the core 

and after heating for an hour, the brine was pushed into the core by flowing 650 cc 

nitrogen through the loop. More nitrogen was injected into the core to distribute the brine 

more evenly and also to measure the gas permeability at the initial water saturation 

(BPR1 = 4360 and BPR2 =1012 psig). Multiple flow rates were tried. Figure A26-3 

shows the pressure drop across the core during nitrogen injection to measure gas relative 

permeability at initial water saturation. The data is summarized in Table A26-4.  

During this part of experiment, it was noticed that the pressure drop across the top 

half of the core is more than 50% of pressure drop across the core, 0.59. If the nitrogen 

relative permeability at initial water saturation is calculated independently based on the 

data for the first half and whole length of the core, two different but close numbers would 

achieve 0.8 from top half and 0.85 from data for whole length. For practical purposes 

these are close but can be interpreted as if water is not distributed 100% evenly unless 

there was some heterogeneity in the core. 

Four pre-treatment gas-condensate floods were performed using Mixture#1&3 

fluids (see Chapter 3 for composition) at 175 oF each at four different flow rates covered 

a wide range of capillary number. Gas-condensate flood #4 was a repetition of the second 
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flood. The reason to repeat this flood was that at the end of flood#2 a leak in the upstream 

of the BPR1 was noticed. Table A26-5 summarizes the pressure settings as well as the 

gas and condensate properties for the first flow rate of these pre-treatment condensates. 

Figures A26-4 through 7 show the pressure drops across the core for pre-treatment gas 

condensate floods 1 through 4, respectively. The results of the pre-treatment gas-

condensate flood, flow rates, pressure drops, and relative permeabilities, are summarized 

in Tables A26-6 through 9.  

Few comments need to be made here. In the first pre-gas-condensate flood as one 

looks at the changes in the gas relative permeability with the capillary number the general 

trend, increase in krg with Nc, is followed by the last three flow rates while the gas 

relative permeability value for the first flow rate is higher than all values measured at 

higher capillary numbers. For the second flood, the pressure drops were lower than 

expected. It was decided to repeat all the flow rates each for a few pore volume of 

injection. Close to the end of first flow rate, the fitting connected to the outlet of 

accumulator was tightened and a jump in the pressure drop was noticed. The difference in 

the pressure drop is shown in Figure A26-5. This leak impacted the pressure drop more 

for the lowest flow rate. This was the reason why this flood was repeated as fourth flood 

before first treatment. For the third flood, especially for the last two flow rates the 

pressure drop showed an increasing trend which means injection of more number of pore 

volumes were needed for complete steady-state to establish. For each of these flow rates 

the highest pressure drop was used to calculate the relative permeabilities. For the fourth 

flood, which was a repetition of the second flood, the pressure drop numbers and their 

corresponding relative permeabilities are very close to those have seen in flood#2, within 

five percent. 
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400 cc of treatment solution (composed of 2% L-19446-1 in a mixture of 70-30 

2BE and Ethanol) was loaded into an accumulator and put in the oven. Treatment 

injection started without preheating right after the fourth pre-treatment gas-condensate 

flood was finished. The core was treated with close to 15 pore volumes of the treatment 

solution injected at the rate of 20 cc/hr which gave the residence time of more than one 

hour. Figure A26-8 shows the pressure drop across the core during first treatment 

injection.  

The core was aged for three hours before being flooded with the first post-

treatment gas-condensate at the same pressure settings as those used for the third pre-

treatment condensate flood. Figure A26-9 shows the pressure drop across the core for this 

post-treatment gas-condensate flood. The pressure drop for the pre-treatment gas-

condensate flood#3 is also shown for comparison purpose, the blue curve. Table A26-10 

summarizes the results. Changes in the pre-treatment gas relative permeability and initial 

improvement factor is plotted as a function of capillary number in Figure A26-10. As it 

was seen before, the gas relative permeability increased with increase in capillary 

number. Another point is the initial improvement factor for this rich fluid, 1.4, which is 

much less than what was observed for leaner fluid, 2.2 in the last two experiments. Again 

the reduction in initial improvement factor with increase in capillary number is 

noticeable.  

The second gas-condensate flood after the first treatment was a flood under 

conditions of the fourth pre-treatment flood. Figure A26-11 shows the pressure drop 

across the core for the post first treatment condensate#2 and its corresponding pre-

treatment flood. Table A26-11 summarizes the comparison between these floods. 

Surprisingly there was no improvement in the gas relative permeabilities. One postulate 

was that the condensate liquid from the rich fluid in the previous flood was hard to 
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displace from the core. It was decided to retreat the core using the same composition used 

for the first treatment. Figure A26-12 shows the pressure drop across the core for the 

second treatment injection. Three hours after injecting second treatment, the first gas-

condensate flood was conducted under conditions similar to the first pre-treatment flood. 

The pressure drop for both of these floods is depicted in Figure A26-13. Surprisingly a 

minor improvement was seen in the relative permeabilities. Table A26-12 summarizes 

the data. The second gas-condensate flood after second treatment was conducted under 

conditions of the fourth pre-treatment flood. Figure A26-14 shows the comparison of 

these two floods. No improvement was seen! Table A26-13 tabulates the results. 

Methane was injected into the core to displace and evaporate the condensate 

liquid and measure the final permeability. Figure A26-15 shows the pressure drop across 

the core during final methane flood. The steady-state pressure drops established for four 

different flow rates. Analysis of data for non-Darcy effects gave the effective gas 

permeability of 83% of original permeability which shows no damage to the core. Figure 

A26-16 shows the mass of liquids collected versus mass of gas-condensate injected into 

the core. Two trends for different mixtures are clear in the figure as well is the 

consistency of the mixtures.  
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Table A26-1: Core properties and pressure settings for methane flood. 

Core Texas Cream Limestone 

Diameter, inches 0.99 

Length, inches 8.06 

Weight, gm 189.6 

Porosity, % 22.3 

Swi, % 25.00 

BPR1 Setting, psig 3530 

BPR2 Setting, psig 992 

Table A26-2: Results for the nitrogen flood to measure dry permeability at 77 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 320.2 4.1 25.76 

200 640.5 8.3 25.36 

300 960.7 12.7 24.95 

400 1280.9 16.9 25.03 

Average permeability, md - From non-Darcy Analysis 30.3 

Table A26-3: Results for the nitrogen flood to measure dry permeability at 175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 373.4 7.2 18.94 

200 746.8 14.3 19.12 

300 1120.2 21.2 19.34 

400 1493.5 28.4 19.20 

Average permeability, md - From non-Darcy Analysis 20.4 
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Table A26-4: Results for nitrogen injection at Swi=25%. 

Pump flow rate 
(cc/hr) 

Core flow rate 
(cc/hr) 

Average pressure drop 
(psi) krg 

1000 3736.8 96.0 0.70 
500 1868.4 44.0 0.76 
250 934.2 21.1 0.79 
750 2802.6 66.7 0.75 

Table A26-5: Pressure settings and fluid properties for the first flow rate of pre-treatment 
condensate floods. 

BPR-1, psig  4611 4600 4600 4600 

BPR-2, psig 1234 1997 1997 1997 
Density of gas phase 
(single-phase), g/cc 0.2905 0.2905 0.3287 0.2905 

Temperature, °F 175 

  @  Core Condition 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 

Density, gm/cc 0.0599 0.5967 0.10570.55170.10520.56310.1066 0.5509

Viscosity, cp 0.0147 0.2169 0.01710.16290.01710.18040.0172 0.162 

Volume fraction 0.9505 0.0495 0.91010.08990.86270.13730.9094 0.0906
IFT, dyne/cm 6.71 3.134 3.398 3.08 
PVT Ratio 1.3 1.06 0.6 1.07 

Table A26-6: Results for pre-treatment two-phase gas-condensate flood#1. 

q_pump, cc/hr 50 100 300 500 

qtotal_core, cc/hr 161.2 320.0 931.8 1513.5 

qgas_core, cc/hr 152.8 303.2 881.3 1429.0 

qoil_core, cc/hr 8.38 16.77 50.50 84.45 

Δp, psia 17.4 38.7 111.0 175.0 

krg 0.108 0.096 0.098 0.101 

kro 0.085 0.076 0.079 0.082 

Nc 1.76E-06 3.94E-06 1.17E-05 1.84E-05 
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Table A26-7: Results for pre-treatment two-phase gas-condensate flood#2. 

q_pump, cc/hr 75 300 600 900 

qtotal_core, cc/hr 149.3 586.8 1154.4 1713.1 

qgas_core, cc/hr 135.9 533.0 1046.7 1551.3 

qoil_core, cc/hr 13.42 53.75 107.70 161.71 

Δp, psia 18.6 71.3 128.0 173.6 

krg 0.103 0.107 0.117 0.129 

kro 0.097 0.100 0.110 0.121 

Nc 4.02E-06 1.60E-05 3.00E-05 4.18E-05 

Table A26-8: Results for pre-treatment two-phase gas-condensate flood#3. 

q_pump, cc/hr 75 150 300 600 

qtotal_core, cc/hr 146.7 290.2 574.5 1127.0 

qgas_core, cc/hr 126.5 249.8 493.5 964.6 

qoil_core, cc/hr 20.14 40.40 81.01 162.39 

Δp, psia 27.0 53.0 99.0 170.0 

krg 0.066 0.067 0.071 0.082 

kro 0.111 0.113 0.120 0.138 

Nc 5.38E-06 1.08E-05 2.08E-05 3.56E-05 
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Table A26-9: Results for pre-treatment two-phase gas-condensate flood#4. 

q_pump, cc/hr 75 300 600 900 

qtotal_core, cc/hr 148.4 585.5 1155.5 1714.8 

qgas_core, cc/hr 134.9 531.7 1047.7 1553.0 

qoil_core, cc/hr 13.44 53.81 107.81 161.88 

Δp, psia 18.0 69.2 125.0 170.0 

krg 0.106 0.110 0.120 0.132 

kro 0.100 0.103 0.113 0.124 

Nc 3.96E-06 1.57E-05 2.93E-05 4.09E-05 

Table A26-10: Summary of first gas-condensate flood after first treatment. 

q_pump, cc/hr 75 150 300 600 

qtotal_core, cc/hr 142.2 291.5 556.0 1136.7 

qgas_core, cc/hr 122.6 251.2 478.0 974.0 

qoil_core, cc/hr 19.55 40.38 77.95 162.66 

Δp, psia 19.0 39.0 80.0 152.0 

krg 0.091 0.091 0.085 0.092 

kro 0.153 0.153 0.143 0.155 

krg-treated / krg-untreated 1.38 1.37 1.19 1.13 

Table A26-11: Summary of second gas-condensate flood after first treatment 

q_pump, cc/hr 75 300 600 900 

qtotal_core, cc/hr 146.4 578.7 1142.9 1744.6 

qgas_core, cc/hr 133.2 525.6 1036.5 1597.5 

qoil_core, cc/hr 13.27 53.13 106.41 147.07 

Δp, psia 18.5 65.9 120.0 167.0 

krg 0.102 0.114 0.124 0.138 

kro 0.096 0.107 0.117 0.115 

krg-treated / krg-untreated 0.96 1.04 1.03 1.05 



 576 

Table A26-12: Summary of first gas-condensate flood after second treatment. 

q_pump, cc/hr 50 100 300 500 

qtotal_core, cc/hr 156.7 311.5 911.6 1483.8 

qgas_core, cc/hr 148.3 294.7 860.9 1399.1 

qoil_core, cc/hr 8.40 16.82 50.69 84.72 

Δp, psia 13.0 28.5 90.5 150.0 

krg 0.140 0.128 0.118 0.116 

kro 0.112 0.102 0.096 0.097 

krg-treated / krg-untreated 1.30 1.33 1.20 1.15 

Table A26-13: Summary of second gas-condensate flood after second treatment. 

q_pump, cc/hr 75 300 600 900 

qtotal_core, cc/hr 148.2 585.5 1148.4 1717.1 

qgas_core, cc/hr 134.8 531.7 1041.1 1555.2 

qoil_core, cc/hr 13.44 53.81 107.26 161.93 

Δp, psia 21.0 71.3 130.0 178.0 

krg 0.091 0.107 0.115 0.126 

kro 0.086 0.100 0.108 0.119 

krg-treated / krg-untreated 0.97 1.06 1.04 1.01 
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Figure A26-1: Pressure drop across the core during nitrogen injection to measure dry 
permeability at RT. 
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Figure A26-2: Pressure drop during nitrogen injection to measure dry permeability -175 
oF. 
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Figure A26-3: Pressure drop across the core during krg measurement at Swi=25%. 
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Figure A26-4: Pressure drop across the core during the first pre-treatment gas-condensate 
flood. 



 579 

0

30

60

90

120

150

180

0 20 40 60 80 100 120

Pore Volume Injected

P
re

ss
u

re
 d

ro
p

, p
si

a

q_core = 587 cc/hr
krg = 0.107
kro= 0.1
Nc = 1.6 E-5

q_core = 149 cc/hr
krg = 0.103
kro= 0.097
Nc = 4.02 E-6

q_core = 1154 cc/hr
krg = 0.117
kro= 0.11
Nc = 3.0 E-5

q_core = 1713 cc/hr
krg = 0.129
kro= 0.121
Nc = 4.18 E-5

 

Figure A26-5: Pressure drop across the core during the second pre-treatment gas-
condensate flood. 
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Figure A26-6: Pressure drop across the core during the third pre-treatment gas-
condensate flood. 
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Figure A26-7: Pressure drop across the core during the fourth pre-treatment gas-
condensate flood. 
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Figure A26-8: Pressure drop across the core during first treatment injection. 



 581 

0

30

60

90

120

150

180

0 20 40 60 80 100 120

Pore Volume Injected

P
re

ss
u

re
 d

ro
p

, p
si

a

Pre-treatment Condensate#3

Post 1st Treatment Condensate#1

q_core = 142 cc/hr
krg = 0.091
kro= 0.153
IF = 1.38

q_core = 292 cc/hr
krg = 0.091
kro= 0.153
IF = 1.37

q_core = 556 cc/hr
krg = 0.085
kro= 0.143
IF = 1.19

q_core = 1137 cc/hr
krg = 0.092
kro= 0.155
IF = 1.13

 

Figure A26-9: Pressure drop across the core during the first gas-condensate flood after 
first treatment. 
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Figure A26-10: Changes in gas relative permeability and improvement factor with Nc. 
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Figure A26-11: Pressure drop across the core during the second gas-condensate flood 
after first treatment. 
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Figure A26-12: Pressure drop across the core during second treatment injection. 



 583 

0

30

60

90

120

150

180

0 40 80 120 160

Pore Volume Injected

P
re

ss
u

re
 d

ro
p

, p
si

a

Pre-treatment Condensate#1

Post 2nd Treatment Condensate#1

q_core = 148 cc/hr
krg = 0.091
kro= 0.086
IF = 1.3

q_core = 312 cc/hr
krg = 0.128
kro= 0.102
IF = 1.33

q_core = 912 cc/hr
krg = 0.118
kro= 0.096
IF = 1.2

q_core = 1484 cc/hr
krg = 0.116
kro= 0.097
IF = 1.15

 

Figure A26-13: Pressure drop across the core during the first gas-condensate flood after 
second treatment.  
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Figure A26-14: Pressure drop across the core during the second gas-condensate flood 
after second treatment.  
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Figure A26-15: Pressure drop across the core during final methane flood. 
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Figure A26-16: Mass of condensate liquid collected at the effluent versus mass of gas 
condensate mixture injected for all mixtures. 
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APPENDIX A27 - EXPERIMENT # 190 
 

Objective: 

The objective of this experiment was to examine the effectiveness of 3M Anionic 

Chemical L-19973#6 to improve the gas and condensate relative permeabilities reduced 

due to condensate blocking in a TCL core at the presence of 25% initial water saturation. 

The experiment was conducted at the temperature of 175 oF. Another focus in this 

experiment was to see how the treatment will work at different liquid dropouts each 

flowing at different capillary numbers. To have different liquid drop out at core condition 

different core outlet pressures as well as different synthetic fluids were used. 
 

Experimental Results:  

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A27-1 summarizes the properties of the core as well as the 

experimental conditions for permeability measurement at room temperature. Figure A27-

1 shows the pressure drop across the core during nitrogen injection. Table A27-2 

summarizes the results shown in Figure A27-1. The core dry permeability was also 

measured at experiment temperature of 175 oF. Figure A27-2 shows the pressure drop 

across the core for different flow rates. Table A27-3 summarizes the results for dry 

permeability measurement at 175 F. There was a slight difference between permeabilities 

measured at two different temperatures. The average permeability of 22.88 md calculated 

from non-Darcy analysis of rate-pressure data measured at temperature was used in 

relative permeability calculations. Pressure drop across the top section of the core, has 

about half of core length, was observed to be half of the pressure drop across the whole 

core for nitrogen injection at both temperatures. 
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Since the solubility of calcite decreases with increase in temperature; it was 

decided to inject the brine (30,000 ppm NaCl/l + appropriate amount of calcium salt 0.25 

gm/l) to the core when both were at temperature. The volume of brine required to 

establish 25% initial water saturation in the core was calculated, 5.7 cc, and loaded into a 

tube loop with a valve on each side. It was then pressurized using nitrogen to the core 

pressure to avoid evaporation upon heating. The loop was connected to the top of the core 

and after heating for an hour, the brine was pushed into the core by flowing 650 cc 

nitrogen through the loop. More nitrogen was injected into the core to distribute the brine 

more evenly and also to measure the gas permeability at the initial water saturation 

(BPR1 = 4160 and BPR2 =975 psig). Multiple flow rates were tried. Figure A27-3 shows 

the pressure drop across the core during nitrogen injection to measure gas relative 

permeability at initial water saturation. The data is summarized in Table A27-4.  

During this part of experiment it was noticed that the pressure drop across the top 

half of the core is more than 50% of pressure drop across the core, 0.59. If the nitrogen 

relative permeability at initial water saturation is calculated independently based on the 

data for the first half and whole length of the core, two different but close numbers would 

achieve 0.78 from top half and 0.85 from data for whole length. For practical purposes 

these are close but can be interpreted as if water is not distributed 100% evenly unless 

there was some heterogeneity in the core. 

Two pre-treatment gas-condensate floods were conducted using Mixture#1 fluid 

(see Chapter 3 for composition) at 175 oF. Pre-treatment gas condensate floods were 

conducted at two core pressures of 1200 and 2000 psig resulting in approximately 5 and 

9% liquid dropout in the core. Table A27-5 summarizes the pressure settings as well as 

the gas and condensate properties for the first flow rate of these pre-treatment 

condensates. Figures A27-4 and 5 show the pressure drops across the core for these two 



 587 

floods. The results of the pre-treatment gas-condensate flood, flow rates, pressure drops, 

and relative permeabilities, are summarized in Tables A27-6 and 7.  

400 cc of anionic treatment solution L-19973#6 (provided by 3M) was loaded into 

an accumulator and put in the oven. The core was treated with more that 20 pore volumes 

of the treatment solution injected at the rate of 35 cc/hr which gave the residence time of 

more than one hour. Figure A27-6 shows the pressure drop across the core for this 

treatment injection.  

The core was aged overnight before being flooded with the first post-treatment 

gas-condensate at the same pressure settings as those used for the first pre-treatment 

condensate flood. Figure A27-7 shows the pressure drop across the core for the first post-

treatment gas-condensate flood. The pressure drop for the pre-treatment gas-condensate 

flood#1 is also shown for comparison purpose, the blue curve. Table A27-8 summarizes 

the results.   

The second gas-condensate flood was a flood under conditions of the second pre-

treatment flood. Figure A27-8 shows the pressure drop across the core for the pre- and 

post-treatment condensate floods #2. Table A27-9 summarizes the results for the second 

gas condensate flood after treatment. The improvement factors at both liquid dropouts 

were marginal. 

Methane was injected into the core to displace and evaporate the condensate 

liquid and measure the final permeability. Figure A27-9 shows the pressure drop for the 

final methane flood. Measurements were made for four different flow rates. Analysis of 

data for non-Darcy effects gave the effective gas permeability of 85% of original 

permeability which shows no damage to the core. Figure A27-10 compares the mass of 

liquids condensate collected versus mass of gas-condensate mixture injected into the 

core. The consistency of mixtures is evident.  
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Table A27-1: Core properties and pressure settings for methane flood. 

Core Texas Cream Limestone 

Diameter, inches 0.99 

Length, inches 8.06 

Weight, gm 189 

Porosity, % 22.3 

Swi, % 25.00 

BPR1 Setting, psig 3357 

BPR2 Setting, psig 722 

Table A27-2: Results for the nitrogen flood to measure dry permeability at 77 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

50 209.4 2.8 24.30 

100 418.9 5.6 24.22 

200 837.8 11.4 23.68 

300 1256.7 17.2 23.55 

Average permeability, md - From non-Darcy Analysis 30.3 

Table A27-3: Results for the nitrogen flood to measure dry permeability at 175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 373.4 7.2 18.94 

200 746.8 14.3 19.12 

300 1120.2 21.2 19.34 

400 1493.5 28.4 19.20 

Average permeability, md - From non-Darcy Analysis 20.4 
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Table A27-4: Results for nitrogen injection at Swi=25%. 

Pump flow rate 
(cc/hr) 

Core flow rate 
(cc/hr) 

Average pressure drop 
(psi) krg 

1000 3736.8 96.0 0.70 
500 1868.4 44.0 0.76 
250 934.2 21.1 0.79 
750 2802.6 66.7 0.75 

Table A27-5: Pressure settings and fluid properties for the first flow rates of pre-
treatment condensate floods # 1&2. 

BPR-1, psig  4432 4460 

BPR-2, psig 1200 1966 

Density of gas phase 
(single-phase), g/cc 

0.285 0.2902 

Temperature, °F 175 175 

  @  Core Condition 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 

Density, gm/cc 0.0606 0.5959 0.1048 0.5526 

Viscosity, cp 0.0148 0.2158 0.0171 0.1638 

Volume fraction 0.9498 0.0502 0.9109 0.0891 
IFT, dyne/cm 6.924 3.189 
PVT Ratio 1.3 1.07 

Table A27-6: Results for pre-treatment two-phase gas-condensate flood#1. 

q_pump, cc/hr 50 100 300 600 

qtotal_core, cc/hr 162.9 323.4 943.1 1822.7 

qgas_core, cc/hr 154.7 307.0 893.8 1723.6 

qoil_core, cc/hr 8.18 16.36 49.33 99.16 

Δp, psia 18.0 35.6 100.5 188.0 

krg 0.094 0.094 0.097 0.101 

kro 0.072 0.073 0.077 0.081 

Nc 1.98E-06 3.94E-06 1.15E-05 2.14E-05 
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Table A27-7: Results for pre-treatment two-phase gas-condensate flood#2. 

q_pump, cc/hr 75 150 600 900 

qtotal_core, cc/hr 150.4 293.4 1154.4 1713.1 

qgas_core, cc/hr 137.0 266.5 1046.7 1551.3 

qoil_core, cc/hr 13.40 26.87 107.70 161.71 

Δp, psia 20.3 37.4 122.0 165.0 

krg 0.085 0.091 0.110 0.121 

kro 0.080 0.085 0.103 0.114 

Nc 4.84E-06 9.45E-06 3.21E-05 4.46E-05 

Table A27-8: Summary of post-treatment gas-condensate flood#1. 

q_pump, cc/hr 50 100 300 600 

qtotal_core, cc/hr 161.0 320.8 943.6 1832.4 

qgas_core, cc/hr 152.7 304.2 893.6 1732.1 

qoil_core, cc/hr 8.28 16.59 49.91 100.23 

Δp, psia 12.0 23.8 71.0 143.0 

krg 0.139 0.139 0.138 0.134 

kro 0.108 0.110 0.109 0.109 

krg-treated / krg-untreated 1.48 1.49 1.42 1.32 

Table A27-9: Summary of post-treatment gas-condensate flood#2. 

q_pump, cc/hr 75 150 600 900 

qtotal_core, cc/hr 145.3 289.4 1135.8 1686.9 

qgas_core, cc/hr 132.0 262.9 1029.6 1527.5 

qoil_core, cc/hr 13.23 26.48 106.19 159.41 

Δp, psia 17.0 32.5 112.0 154.0 

krg 0.098 0.103 0.118 0.128 

kro 0.092 0.096 0.111 0.120 

krg-treated / krg-untreated 1.16 1.14 1.07 1.05 
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Figure A27-1: Pressure drop across the core during nitrogen injection to measure dry 
permeability at RT. 
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Figure A27-2: Pressure drop across the core during nitrogen injection to measure dry 
permeability -175 oF. 
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Figure A27-3: Pressure drop across the core during krg measurement at Swi=25% 
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Figure A27-4: Pressure drop across the core during pre-treatment gas-condensate 
flood#1. 
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Figure A27-5: Pressure drop across the core during the pre-treatment gas-condensate 
flood#2. 
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Figure A27-6: Pressure drop across the core during treatment injection. 
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Figure A27-7: Pressure drop for the post-treatment gas-condensate flood#1.  
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Figure A27-8: Pressure drop for the post-treatment gas-condensate flood#2. 
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Figure A27-9: Pressure drop across the core during final methane flood. 
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Figure A27-10: Mass of condensate liquid collected versus mass of gas condensate 
mixture injected for all mixtures. 
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APPENDIX A28 - EXPERIMENT # 193B 
 

Objective: 

The objective of this experiment was to examine the effectiveness of 3M 

Chemical 153239-29E  improve the gas and condensate relative permeabilities in a TCL 

core at the presence of 25% initial water saturation. The experiment was conducted at the 

temperature of 175 oF.  
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A28-1 summarizes the properties of the core as well as the 

experimental conditions for permeability measurement at room temperature. Figure A28-

1 shows the pressure drop across the core during nitrogen injection. Table A28-2 

summarizes the results shown in Figure A28-1. The core dry permeability was also 

measured at experiment temperature of 175 oF. Figure A28-2 shows the pressure drop 

across the core for different flow rates. Table A28-3 summarizes the results for dry 

permeability measurement at 175 oF. There was no appreciable difference between 

average permeabilities measured at two different temperatures.  

Since the solubility of calcite decreases with increase in temperature; it was 

decided to inject the brine (30,000 ppm NaCl/l + appropriate amount of calcium salt 0.25 

gm/l) to the core when both were at temperature. The volume of brine required to 

establish 25% initial water saturation in the core was calculated, 5.8 cc, and loaded into a 

tube loop with a valve on each side. The loop was then pressurized using nitrogen to the 

core pressure to avoid evaporation upon heating. The loop was connected to the top of the 

core and after heating for an hour, the brine was pushed into the core by flowing 650 cc 
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nitrogen through the loop. More nitrogen was injected into the core to distribute the brine 

more evenly and also to measure the gas permeability at the initial water saturation 

(BPR1 = 4160 and BPR2 =945 psig). Multiple flow rates were tried. Figure A28-3 shows 

the pressure drop across the core during injection of nitrogen to measure gas relative 

permeability at initial water saturation. The results are summarized in Table A28-4.  

The pre-treatment gas-condensate flood was performed using Mixture#1 fluids 

(see Chapter 3 for composition) at 175 oF at five different flow rates covered a wide 

range of capillary number. Table A28-5 summarizes the pressure settings as well as the 

gas and condensate properties for different flow rates of pre-treatment condensate. Figure 

A28-4 shows the pressure drops across the core for pre-treatment gas condensate flood. 

The results of the pre-treatment gas-condensate flood, flow rates, pressure drops, and 

relative permeabilities, are summarized in Table A28-6.  

Four hundreds cc of treatment solution (already made and shipped to our lab) was 

loaded into an accumulator and put in the oven. Treatment injection started without 

preheating right after the pre-treatment gas-condensate flood was finished. The core was 

treated with 12 pore volumes of the treatment solution injected at the rate of 25 cc/hr, 

which gave a residence time close to one hour. Figure A28-5 shows the pressure drop 

across the core for treatment injection. During injection of the last six pore volumes of 

treatment, the pressure drop across the core increased constantly. This raised the notion 

that there was some damage to the core. 

The core was aged for three hours before being flooded with the post-treatment 

gas-condensate at the same pressure settings as those used for the pre-treatment 

condensate flood. Figure A28-6 shows the pressure drop across the core for the post-

treatment gas-condensate flood. The pressure drop for the pre-treatment gas-condensate 

flood is also shown in this figure for comparison purpose, the blue curve. Table A28-7 
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summarizes the results. As it is evident from plot, the pressure drop for post-treatment 

flood, at all flow rates, was higher than the values before treatment. This was an 

indication of damage to the core permeability. 

Methane was injected into the core to displace and evaporate the condensate 

liquid and measure the final permeability. Figure A28-7 shows the pressure drop across 

the core for the final methane flood. The steady-state pressure drops established for four 

different flow rates. Analysis of data for non-Darcy effects gave the effective gas 

permeability of 57% of original permeability, which clearly shows some damage to the 

core permeability. Figure A28-8 shows the mass of liquids collected versus mass of gas-

condensate injected into the core. They look very similar.  
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Table A28-1: Core properties and pressure settings for nitrogen flood. 

Core Texas Cream Limestone 

Diameter, inches 0.99 

Length, inches 8.036 

Weight, gm 190.6 

Porosity, % 23.3 

Swi, % 25.00 

BPR1 Setting, psig 3140 

BPR2 Setting, psig 845 

Table A28-2: Results for the nitrogen flood to measure dry permeability at 77 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 337.1 4.5 24.51 

200 674.3 8.8 24.68 

300 1011.4 13.3 24.61 

400 1348.5 17.8 24.51 

Average permeability, md - From non-Darcy Analysis 24.3 

Table A28-3: Results for the nitrogen flood to measure dry permeability at 175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 344.1 5.3 23.8 

200 688.3 10.4 24.1 

300 1032.4 15.7 23.9 

400 1376.5 21.1 23.8 

Average permeability, md - From non-Darcy Analysis 23.7 
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Table A28-4: Results for gas relative permeability measurement at Swi=25%. 

Pump flow rate 
(cc/hr) 

Core flow rate 
(cc/hr) 

Average pressure drop 
(psi) krg 

1500 5162.0 106.0 0.75 
1000 3441.4 66.7 0.79 
500 1720.7 31.8 0.83 
250 860.3 15.4 0.86 

Table A28-5: Pressure settings and fluid properties for the first pre-treatment condensate. 

BPR-1, psig  4565  

BPR-2, psig 1207  
Density of gas 
phase (single-
phase), g/cc 

0.2887 
  

Temperature, 
°F 

175 

  @  Core 
Condition 

Gas 
Phase 

Oil 
Phase 

Gas 
Phase 

Oil 
Phase 

Gas 
Phase 

Gas 
Phase 

Gas 
Phase 

Oil 
Phase 

Gas 
Phase 

Oil 
Phase 

Density, gm/cc 0.0611 0.5954 0.0616 0.5949 0.0633 0.5932 0.0655 0.5909 0.0674 0.589 

Viscosity, cp 0.0148 0.2152 0.0148 0.2144 0.0149 0.212 0.015 0.2088 0.0151 0.2061
Volume 
fraction 0.9494 0.0506 0.9489 0.0511 0.9474 0.0526 0.9454 0.0546 0.9436 0.0564
IFT, dyne/cm 6.874 6.819 6.631 6.394 6.191 
PVT Ratio 1.29 1.28 1.27 1.24 1.23 
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Table A28-6: Results for the pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 50 100 300 600 900 

qtotal_core, cc/hr 163.8 324.9 950.0 1839.1 2683.7 

qgas_core, cc/hr 155.5 308.3 900.0 1738.7 2532.3 

qoil_core, cc/hr 8.29 16.60 49.97 100.42 151.36 

Δp, psia 20.0 38.0 100.2 180.5 250.2 

krg 0.081 0.085 0.095 0.102 0.107 

kro 0.063 0.066 0.075 0.082 0.089 

Nc 2.30E-06 4.41E-06 1.20E-05 2.15E-05 2.98E-05 

Table A28-7: Summary of results for POST-treatment gas-condensate flood. 

q_pump, cc/hr 50 100 300 600 900 

qtotal_core, cc/hr 163.3 323.9 947.0 1833.4 2675.3 

qgas_core, cc/hr 155.0 307.4 897.2 1733.3 2524.4 

qoil_core, cc/hr 8.26 16.55 49.81 100.10 150.89 

Δp, psia 20.8 43.5 114.0 209.0 282.0 

krg 0.078 0.074 0.083 0.088 0.096 

kro 0.060 0.058 0.065 0.071 0.078 

krg-treated / krg-untreated 0.96 0.87 0.88 0.86 0.89 
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Figure A28-1: Pressure drop during nitrogen injection to measure dry permeability at RT. 
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Figure A28-2: Pressure drop during nitrogen injection to measure dry permeability -175 
oF. 
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Figure A28-3: Pressure drop across the core during krg measurement at Swi=25%. 
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Figure A28-4: Pressure drop across the core during the pre-treatment gas-condensate 
flood. 
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Figure A28-5: Pressure drop across the core during treatment injection. 
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Figure A28-6: Pressure drop across the core for the post-treatment gas-condensate flood. 
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Figure A28-7: Pressure drop across the core during final methane flood. 
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Figure A28-8: Mass of condensate liquids collected versus mass of gas-condensate 
mixture injected. 
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APPENDIX A29 - EXPERIMENT # 194 
 

Objective: 

The objective of this experiment was to examine the effectiveness of 3M 

Chemical L-19446#1 to improve the gas and condensate relative permeabilities in a TCL 

core at the presence of 25% initial water saturation. The experiment was conducted at the 

temperature of 175 oF. Plan is to do the measurements at two different liquid dropouts of 

5% and 10%. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A29-1 summarizes the properties of the core as well as the 

experimental conditions for permeability measurement at room temperature. Figure A29-

1 shows the pressure drop across the core during nitrogen injection. Table A29-2 

summarizes the results shown in Figure A29-1. The core dry permeability was also 

measured at experiment temperature of 175 oF. Figure A29-2 shows the pressure drop 

across the core for dry permeability measurement at temperature. Table A29-3 

summarizes the results for dry permeability measurement at 175 oF. There was no 

appreciable difference between average permeabilities measured at two different 

temperatures. Absolute permeability of 24 md was used to calculate relative 

permeabilities. 

Since the solubility of calcite decreases with increase in temperature; it was 

decided to inject the brine (30,000 ppm NaCl/l + appropriate amount of calcium salt 0.25 

gm/l) to the core when both were at temperature. The volume of brine required to 

establish 25% initial water saturation in the core was calculated, 5.6 cc, and loaded into a 
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tube loop with a valve on each side. The loop was then pressurized using nitrogen to the 

core pressure to avoid water evaporation upon heating. The loop was connected to the top 

of the core and after heating for an hour, the brine was pushed into the core by flowing 

700 cc nitrogen through the loop. More nitrogen was injected into the core to distribute 

the brine more evenly and also to measure the gas permeability at the initial water 

saturation (BPR1 = 3392 and BPR2 =1170 psig). Multiple flow rates were tried. Figure 

A29-3 shows the pressure drop across the core during nitrogen injection to measure gas 

relative permeability at initial water saturation. The results are summarized in Table A29-

4.  

The pre-treatment gas-condensate flood was performed using Mixture#1 fluids 

(see Chapter 3 for composition) at 175 oF. Two pre-treatment gas condensate floods were 

conducted using the same fluid but at different core pressures of 1200 and 2000 psia. The 

liquid dropouts were approximately 5 and 10% for low and higher core pressure 

respectively. Tables A29-5 summarizes the pressure settings as well as the gas and 

condensate properties for different flow rates for pre-treatment condensates #1 and #2. 

Figures A29-4 and A29-5 show the pressure drops across the core for these two 

pretreatment gas condensate floods. The results of the pre-treatment gas-condensate 

flood, flow rates, pressure drops, and relative permeabilities, are summarized in Tables 

A29-6 and A29-7.  

380 gms of treatment solution composed of 2% L-19446#1 in 2BE-EtOH(30-30) 

was loaded into an accumulator and put in the oven. Treatment injection started without 

preheating right after pre-treatment gas-condensate flood#2 was finished. The core was 

treated with 17 pore volumes of the treatment solution injected at the rate of 32 cc/hr. 

Figure A29-6 shows the pressure drop across the core for treatment injection.   
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The core was aged overnight before being flooded with the post-treatment gas-

condensate flood#1 conducted under the same pressure settings as those used for the pre-

treatment condensate flood#1. Figure A29-7 shows the pressure drop across the core for 

post-treatment gas-condensate flood#1. The pressure drop for the pre-treatment gas-

condensate flood is also shown for comparison purpose, the blue curve. Table A29-8 

summarizes the results. The post-treatment gas condensate#2 was conducted under the 

same conditions as those used for pre-treatment gas condensate flood#2. Figure A29-8 

shows the pressure drop across the core for the pre- and post-treatment gas-condensate 

floods#2. Table A29-9 summarizes the results for post-treatment gas condensate flood#2.  

Methane was injected into the core to displace and evaporate the condensate 

liquid and measure the final permeability. Figure A29-9 shows the pressure drop across 

the core for the final methane flood. Gas relative permeability was measured at three 

different flow rates. Analysis of data showed that effective gas permeability was the same 

as the original permeability, which was a clear indication of no damage to the core 

permeability. Figure A29-10 shows the mass of liquids collected at the effluent versus 

mass of gas-condensate mixture injected into the core.   
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Table A29-1: Core properties and pressure settings for nitrogen flood. 

Core Texas Cream Limestone 

Diameter, inches 0.99 

Length, inches 8.02 

Weight, gm 190.2 

Porosity, % 22.3 

Swi, % 25 

BPR1 Setting, psig 2942 

BPR2 Setting, psig 1004 

Table A29-2: Results for the nitrogen flood to measure dry permeability at 76 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 271.4 3.5 25.16 

200 542.7 7.1 25.02 

300 814.1 10.8 24.74 

400 1085.4 14.5 24.57 

Average permeability, md - From non-Darcy Analysis 24.9 

Table A29-3: Results for the nitrogen flood to measure dry permeability at 175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 275.9 4.3 23.8 

200 551.8 8.4 24.3 

300 827.7 12.5 24.4 

400 1103.5 16.9 24.0 

Average permeability, md - From non-Darcy Analysis 24 
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Table A29-4: Results for gas relative permeability measurement at Swi=25%. 

Pump flow rate 
(cc/hr) 

Core flow rate 
(cc/hr) 

Average pressure drop 
(psi) krg 

3000 7946.3 163.0 0.75 
2000 5297.5 103.2 0.79 
1000 2648.8 48.6 0.84 
500 1324.4 23.2 0.88 

Table A29-5: Pressure settings and fluid properties for the first flow rate of pre-treatment 
condensates. 

BPR-1, psig 4565 4495 

BPR-2, psig 1170 2025 

Density of gas phase (single-
phase), g/cc 

0.2892 0.287 

Temperature, °F 175 175 

  @  Core Condition 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 

Density, gm/cc 0.0595 0.5971 0.1085 0.5491 

Viscosity, cp 0.0147 0.2175 0.0173 0.1603 

Volume fraction 0.9508 0.0492 0.9079 0.0921 
IFT, dyne/cm 7.054 2.974 
PVT Ratio 1.31 1.06 

Table A29-6: Results for pre-treatment two-phase gas-condensate flood#1. 

q_pump, cc/hr 100 300 600 

qtotal_core, cc/hr 336.5 982.2 1894.4 

qgas_core, cc/hr 319.9 932.3 1794.2 

qoil_core, cc/hr 16.55 49.90 100.22 

Δp, psia 36.7 101.0 186.0 

krg 0.090 0.095 0.100 

kro 0.069 0.074 0.080 

Nc 4.16E-06 1.18E-05 2.17E-05 
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Table A29-7: Results for pre-treatment two-phase gas-condensate flood#2. 

q_pump, cc/hr 100 300 600 

qtotal_core, cc/hr 192.5 566.4 1111.9 

qgas_core, cc/hr 174.8 513.1 1005.1 

qoil_core, cc/hr 17.73 53.30 106.74 

Δp, psia 22.0 59.5 110.7 

krg 0.096 0.105 0.112 

kro 0.090 0.099 0.105 

Nc 5.92E-06 1.68E-05 3.28E-05 

Table A29-8: Summary of results for post-treatment gas-condensate flood#1. 

q_pump, cc/hr 100 300 600 

qtotal_core, cc/hr 326.3 959.7 1881.5 

qgas_core, cc/hr 309.9 910.4 1782.5 

qoil_core, cc/hr 16.41 49.33 98.97 

Δp, psia 20.8 66.0 135.5 

krg 0.154 0.143 0.137 

kro 0.119 0.112 0.108 

krg-treated / krg-untreated 1.72 1.49 1.36 

Table A29-9: Summary of results for post-treatment gas-condensate flood#2. 

q_pump, cc/hr 100 300 600 

qtotal_core, cc/hr 196.6 584.4 1148.0 

qgas_core, cc/hr 179.0 531.6 1042.2 

qoil_core, cc/hr 17.58 52.83 105.73 

Δp, psia 21.6 60.7 110.0 

krg 0.098 0.105 0.115 

kro 0.093 0.099 0.108 

krg-treated / krg-untreated 1.03 1.00 0.99 
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Figure A29-1: Pressure drop across the core during nitrogen injection to measure dry 
permeability at RT. 
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Figure A29-2: Pressure drop across the core during nitrogen injection to measure dry 
permeability -175 oF. 
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Figure A29-3: Pressure drop across the core during krg measurement at Swi=25%. 
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Figure A29-4: Pressure drop across the core during pre-treatment gas-condensate 
flood#1. 
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Figure A29-5: Pressure drop across the core during pre-treatment gas-condensate 
flood#2. 
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Figure A29-6: Pressure drop across the core during treatment injection. 
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Figure A29-7: Pressure drop across the core during post-treatment gas-condensate 
flood#1.  
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Figure A29-8: Pressure drop across the core during post-treatment gas-condensate 
flood#2.  



 616 

0

20

40

60

80

100

120

140

0 20 40 60 80 100

Pore Volume Injected

P
re

ss
u

re
 d

ro
p

, p
si

a
q_core = 6185 cc/hr
krg = 0.76

q_core = 4123 cc/hr
krg = 0.87

q_core = 2062 cc/hr
krg = 1.07

 

Figure A29-9: Pressure drop across the core during final methane flood. 
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Figure A29-10: Mass of condensate liquids collected versus mass of gas-condensate 
mixtures injected. 
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APPENDIX A30 - EXPERIMENT # 195 
 

Objective: 

The objective experiment is to evaluate the effectiveness of chemical 153239-A21 

to increase the gas and condensate relative permeability by altering wettability in the 

presence of 25% initial water saturation in a Texas Cream limestone at 175 oF.   
 

Experimental Results: 

The Initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A30-1 summarizes the properties of the core as well as the 

experimental conditions for permeability measurement at room temperature. Figure A30-

1 shows the pressure drop across the core during nitrogen injection at room temperature. 

Table A30-2 summarizes the results shown in Figure A30-1. The core dry permeability 

was also measured at experiment temperature of 175 oF. Figure A30-2 shows the pressure 

drop across the core for nitrogen injection at temperature at different flow rates. Table 

A30-3 summarizes the results for dry permeability measurement at 175 oF. There was no 

appreciable difference between permeabilities measured at two different temperatures, 

22.7 versus 22.4 md, respectively.  

Since the solubility of calcite decreases with increase in temperature; it was 

decided to inject the brine (30,000 ppm NaCl/l + appropriate amount of calcium salt 0.25 

gm/l) to the core when both were at temperature. The volume of brine required to 

establish 25% initial water saturation in the core was calculated, 5.6 cc, and loaded into a 

tube loop with a valve on each side. It was then pressurized using nitrogen to the core 

pressure to avoid evaporation upon heating. The loop was connected to the top of the core 

and after heating for an hour, the brine was pushed into the core by flowing 700 cc 
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nitrogen through the loop. More nitrogen was injected into the core to distribute the brine 

more evenly and also to measure the gas permeability at the initial water saturation 

(BPR1 = 4020 and BPR2 =1045 psig). Multiple flow rates were tried. Figure A30-3 

shows the pressure drop across the core for nitrogen injected to measure gas relative 

permeability at initial water saturation. The results are summarized in Table A30-4.  

The pre-treatment gas-condensate flood was performed using Mixture#1 fluids 

(see Chapter 3 for composition) at 175 oF at three different flow rates. Table A30-5 

summarizes the pressure settings as well as the gas and condensate properties for 

different flow rates of pre-treatment condensate. Figure A30-4 shows the pressure drop 

across the core for pre-treatment gas condensate flood. The results of the pre-treatment 

gas-condensate flood, flow rates, pressure drops, and relative permeabilities, are 

summarized in Table A30-6.  

Four hundreds cc of treatment solution (already made by 3M and shipped to our 

lab) was loaded into an accumulator and put in the oven. The core was treated with 

approximately 15 pore volumes of the treatment solution injected at the rate of 40 cc/hr, 

which gave a residence time of 33 minutes. Figure A30-5 shows the pressure drop across 

the core for treatment injection. The treatment solution had a density of 0.883 gm/cc and 

pH of 5.2 at room temperature. The pHs of treatment in the effluent and of what remained 

in the accumulator were 3.4 and 4.8, respectively. 

The core was aged for approximately 12 hours before being flooded with the post-

treatment gas-condensate at the same pressure settings as those used for the pre-treatment 

condensate flood. Figure A30-6 shows the pressure drop across the core for post-

treatment gas-condensate flood#1. The pressure drop for the pre-treatment gas-

condensate flood is also shown for comparison purpose, the blue curve. Table A30-7 

summarizes the results. Two more accumulators of gas condensate were injected into in 
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two consecutive days. The results for these two floods are shown in Figures A30-7 and 

A30-8. 

Methane was injected into the core to displace and evaporate the condensate 

liquid and measure the final permeability. Figure A30-9 shows the pressure drop across 

the core for the final methane flood. The steady-state pressure drops established for three 

different flow rates. Analysis of data for non-Darcy effects gave an effective gas 

permeability of 23 md, which clearly shows no damage to the core permeability. Figure 

A30-8 shows the mass of liquids collected versus mass of gas-condensate injected into 

the core. 
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Table A30-1: Core properties and pressure settings for nitrogen flood. 

Core Texas Cream Limestone 

Diameter, inches 0.99 

Length, inches 8.03 

Weight, gm 190.6 

Porosity, % 22 

Swi, % 25 

BPR1 Setting, psig 3327 

BPR2 Setting, psig 899 

Table A30-2: Results for the nitrogen flood to measure dry permeability at 76 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

200 671.7 9.5 23.00 

300 1007.5 14.6 22.45 

400 1343.4 19.8 22.12 

500 1679.2 24.8 22.07 

Average permeability, md - From non-Darcy Analysis 22.7 

Table A30-3: Results for the nitrogen flood to measure dry permeability at 175 oF 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

200 678.7 11.0 22.6 

300 1018.1 16.9 22.0 

400 1357.4 22.9 21.7 

500 1696.8 28.7 21.6 

Average permeability, md - From non-Darcy Analysis 22.4 
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Table A30-4: Results for gas relative measurement at Swi=25%. 

Pump flow rate 
(cc/hr) 

Core flow rate 
(cc/hr) 

Average pressure drop 
(psi) krg 

3000 10180.8 234.0 0.71 
2000 6787.2 149.1 0.74 
1000 3393.6 70.0 0.79 
500 1696.8 33.6 0.83 

Table A30-5: Pressure settings and fluid properties for the first flow rate of pre-treatment 
condensate. 

BPR-1, psig 4503 

BPR-2, psig 1230 
Density of gas phase 
(single-phase), g/cc 

0.2872 

Temperature, °F 175 

  @  Core Condition 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 

Density, gm/cc 0.0617 0.5948 0.0628 0.5936 0.0646 0.5918 

Viscosity, cp 0.0148 0.2142 0.0149 0.2126 0.0149 0.21 

Volume fraction 0.9488 0.0512 0.9478 0.0522 0.9461 0.0539 

IFT, dyne/cm 6.801 6.679 6.482 

PVT Ratio 1.28 1.27 1.25 

Table A30-6: Results for the pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 50 100 300 

qtotal_core, cc/hr 161.4 317.3 926.3 

qgas_core, cc/hr 153.1 300.8 876.4 

qoil_core, cc/hr 8.26 16.56 49.93 

Δp, psia 20.4 38.5 104.0 

krg 0.083 0.087 0.094 

kro 0.065 0.069 0.076 

Nc 2.24E-06 4.30E-06 1.16E-05 
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Table A30-7: Summary of results for post-treatment gas-condensate flood#1. 

q_pump, cc/hr 50 100 300 

qtotal_core, cc/hr 160.1 318.9 936.4 

qgas_core, cc/hr 151.8 302.4 886.7 

qoil_core, cc/hr 8.26 16.52 49.72 

Δp, psia 11.5 23.2 73.0 

krg 0.146 0.145 0.136 

kro 0.115 0.114 0.108 

krg-treated / krg-untreated 1.76 1.66 1.44 
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Figure A30-1: Pressure drop during nitrogen injection to measure dry permeability at RT. 
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Figure A30-2: Pressure drop during nitrogen injection to measure dry permeability-175 
oF. 
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Figure A30-3: Pressure drop during krg measurement at Swi=25%. 
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Figure A30-4: Pressure drop during the pre-treatment gas-condensate flood. 



 625 

0

20

40

60

80

0 2 4 6 8 10 12 14 16

Pore Volume Injected

P
re

ss
u

re
 d

ro
p

, p
si

a

q_core = 40 cc/hr

 

Figure A30-5: Pressure drop across the core during treatment injection. 
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Figure A30-6: Pressure drop across the core for post-treatment gas-condensate flood#1. 
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Figure A30-7: Pressure drop across the core for post-treatment gas-condensate flood#2. 
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Figure A30-8: Pressure drop across the core for post-treatment gas-condensate flood#3. 
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Figure A30-9: Pressure drop across the core during final methane flood. 
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Figure A30-10: Mass of condensate liquids collected versus mass of gas-condensate 
mixture injected. 
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APPENDIX A31 - EXPERIMENT # 199 
 

Objective: 

The objective of this experiment was to examine the effectiveness of 3M 

Chemical L-19446#1 to improve the gas and condensate relative permeabilities in a 

Texas Cream Limestone core at the presence of 25% initial water saturation. The 

experiment was conducted at the temperature of 175 oF. Plan is to do the measurements at 

a single liquid dropout of 5%. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A31-1 summarizes the properties of the core as well as the 

experimental conditions for permeability measurement at room temperature. Figure A31-

1 shows the pressure drop across the core during nitrogen injection. Table A31-2 

summarizes the results shown in Figure A31-1. The core dry permeability was also 

measured at experiment temperature of 175 oF. Figure A31-2 shows the pressure drop 

across the core for nitrogen injection at temperature at different flow rates. Table A31-3 

summarizes the results for dry permeability measurement at 175 oF. There was no 

appreciable difference between average permeabilities measured at two different 

temperatures.  

Since the solubility of calcite decreases with increase in temperature; it was 

decided to inject the brine (30,000 ppm NaCl/l + appropriate amount of calcium salt 0.25 

gm/l) to the core when both were at temperature. The volume of brine required to 

establish 25% initial water saturation in the core was calculated, 5.2 cc, and loaded into a 

tube loop with a valve on each side. It was then pressurized using nitrogen to the core 
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pressure to avoid evaporation upon heating. The loop was connected to the top of the core 

and after heating for an hour, the brine was pushed into the core by flowing 700 cc 

nitrogen through the loop. More nitrogen was injected into the core to distribute the brine 

more evenly and also to measure the gas permeability at the initial water saturation 

(BPR1 = 3530 and BPR2 =1033 psig). Multiple flow rates were tried. Figure 194-3 

shows the pressure drop across the core during injecting nitrogen to measure gas relative 

permeability at initial water saturation. The results are summarized in Table A31-4.  

The pre-treatment gas-condensate flood was performed using Mixture#1 fluids 

(see Chapter 3 for composition) at 175 oF at core pressure of 1200 psia at three different 

flow rates. Table A31-5 summarizes the pressure settings as well as the gas and 

condensate properties for different flow rates of pre-treatment condensate. Figure A31-4 

shows the pressure drops across the core for the pre-treatment gas condensate flood. The 

results of the pre-treatment gas-condensate flood, flow rates, pressure drops, and relative 

permeabilities, are summarized in Table A31-6.  

Three hundreds cc of treatment solution composted of 2% L-19446#1 in 98% 

solvent of 2BE-EtOH (70-30 by mass) was loaded into an accumulator and put in the 

oven. Treatment injection started without preheating right after finishing the pre-

treatment gas-condensate flood. The core was treated with approximately 15 pore 

volumes of the treatment solution injected at the rate of 75 cc/hr. Figure A31-5 shows the 

pressure drop across the core for treatment injection.  

The core was aged for 13 hours before being flooded with the post-treatment gas-

condensate at the same pressure settings as those used for the pre-treatment condensate 

flood. Figure A31-6 shows the pressure drop data across the core for the first post-

treatment gas-condensate flood. The pressure drop for the pre-treatment gas-condensate 

flood is also shown for comparison purpose, the blue curve. Table A31-7 summarizes the 
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results. Three more gas condensate floods were conducted under the same conditions as 

those used for pre- and post-treatments. Figures A31-7 through A31-9 show the pressure 

drop across the core for these three post-treatment gas condensate floods. Table A31-8 

summarizes the changes in improvement factors for different batches of gas condensate 

injected into the core.  

Methane was injected into the core to displace and evaporate the condensate 

liquid and measure the final permeability. Figure A31-10 shows the pressure drop across 

the core for the final methane flood. The steady-state pressure drops established for four 

different flow rates. Analysis of data for non-Darcy effects gave the effective gas 

permeability of 91% of original permeability, which clearly showed no damage to the 

core permeability. Figure A31-11 shows the mass of liquids collected at the effluent 

versus mass of gas-condensate injected into the core. They look very similar.  
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Table A31-1: Core properties and pressure settings for nitrogen flood. 

Core Texas Cream Limestone 

Diameter, inches 0.99 

Length, inches 8.02 

Weight, gm 190.6 

Porosity, % 22.6 

Swi, % 25.00 

BPR1 Setting, psig 29423140 

BPR2 Setting, psig 1004 

Table A31-2: Results for the nitrogen flood to measure dry permeability at 76 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 271.4 3.5 25.16 

200 542.7 7.1 25.02 

300 814.1 10.8 24.74 

400 1085.4 14.5 24.57 

Average permeability, md - From non-Darcy Analysis 24.9 

Table A31-3: Results for the nitrogen flood to measure dry permeability at 175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 344.1 5.3 23.8 

200 688.3 10.4 24.1 

300 1032.4 15.7 23.9 

400 1376.5 21.1 23.8 

Average permeability, md - From non-Darcy Analysis 23.7 
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Table A31-4: Results for gas relative permeability measurement at Swi=25%. 

Pump flow rate 
(cc/hr) 

Core flow rate 
(cc/hr) 

Average pressure drop 
(psi) krg 

3000 7946.3 163.0 0.75 
2000 5297.5 103.2 0.79 
1000 2648.8 48.6 0.84 
500 1324.4 23.2 0.88 

Table A31-5: Pressure settings and fluid properties for the first flow rate of pre-treatment 
condensates. 

BPR-1, psig 4577 

BPR-2, psig 1199 

Density of gas phase 
(single-phase), g/cc 

0.2895 

Temperature, °F 175 

  @  Core Condition 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 

Density, gm/cc 0.0612 0.5953 0.063 0.5934 0.0654 0.591 

Viscosity, cp 0.0148 0.2142 0.0149 0.2123 0.015 0.2089 

Volume fraction 0.9492 0.0508 0.9476 0.0524 0.9454 0.0546 
IFT, dyne/cm 6.856 6.655 6.4 
PVT Ratio 1.29 1.27 1.24 

Table A31-6: Results for the pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 300 600 

qtotal_core, cc/hr 336.5 982.2 1894.4 

qgas_core, cc/hr 319.9 932.3 1794.2 

qoil_core, cc/hr 16.55 49.90 100.22 

Δp, psia 36.7 101.0 186.0 

krg 0.090 0.095 0.100 

kro 0.069 0.074 0.080 

Nc 4.16E-06 1.18E-05 2.17E-05 
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Table A31-7: Summary of results for post-treatment gas-condensate flood#1. 

q_pump, cc/hr 50 100 300 

qtotal_core, cc/hr 163.3 323.9 947.0 

qgas_core, cc/hr 155.0 307.4 897.2 

qoil_core, cc/hr 8.26 16.55 49.81 

Δp, psia 20.8 43.5 114.0 

krg 0.078 0.074 0.083 

kro 0.060 0.058 0.065 

krg-treated / krg-untreated 1.82 1.48 1.34 

Table A31-8: Changes in improvement factor with injecting more gas condensate. 

Core Rate, 
cc/hr 

1st  
Condensate 

2nd 
Condensate 

3rd 
Condensate 

4th  
Condensate 

330 1.82 1.53 1.59 1.51 
960 1.48 1.44 1.42 1.38 
1850 1.34 1.37 1.34 1.31 
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Figure A31-1: Pressure drop during nitrogen injection to measure dry permeability at RT. 
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Figure A31-2: Pressure drop across the core during nitrogen injection to measure dry 
permeability -175 oF. 
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Figure A31-3: Pressure drop across the core during krg measurement at Swi=25%. 
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Figure A31-4: Pressure drop across the core during the pre-treatment gas-condensate 
flood. 
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Figure A31-5: Pressure drop across the core during treatment injection. 
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Figure A31-6: Pressure drop across the core for the post-treatment gas-condensate 
flood#1.  
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Figure A31-7: Pressure drop across the core for the post-treatment gas-condensate 
flood#2.  
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Figure A31-8: Pressure drop across the core for the post-treatment gas-condensate 
flood#3.  
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Figure A31-9: Pressure drop across the core for the post-treatment gas-condensate 
flood#4.  
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Figure A31-10: Pressure drop across the core during final methane flood. 



 639 

0

10

20

30

40

50

60

70

80

0 50 100 150 200 250 300 350

Mass of Gas Condensate Mixture Injected, gm

M
as

s 
o

f 
liq

u
id

 c
o

n
d

en
sa

te
 c

o
lle

ct
ed

 a
t 

th
e

ef
fl

u
en

t,
 g

m

Pre-treatment Condensate1

Post-treatment Condensate#1

Post-treatment Condensate#2

Post-teatment Condensate#3

Post-treatment Condensate#4

Pre treat ent Condensate1 Cont

 

Figure A31-11: Mass of liquids collected versus mass of gas-condensate mixtures 
injected. 
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APPENDIX A32 - EXPERIMENT # 201 
 

Objective: 

The objective of this experiment was to examine the effectiveness of 3M 

Chemical 154670-48 (21B) to improve the gas and condensate relative permeabilities in a 

Texas Cream Limestone core at the presence of 25% initial water saturation. The 

experiment was conducted at the temperature of 250 oF. Plan is to do the measurements at 

the liquid dropout of 5% and four different flow rates of 50, 100, 300, and 900 to observe 

the effectiveness of chemical at different Capillary numbers. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A32-1 summarizes the properties of the core as well as the 

experimental conditions for permeability measurement at room temperature. Figure A32-

1 shows the pressure drop across the core during nitrogen injection. Table A32-2 

summarizes the results shown in Figure A32-1. The core dry permeability was also 

measured at temperature of 175 oF. Figure A32-2 shows the pressure drop across the core 

for nitrogen injection at temperature at different flow rates. Table A32-3 summarizes the 

results for dry permeability measurement at 175 oF. There was no difference between 

permeabilities measured at two different temperatures.  

Since the solubility of calcite decreases with increase in temperature; it was 

decided to inject the brine (30,000 ppm NaCl/l + appropriate amount of calcium salt 0.25 

gm/l) to the core when both were at temperature. The volume of brine required to 

establish 25% initial water saturation in the core was calculated, 4.1 cc, and loaded into a 

tube loop with a valve on each side. It was then pressurized using nitrogen to the core 
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pressure to avoid water evaporation upon heating. The loop was connected to the top of 

the core and after heating for an hour, the brine was pushed into the core by flowing 600 

cc nitrogen through the loop. More nitrogen was injected into the core to distribute the 

brine more evenly and also to measure the gas permeability at the initial water saturation 

(BPR1 = 3212 and BPR2 = 896 psig). Multiple flow rates were tried. Figure A32-3 

shows the pressure drop across the core for injecting nitrogen to measure the gas relative 

permeability at initial water saturation. The results are summarized in Table A32-4. The 

gas relative permeability at this water saturation was calculated to be 0.82 considering 

non-Darcy effects. 

In the middle of experiment, it was decided to run the experiment at higher 

temperature of 250 oF. Therefore, the oven temperature was set to 250 and BPRs’ 

pressures were adjusted to 4600 and 1550 psi. The first pre-treatment gas-condensate 

flood was conducted using Mixture#2 fluids (see Chapter 3 for composition) at four 

different flow rates covered a wide range of capillary number. Flow rates were from low 

to high. Table A32-5 summarizes the pressure settings as well as the gas and condensate 

properties for different flow rates of pre-treatment condensate. Figure A32-4 shows the 

pressure drops across the core for the first pre-treatment gas condensate flood. The results 

of the first pre-treatment gas-condensate flood, flow rates, pressure drops, and relative 

permeabilities, are summarized in Table A32-6. The second pre-treatment condensate 

was performed under the same condition as the first one. There were minor changes in 

the relative permeabilities, see Table A32-7. 

Four hundreds cc of treatment solution (already made by 3M and shipped to our 

lab) was loaded into an accumulator and put in the oven. Treatment injection started after 

preheating for couple of hours. The core was treated with approximately 20 pore volumes 

of the treatment solution injected at the rate of 60 cc/hr which gave a residence time of 15 
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minutes. Then the core was aged overnight. Figure A32-5 shows the pressure drop across 

the core for treatment injection. With the exception of the first couple of pore volumes, 

pressure drop across the core increased constantly. This raised the notion that there was 

some damage to the core permeability. The color of the effluent underwent some changes 

during injection. The sequence of colors was light yellow, amber, yellow, pink, dark 

pink, and finally yellow. During injecting the first couple of pore volumes the effluent 

was foamy. The pH of the treatment was about neutral while for the effluent it was a little 

acidic, about 4.5-6. 

The core was aged for 15 hours before being flooded with the post-treatment gas-

condensate at the same pressure settings as those used for the pre-treatment condensate 

flood. Pressure drops in the normal direction were higher than compared to those during 

injection in the reverse direction. This could be sing of face plugging. There was no 

improvement in the relative permeabilities. Figure A32-6 compares the pre- and post-

treatment pressure drops for gas-condensate floods. Table A32-8 summarizes the results.  

Methane was injected into the core in reverse direction to displace and evaporate 

the condensate liquid and measure the final permeability. Figure A32-7 shows the 

pressure drop across the core for the final methane flood. The steady-state pressure drops 

established for four different flow rates. Analysis of data for non-Darcy effects gave the 

effective gas permeability of 78% of original permeability. For non-damaging treatments 

we generally get 90-100% of original permeability. Considering improvement factors of 

order one and some damage to the core permeability, there might be some minor 

improvement which was masked by damage. Figure A32-8 shows the mass of liquids 

collected versus mass of gas-condensate injected into the core. They look similar.  
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Table A32-1: Core properties and pressure settings for nitrogen flood. 

Core Texas Cream Limestone 

Diameter, inches 0.99 

Length, inches 6.2 

Weight, gm 180 

Porosity, % 20.7 

Swi, % 25.00 

BPR1 Setting, psig 2670 

BPR2 Setting, psig 820 

Table A32-2: Results for the nitrogen flood to measure dry permeability at 76 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

200 609.2 6.6 22.9 

300 913.7 9.9 23.1 

400 1218.3 13.5 22.5 

500 1522.9 16.9 22.5 

Average permeability, md - From non-Darcy Analysis 23 

Table A32-3: Results for the nitrogen flood to measure dry permeability at 175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

200 610.8 7.5 23.0 

300 916.1 11.4 22.6 

400 1221.5 15.2 22.6 

500 1526.9 19.3 22.2 

Average permeability, md - From non-Darcy Analysis 23 
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Table A32-4: Results for gas relative permeability measurement at Swi=25%. 

Pump flow rate 
(cc/hr) 

Core flow rate 
(cc/hr) 

Average pressure drop 
(psi) krg 

3000 9846.9 164.0 0.73 
2000 6564.6 105.0 0.76 
1000 3282.3 49.8 0.80 

Table A32-5: Pressure settings and fluid properties for the different flow rates of pre-
treatment condensates. 

BPR-1, psig 4565 4565 4565 4565 

BPR-2, psig 1570 1575 1594 1642 
Density of gas phase 
(single-phase), g/cc 0.2887 0.2887 0.2887 0.2887 

Temperature, °F 250 250 250 250 

  @  Core Condition 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 

Density, gm/cc 0.0745 0.5605 0.0748 0.5602 0.0758 0.5591 0.0782 0.5565 

Viscosity, cp 0.0166 0.1723 0.0166 0.172 0.0167 0.1709 0.0168 0.1682 

Volume fraction 0.9412 0.0588 0.9409 0.0591 0.9401 0.0599 0.9381 0.0619 

IFT, dyne/cm 4.494 4.473 4.392 4.195 

PVT Ratio 1.5 1.5 1.5 1.5 

Table A32-6: Results for the first pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 50 100 300 900 

qtotal_core, cc/hr 129.3 257.6 763.5 2225.6 

qgas_core, cc/hr 121.7 242.4 717.8 2087.9 

qoil_core, cc/hr 7.60 15.23 45.74 137.77 

Δp, psia 10.8 20.5 58.2 154.8 

krg 0.105 0.111 0.116 0.128 

kro 0.068 0.072 0.076 0.084 

Nc 2.39E-06 4.55E-06 1.32E-05 3.66E-05 
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Table A32-7: Results for the second pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 50 100 300 900 

qtotal_core, cc/hr 128.8 257.0 765.5 2217.4 

qgas_core, cc/hr 121.2 241.7 719.8 2079.5 

qoil_core, cc/hr 7.61 15.24 45.70 137.92 

Δp, psia 9.3 19.5 57.3 154.3 

krg 0.122 0.116 0.116 0.127 

kro 0.079 0.076 0.076 0.084 

Nc 2.05E-06 4.33E-06 1.30E-05 3.65E-05 

Table A32-8: Summary of results for gas-condensate flood after treatment. 

q_pump, cc/hr 50 100 300 900 

qtotal_core, cc/hr 128.8 257.0 765.5 2217.4 

qgas_core, cc/hr 121.2 241.7 719.8 2079.5 

qoil_core, cc/hr 7.61 15.24 45.70 137.92 

Δp, psia 10.4 19.8 58.0 157.0 

krg 0.109 0.114 0.117 0.125 

kro 0.079 0.076 0.076 0.084 

krg-treated / krg-untreated 0.89 0.98 1.00 0.99 
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Figure A32-1: Pressure drop across the core during nitrogen injection to measure dry 
permeability at RT. 
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Figure A32-2: Pressure drop across the core during nitrogen injection to measure dry 
permeability -175 oF. 
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Figure A32-3: Pressure drop across the core during krg measurement at Swi=25%. 
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Figure A32-4: Pressure drop across the core during the first pre-treatment gas-condensate 
flood. 
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Figure A32-5: Pressure drop across the core during first treatment injection. 
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Figure A32-6: Pressure drop across the core during the post-treatment gas-condensate 
flood. 
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Figure A32-7: Pressure drop across the core during final methane flood. 
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Figure A32-8: Mass of condensate liquids collected versus mass of gas-condensate 
mixture injected. 
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APPENDIX A33 - EXPERIMENT # 204 
 

Objective: 

The objective of this experiment was to examine the effectiveness of 3M 

Chemical L-19446#1 to improve the gas and condensate relative permeabilities in a TCL 

core at the presence of 25% initial water saturation. The experiment was conducted at the 

temperature of 250 oF. Plan is to do the measurements at only liquid dropouts of 5%. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A33-1 summarizes the properties of the core as well as the 

experimental conditions for permeability measurement at room temperature. Figure A33-

1 shows the pressure drop across the core during nitrogen injection. Table A33-2 

summarizes the results shown in Figure A33-1. The core dry permeability was also 

measured at temperature of 175 oF. Figure A33-2 shows the pressure drop across the core 

for nitrogen injection at different flow rates to measure dry permeability at temperature. 

Table A33-3 summarizes the results for dry permeability measurement at 175 oF. There 

was no appreciable difference between average permeabilities measured at two different 

temperatures.  

Since the solubility of calcite decreases with increase in temperature; it was 

decided to inject the brine (30,000 ppm NaCl/l + appropriate amount of calcium salt 0.25 

gm/l) to the core when both were at temperature. The volume of brine required to 

establish 25% initial water saturation in the core was calculated, 3.7 cc, and loaded into a 

tube loop with a valve on each side. It was then pressurized using nitrogen to the core 

pressure to avoid evaporation upon heating. The loop was connected to the top of the core 
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and after heating for an hour, brine was pushed into the core by flowing 600 cc nitrogen 

through the loop. More nitrogen was injected into the core to distribute the brine more 

evenly and also to measure the gas permeability at the initial water saturation (BPR1 = 

3305 and BPR2 = 1045 psig). Multiple flow rates were tried. Figure A33-3 shows the 

pressure drop across the core during nitrogen injection at 175 oF to measure gas relative 

permeability at initial water saturation. The results are summarized in Table A33-4. The 

gas relative permeability at this water saturation was calculated to be 0.89 considering 

non-Darcy effects. 

The oven temperature was set to 250 oF and BPRs’ pressures were adjusted to 

4600 and 1485 psi. Pre-treatment gas-condensate flood was conducted using Mixture#2 

fluids (see Chapter 3 for composition) at single pump flow rate of 100 cc/hr. Table A33-5 

summarizes the pressure settings as well as the gas and condensate properties for pre-

treatment condensate. Figure A33-4 shows the pressure drop across the core for the pre-

treatment gas condensate flood. The results for pre-treatment gas-condensate flood, flow 

rates, pressure drop, and relative permeabilities, are summarized in Table A33-6.  

Three hundreds cc of treatment solution composed of 2% L-19446#1 in a mixture 

of 2BE-EtOH (70-30) was made, loaded into an accumulator and put in the oven. 

Treatment injection started after preheating for couple of hours. Phase behavior tests 

showed that the treatment and in-situ brine are compatible. The core was treated with 18 

pore volumes of the treatment solution injected at the rate of 45 cc/hr which gave a 

residence time of 20 minutes. Then the core was aged overnight. Figure A33-5 shows the 

pressure drop across the core for treatment injection.  

The core was aged for 15 hours before being flooded with the first post-treatment 

gas-condensate at the same pressure settings as those used for the pre-treatment 

condensate flood. Figure A33-6 compares the pre- and post-treatment pressure drops for 



 652 

gas-condensate floods. Table A33-7 summarizes the results. Although the improvement 

factor was kind of marginal, it was decided to inject another accumulator of gas-

condensate and check the durability. The improvement factor dropped from 1.46 for the 

first post-treatment flood to 1.29 for the second one. Figure A33-7 shows the pressure 

drop for this flood. 

Hot methane was injected into the core to displace and evaporate the condensate 

liquid and measure the final permeability. Figure A33-8 shows the pressure drop across 

the core during final methane injection. The steady-state pressure drops established for 

three different flow rates. Analysis of data for non-Darcy effects gave the effective gas 

permeability of 91% of original permeability. Figure A33-9 shows the mass of liquids 

collected versus mass of gas-condensate mixture injected into the core. The consistency 

of injected gas-condensate mixtures is evident. 
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Table A33-1: Core properties and pressure settings for nitrogen flood. 

Core Texas Cream Limestone 

Diameter, inches 0.99 

Length, inches 7.5 

Weight, gm 202.4 

Porosity, % 15.4 

Swi, % 25.00 

BPR1 Setting, psig 2757 

BPR2 Setting, psig 947 

Table A33-2: Results for the nitrogen flood to measure dry permeability at 76 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 272.4 33.8 2.5 

200 544.9 67.4 2.5 

300 817.3 100.0 2.5 

400 1089.7 132.8 2.5 

Average permeability, md - From non-Darcy Analysis 2.5 

Table A33-3: Results for the nitrogen flood to measure dry permeability at 175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 288.3 38.0 2.6 

200 576.7 79.2 2.5 

300 865.0 117.0 2.5 

400 1153.4 156.0 2.5 

Average permeability, md - From non-Darcy Analysis 2.5 
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Table A33-4: Results for nitrogen injection to measure krg at Swi=25%. 

Pump flow rate 
(cc/hr) 

Core flow rate 
(cc/hr) 

Average pressure drop 
(psi) krg 

600 1730 255 0.94 
500 1442 213 0.94 
400 1153 172 0.93 

Table A33-5: Pressure settings and fluid properties for the pre-treatment condensate. 

BPR-1, psig 4538 

BPR-2, psig 1485570 
Density of gas phase (single-
phase), g/cc 0.2649 

Temperature, °F 250 

  @  Core Condition Gas Phase Oil Phase 

Density, gm/cc 0.0768 0.5581 

Viscosity, cp 0.0167 0.1698 

Volume fraction 0.9393 0.0607 

IFT, dyne/cm 4.312 

PVT Ratio 1.52 

Table A33-6: Results for the pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 

qtotal_core, cc/hr 249.9 

qgas_core, cc/hr 234.7 

qoil_core, cc/hr 15.17 

Δp, psia 206 

krg 0.121 

kro 0.080 

Nc 4.2E-06 
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Table A33-7: Summary of results for post-treatment gas-condensate flood#1. 

q_pump, cc/hr 100 

qtotal_core, cc/hr 255.0 

qgas_core, cc/hr 240.0 

qoil_core, cc/hr 14.97 

Δp, psia 143.0 

krg 0.177 

kro 0.115 

krg-treated / krg-untreated 1.46 
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Figure A33-1: Pressure drop across the core during nitrogen injection to measure dry 
permeability at RT. 
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Figure A33-2: Pressure drop across the core during nitrogen injection to measure dry 
permeability -175 oF. 
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Figure A33-3: Pressure drop across the core during krg measurement at Swi=25% 
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Figure A33-4: Pressure drop across the core during the pre-treatment gas-condensate 
flood. 
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Figure A33-5: Pressure drop across the core during treatment injection. 
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Figure A33-6: Pressure drop across the core for the post-treatment first gas-condensate 
flood#1. 



 659 

0

40

80

120

160

200

240

0 20 40 60 80 100 120 140

Pore Volume Injected

P
re

ss
u

re
 d

ro
p

, p
si

a

Pre-treatment Condensate
Post-treatment Condensate#2

q_core = 252 cc/hr
krg = 0.157
kro= 0.102
IF = 1.29

 

Figure A33-7: Pressure drop across the core for the post-treatment gas-condensate 
flood#2. 
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Figure A33-8: Pressure drop across the core during final methane flood. 
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Figure A33-9: Mass of condensate liquids collected at the effluent versus mass of gas-
condensate mixture injected. 
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APPENDIX A34 - EXPERIMENT # 206 
 

Objective: 

The objective of this experiment was to examine the effectiveness of 3M 

Chemical L-19446#1 to improve the gas and condensate relative permeabilities in a 

Silurian Dolomite core at the presence of 25% initial water saturation. The experiment 

was conducted at the temperature of 250 oF. Plan is to do the measurements at only liquid 

dropouts of 5%. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A34-1 summarizes the properties of the core as well as the 

experimental conditions for permeability measurement at room temperature. Figure A34-

1 shows the pressure drop across the core during nitrogen injection. Table A34-2 

summarizes the results shown in Figure A34-1. The core dry permeability was also 

measured at temperature of 175 oF. Figure A34-2 shows the pressure drop across the core 

for nitrogen injection at different flow rates at 175 oF to measure dry permeability. Table 

A34-3 summarizes the results for dry permeability measurement at 175 oF. There was no 

appreciable difference between average permeabilities measured at two different 

temperatures. High non-Darcy effect is evident from quick reduction of measured 

permeability as flow rate increases. 

Since the solubility of calcite decreases with increase in temperature; it was 

decided to inject the brine (30,000 ppm NaCl/l + appropriate amount of calcium salt 0.25 

gm/l) to the core when both were at temperature. The volume of brine required to 

establish 25% initial water saturation in the core was calculated, 3.5 cc, and loaded into a 
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tube loop with a valve on each side. It was then pressurized using nitrogen to the core 

pressure to avoid evaporation upon heating. The loop was connected to the top of the core 

and after heating for an hour, brine was pushed into the core by flowing 600 cc nitrogen 

through the loop. More nitrogen was injected into the core to distribute the brine more 

evenly and also to measure the gas permeability at the initial water saturation (BPR1 = 

3305 and BPR2 = 1045 psig). During the first run about 200 PVs of nitrogen was injected 

into the core at high flow rates, the minimum was above 1000 cc/hr. The gas relative 

permeability calculated using these data was very low. It was decided to inject more 

nitrogen next day and especially try lower flow rates toward the end of flood. Using data 

from the three lowest flow rate, the gas relative permeability was calculated to be about 

0.85 considering non-Darcy effects. Figure A34-3 shows the pressure drop across the 

core during final nitrogen injection to measure gas relative permeability at initial water 

saturation. The results are summarized in Table A34-4.  

The oven temperature was set to 250 oF and BPR pressures were adjusted to 4628 

and 1527 psi. Pre-treatment gas-condensate flood was conducted using Mixture#2 fluids 

(see Chapter 3 for composition) at three pump flow rates of 100, 500, and 1500 cc/hr. 

Initially the injection was from low rate to high. At the end of last rate, the injection rate 

decreased to re-measure the pressure drop for 500 and 100 cc/hr flow rates. There was 

essentially no change in the pressure drop for the 500 cc/hr rate, however, for the low 

flow rate of 100 cc/hr the pressure drop was less, 8.9 psi compared with 10.2 psi. The 

lowest pressure drop was used for relative permeability calculations at this flow rate. 

Table A34-5 summarizes the pressure settings as well as the gas and condensate 

properties for pre-treatment condensate. Figure A34-4 shows the pressure drop across the 

core for pre-treatment gas condensate flood. The results of pre-treatment gas-condensate 
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flood, flow rates, pressure drop, and relative permeabilities, are summarized in Table 

A34-6.  

Three hundreds cc of treatment solution composed of 2% L-19446#1 in a mixture 

of 2BE-EtOH (70-30) was made, loaded into an accumulator and put in the oven. 

Treatment injection started right after putting the treatment accumulator in the oven. 

Phase behavior tests showed that the treatment and in-situ brine are compatible. The core 

was treated with 20 pore volumes of the treatment solution injected at the rate of 100 

cc/hr which gave a residence time of 9 minutes. Then the core was aged overnight. Figure 

A34-5 shows the pressure drop across the core for treatment injection. The fact that 

treatment was injected without pre-heating was a deviation from general protocol. At the 

same time the treatment was traveling 6 ft hot tubing before hitting the core. This should 

also be considered. 

The core was aged for 15 hours before being flooded with the post-treatment gas-

condensate at the same pressure settings as those used for the pre-treatment condensate 

flood. Figure A34-6 compares the pre- and post-treatment pressure drops for gas-

condensate floods. Table A34-7 summarizes the results. The pressure drop data shown in 

Figure A34-6 is for the flow in the normal direction. Pressure drops in the reverse 

direction was also measured and were used in the calculations. For all flow rates the 

pressure drop in the reverse direction was lower than that those measured in the normal 

direction, and they were all higher than before treatment pressure drops. This showed that 

the core was damaged and that most of the damage was in the top section of the core. 

Hot methane was injected into the core to displace and evaporate the condensate 

liquid and measure the final permeability. Figure A34-7 shows the pressure drop across 

the core for the final methane flood. The steady-state pressure drops established for 

lowest three different flow rates. Analysis of data for non-Darcy effects gave the effective 
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gas permeability of 56% of original permeability. For non-damaging treatments we 

generally get 90-100% of original permeability. Figure A34-8 shows the mass of liquids 

collected versus mass of gas-condensate mixture injected into the core. The consistency 

of injected gas-condensate mixtures is evident. At the end of experiment, the core was 

taken out and visually inspected. The presence of an oily layer on the top face was 

evident. Drop of water imbibed on both face of the core almost quick. 
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Table A34-1: Core properties and pressure settings for nitrogen flood. 

Core Silurian Dolomite 

Diameter, inches 0.998 

Length, inches 6.14 

Weight, gm 202.4 

Porosity, % 18 

Swi, % 25.00 

BPR1 Setting, psig 2790 

BPR2 Setting, psig 835 

Table A34-2: Results for the nitrogen flood to measure dry permeability at 76 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

500 1553.2 5.1 73.8 

750 2329.8 9.4 60.0 

1000 3106.4 14.5 51.9 

1500 4659.7 27.2 41.5 

Average permeability, md - From non-Darcy Analysis 115 

Table A34-3: Results for the nitrogen flood to measure dry permeability at 175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

500 1532.8 5.4 78.3 

750 2299.2 9.9 63.6 

1000 3065.5 15.3 54.9 

1500 4598.3 28.3 44.5 

Average permeability, md - From non-Darcy Analysis 120 
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Table A34-4: Results for nitrogen injection to measure krg at Swi=25% 

Pump flow rate 
(cc/hr) 

Core flow rate 
(cc/hr) 

Average pressure drop 
(psi) krg 

50 149 0.5 0.71 
75 223 0.8 0.65 

100 298 1.2 0.60 

Table A34-5: Pressure settings and fluid properties for pre-treatment condensate. 

BPR-1, psig 4628 4628 4628 

BPR-2, psig 1546 1557 1587 
Density of gas phase 
(single-phase), g/cc 0.268 0.268 0.268 

Temperature, °F 250 250 250 

  @  Core Condition 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 

Density, gm/cc 0.0733 0.5619 0.0738 0.5613 0.0754 0.5595 

Viscosity, cp 0.0166 0.1737 0.0166 0.1731 0.0167 0.1713 

Volume fraction 0.9422 0.0578 0.9417 0.0583 0.9404 0.0596 

IFT, dyne/cm 4.599 4.551 4.422 

PVT Ratio 1.56 1.55 1.54 

Table A34-6: Results for the pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 500 1500 

qtotal_core, cc/hr 263.9 1310.9 3856.0 

qgas_core, cc/hr 248.7 1234.5 3626.2 

qoil_core, cc/hr 15.26 76.42 229.82 

Δp, psia 9 31.0 90.1 

krg 0.051 0.073 0.074 

kro 0.032 0.047 0.048 

Nc 9.78E-06 3.40E-05 1.02E-04 



 667 

Table A34-7: Summary of results for post-treatment gas-condensate flood. 

q_pump, cc/hr 100 500 1500 

qtotal_core, cc/hr 255.0 1284.0 3776.9 

qgas_core, cc/hr 240.0 1209.1 3551.8 

qoil_core, cc/hr 14.97 74.86 225.10 

Δp, psia 10.7 40.0 135.0 

krg 0.041 0.055 0.048 

kro 0.027 0.036 0.047 

krg-treated / krg-untreated 0.81 0.76 0.65 
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Figure A34-1: Pressure drop during nitrogen injection to measure dry permeability at RT. 
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Figure A34-2: Pressure drop during nitrogen injection to measure dry permeability -175 
oF. 
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Figure A34-3: Pressure drop during krg measurement at Swi=25%. 
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Figure A34-4: Pressure drop during the pre-treatment gas-condensate flood. 
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Figure A34-5: Pressure drop across the core during treatment injection. 
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Figure A34-6: Pressure drop for the first gas-condensate flood after treatment. 
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Figure A34-7: Pressure drop across the core during final methane flood. 
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Figure A34-8: Mass of condensate liquids collected versus mass of gas-condensate 
mixture injected. 
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APPENDIX A35 - EXPERIMENT # 209 
 

Objective: 

The objective of this experiment was to examine the effectiveness of 3M 

Chemical #153239-80 to improve the gas and condensate relative permeabilities in a 

Silurian Dolomite core at the presence of 25% initial water saturation. The experiment 

was conducted at the temperature of 250 oF. Plan is to do the measurements at only liquid 

dropouts of 5%. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A35-1 summarizes the properties of the core as well as the 

experimental conditions for permeability measurement at room temperature. Figure A35-

1 shows the pressure drop across the core during nitrogen injection at room temperature. 

Table A35-2 summarizes the results shown in Figure A35-1. The core dry permeability 

was also measured at temperature of 175 oF. Figure A35-2 shows the pressure drop 

across the core for injecting nitrogen at 175 oF at different flow rates. Table A35-3 

summarizes the results for dry permeability measurement at 175 oF. There was some 

difference between permeabilities measured at two different temperatures considering 

non-Darcy effects, 160.8 versus 180.5 md. Absolute permeability of 180.5 md calculated 

by analyzing the data from nitrogen injection at 175 oF was used in relative permeability 

calculations. 

Since the solubility of calcite decreases with increase in temperature; it was 

decided to inject the brine (30,000 ppm NaCl/l + appropriate amount of calcium salt 0.25 

gm/l) to the core when both were at temperature. The volume of brine required to 
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establish 25% initial water saturation in the core was calculated, 3.3 cc, and loaded into a 

tube loop with a valve on each side. It was then pressurized using nitrogen to the core 

pressure to avoid evaporation upon heating. The loop was connected to the top of the core 

and after heating for an hour, brine was pushed into the core by flowing 700 cc nitrogen 

through the loop. More nitrogen was injected into the core to distribute the brine more 

evenly and also to measure the gas permeability at the initial water saturation (BPR1 = 

3772 and BPR2 = 987 psig). Three accumulator of nitrogen was injected into the core 

summed the total injected pore volumes to 1000. Figure A35-3 shows the pressure drop 

across the core for the third nitrogen flood to measure gas relative permeability at initial 

water saturation. The results are summarized in Table A35-4. The gas relative 

permeability at this water saturation was calculated to be 0.34 using the lowest three flow 

rate considering non-Darcy effects. This value was less than what the values calculated 

using measured pressure drop for each of the two lowest flow rates. It was not clear why 

the gas relative permeability for this saturation was that low. 

The oven temperature was set to 250 oF and BPR pressures were adjusted to 4628 

and 1554 psi. Pre-treatment gas-condensate flood was conducted using Mixture#2 fluids 

(see Chapter 3 for composition) at three pump flow rates of 100, 500, and 1500 cc/hr. 

Table A35-5 summarizes the pressure settings as well as the gas and condensate 

properties for pre-treatment condensate. Figure A35-4 shows the pressure drop across the 

core for pre-treatment gas condensate flood. The results for pre-treatment gas-condensate 

flood, flow rates, pressure drop, and relative permeabilities, are summarized in Table 

A35-6.  

Three hundreds cc of treatment solution #153239-80, (already made and mixed by 

3M, and delivered to our lab), was loaded into an accumulator and put in the oven. 

Treatment injection started after preheating for couple of hours. Phase behavior tests 
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showed that the treatment and in-situ brine are compatible. The core was treated with 

more than 19 pore volumes of the treatment solution injected at the rate of 75 cc/hr, 

which gave a residence time of 10 minutes. Then the core was aged overnight. Figure 

A35-5 shows the pressure drop across the core during treatment injection. The trend of 

pressure drop clearly showed some damage to the permeability as more treatment is 

injected into the core. 

The core was aged for 15 hours before being flooded with the post-treatment gas-

condensate under the same pressure settings as those used for the pre-treatment 

condensate flood. Figure A35-6 compares the pre- and post-treatment pressure drops for 

gas-condensate floods. Table A35-7 summarizes the results for post-treatment gas 

condensate flood. The pressure drop for all flow rates was higher during post-treatment 

compared with corresponding pre-treatment values. It was also noticed that for the two 

higher flow rates the pressure drop in the reverse direction (from bottom to top) was 

lower than in the normal direction but still higher than the pre-treatment values.  

Hot methane was injected into the core to displace and evaporate the condensate 

liquid and measure the final permeability. Figure A35-7 shows the pressure drop across 

the core for the final methane flood. The steady-state pressure drops established for six 

different flow rates. Analysis of data for non-Darcy effects gave the effective gas 

permeability of less than 40% of original permeability. For non-damaging treatments we 

generally get 90-100% of original permeability. Figure A35-8 shows the mass of liquids 

collected at the core effluent versus the mass of gas-condensate mixture injected into the 

core. The consistency of injected gas-condensate mixtures is evident. When the core was 

taken out, a drop of brine was put on the top and bottom face of the core. None of them 

imbibed after one minute. This was a clear indication of wettability alteration which was 

masked with the damage to the core.  
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Table A35-1: Core properties and pressure settings for nitrogen flood. 

Core Silurian Dolomite 

Diameter, inches 0.998 

Length, inches 6.085 

Weight, gm 183.1 

Porosity, % 17 

Swi, % 25.00 

BPR1 Setting, psig 3070 

BPR2 Setting, psig 819 

Table A35-2: Results for the nitrogen flood to measure dry permeability at 76 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 343.4 0.6 147.2 

200 686.9 1.4 122.1 

300 1030.3 2.3 108.9 

400 1373.8 3.3 99.6 

Average permeability, md - From non-Darcy Analysis 160.8 

Table A35-3: Results for the nitrogen flood to measure dry permeability at 175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 343.5 0.58 160.7 

200 687.1 1.41 132.2 

300 1030.6 2.41 116.0 

400 1374.2 3.56 104.7 

500 1717.7 4.90 95.1 

Average permeability, md - From non-Darcy Analysis 180.5 
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Table A35-4: Results for nitrogen injection to measure krg at Swi=25%. 

Pump flow rate 
(cc/hr) 

Core flow rate 
(cc/hr) 

Average pressure drop 
(psi) krg 

3000 10306 157.00 0.10 
2000 6871 83.50 0.12 
1000 3435 29.60 0.17 
500 1718 11.00 0.23 
200 687 3.14 0.33 
100 344 1.38 0.37 
50 172 0.54 0.48 

Table A35-5: Pressure settings and fluid properties for pre-treatment condensate flood. 

BPR-1, psig 4628 4628 4628 

BPR-2, psig 1554 1554 1554 
Density of gas phase 
(single-phase), g/cc 0.2672 0.2672 0.2672 

Temperature, °F 250 250 250 

  @  Core Condition 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 

Density, gm/cc 0.0748 0.5602 0.0753 0.5596 0.0769 0.5579 

Viscosity, cp 0.0166 0.172 0.0167 0.1714 0.0167 0.1696 

Volume fraction 0.9409 0.0591 0.9405 0.0595 0.9392 0.0608 

IFT, dyne/cm 4.473 4.426 4.299 

PVT Ratio 1.54 1.54 1.52 
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Table A35-6: Results for pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 500 1500 

qtotal_core, cc/hr 258.2 1283.2 3776.0 

qgas_core, cc/hr 242.9 1206.8 3546.4 

qoil_core, cc/hr 15.26 76.35 229.58 

Δp, psia 11 34.1 95.0 

krg 0.025 0.041 0.043 

kro 0.016 0.027 0.028 

Nc 1.97E-05 6.12E-05 1.76E-04 

Table A35-7: Summary of results for the post-treatment gas-condensate flood. 

q_pump, cc/hr 100 500 1500 

qtotal_core, cc/hr 258.2 1283.2 3776.0 

qgas_core, cc/hr 242.9 1206.8 3546.4 

qoil_core, cc/hr 15.26 76.35 229.58 

Δp, psia 11.3 42.0 120.0 

krg 0.025 0.033 0.034 

kro 0.016 0.022 0.028 

krg-treated / krg-untreated 0.98 0.81 0.79 
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Figure A35-1: Pressure drop across the core during nitrogen injection to measure dry 
permeability at RT. 
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Figure A35-2: Pressure drop across the core during nitrogen injection to measure dry 
permeability -175 oF. 
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Figure A35-3: Pressure drop across the core during krg measurement at Swi=25% - third 
flood. 
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Figure A35-4: Pressure drop across the ore during pre-treatment gas-condensate flood. 
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Figure A35-5: Pressure drop across the core during treatment injection. 
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Figure A35-6: Pressure drop across the core for post-treatment gas-condensate flood. 
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Figure A35-7: Pressure drop across the core during final methane flood. 
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Figure A35-8: Mass of condensate liquids collected versus mass of gas-condensate 
mixture injected. 
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APPENDIX A36 - EXPERIMENT # 211B 
 

Objective: 

The objective of this experiment was to examine the effectiveness of 3M 

Chemical FC-X to improve the gas and condensate relative permeabilities in a Texas 

Cream Limestone core at the presence of zero initial water saturation. The experiment 

was conducted at the temperature of 250 oF. Plan is to do the measurements at only liquid 

dropouts of 5%. A nano-primer solution (153239-91B) is injected before FC-X. The 

purpose of this primer is to alter the surface of rock to behave like sandstone. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A36-1 summarizes the properties of the core as well as the 

experimental conditions for permeability measurement at room temperature. Figure A36-

1 shows the pressure drop across the core during nitrogen injection. Table A36-2 

summarizes the results shown in Figure A36-1. The core dry permeability was also 

measured at temperature of 175 oF. Figure A36-2 shows the pressure drop across the core 

for nitrogen injected at different flow rates to measure absolute permeability at 175 oF. 

Table A36-3 summarizes the results for dry permeability measurement at 175 oF. There 

was some difference between permeabilities measured at two different temperatures 

considering non-Darcy effects, 4.4 versus 4.2 md. Absolute permeability of 4.2 md 

measured at temperature was used to calculate relative permeabilities. 

The nano-solution 153239-91B was diluted 100 times by mass in ethanol. The 

original solution was 2% nano-particles in ethanol-water solution. 200 gm of diluted 

solution was loaded into an accumulator and put in the oven for three hours before 
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injection. The solution was then injected into the core at the injection rate of 100 cc/hr. 

During this injection the valve to the inlet was shut; therefore, the pressure drop between 

pump and core outlet pressure is plotted in Figure A36-3. The pressure drop has a normal 

shape, passed a maximum then stabilized at some lower pressure. Toward the end of 

injection an increasing trend in the pressure drop was noticed. Figure A36-4 shows the 

color change during primer injection. 

After aging overnight, nitrogen was injected into the core to displace the primer 

and measure the permeability. Figure A36-5 shows the pressure drop during this 

injection. The effective gas permeability after removing primer was hundred percent of 

original which showed that there was no damage to the core by injecting primer. These 

data are tabulated in Table A36-4. 

The oven temperature was raised to 250 oF and BPR pressures were adjusted to 

4488 and 1533 psi. Pre-treatment gas-condensate flood was conducted using Mixture#2 

fluids (see Chapter 3 for composition) at a single pump flow rate of 100 cc/hr. Table 

A36-5 summarizes the pressure settings as well as the gas and condensate properties for 

pre-treatment condensate. Figure A36-5 shows the pressure drop across the core for pre-

treatment gas condensate flood. The results of pre-treatment gas-condensate flood, flow 

rates, pressure drop, and relative permeabilities, are summarized in Table A36-6.  

Three hundreds cc of treatment solution 2% FC-X in 98% (2BE-EtOH,70/30) was 

loaded into an accumulator and put in the oven. Treatment injection started after 

preheating for three hours. The core was treated with more than 19 pore volumes of the 

treatment solution injected at the rate of 75 cc/hr, which gave a residence time of 12 

minutes. Then the core was aged overnight. Figure A36-7 shows the pressure drop across 

the core for treatment injection. The trend of pressure drop curve was similar to non- 

damaging typical treatment. 
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The core was aged for 15 hours before being flooded with the post-treatment gas-

condensate at the same pressure settings as those used for the pre-treatment condensate 

flood. Figure A36-8 compares the pre- and post-treatment pressure drops for gas-

condensate floods. Table A36-7 summarizes the results. The improvement factor was not 

promising, 1.26. 

Hot methane was injected into the core to displace and evaporate the condensate 

liquid and measure the final permeability. Figure A36-9 shows the pressure drop across 

the core for the final methane flood. The steady-state pressure drops established for four 

different flow rates. Analysis of data for non-Darcy effects gave the gas relative 

permeability of 0.93. Figure A36-10 shows the mass of liquids collected versus mass of 

gas-condensate mixture injected into the core. The trends are somehow different which 

could be due to variation in room temperature and not the fluids as they were from the 

same accumulator. 
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Table A36-1: Core properties and pressure settings for nitrogen flood. 

Core Texas Cream Limestone 

Diameter, inches 0.995 

Length, inches 8.03 

Weight, gm 218.5 

Porosity, % 14.4 

Swi, % 0 

BPR1 Setting, psig 2732 

BPR2 Setting, psig 834 

Table A36-2: Results for the nitrogen flood to measure dry permeability at 75 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 310.8 21.1 4.5 

200 621.6 42.1 4.5 

300 932.5 63.2 4.5 

400 1243.3 84.0 4.5 

500 1554.1 105.0 4.5 

Average permeability, md - From non-Darcy Analysis 4.4 

Table A36-3: Results for the nitrogen flood to measure dry permeability at 175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 308.0 24.70 4.3 

200 616.0 49.80 4.3 

300 924.1 74.10 4.3 

400 1232.1 98.70 4.3 

Average permeability, md - From non-Darcy Analysis 4.2 
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Table A36-4: Results for the nitrogen flood to displace primer at 175 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

700 2156 188.00 3.94 

500 1540 127.50 4.15 

300 924 75.00 4.23 

Average permeability, md - From non-Darcy Analysis 4.4 

Table A36-5: Pressure settings and fluid properties for pre-treatment condensate flood. 

BPR-1, psig 4489 

BPR-2, psig 1533 
Density of gas phase (single-
phase), g/cc 

0.2634 

Temperature, °F 250 

  @  Core Condition Gas Phase Oil Phase 

Density, gm/cc 0.0762 0.5587 

Viscosity, cp 0.0155 0.1324 

Volume fraction 0.9398 0.0602 

IFT, dyne/cm 4.358 

PVT Ratio 1.83 

Table A36-6: Results for pre-treatment two-phase gas-condensate flood. 

q_pump, cc/hr 100 

qtotal_core, cc/hr 250.3 

qgas_core, cc/hr 235.2 

qoil_core, cc/hr 15.07 

Δp, psia 110 

krg 0.131 

kro 0.072 

Nc 3.54E-06 
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Table A36-7: Summary of results for the post-treatment gas-condensate flood. 

q_pump, cc/hr 100 

qtotal_core, cc/hr 258.2 

qgas_core, cc/hr 242.9 

qoil_core, cc/hr 15.26 

Δp, psia 11.3 

krg 0.025 

kro 0.016 

krg-treated / krg-untreated 1.26 
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Figure A36-1: Pressure drop across the core during nitrogen injection to measure dry 
permeability at RT. 
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Figure A36-2: Pressure drop across the core during nitrogen injection to measure dry 
permeability -175 oF. 
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Figure A36-3: Pressure drop across the core during primer injection. 

 

Figure A36-4: Color change during primer injection. 
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Figure A36-5: Pressure drop across the core during nitrogen injection to displace primer. 
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Figure A36-6: Pressure drop across the core during pre-treatment gas-condensate flood. 
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Figure A36-7: Pressure drop across the core during treatment injection. 
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Figure A36-8: Pressure drop across the core during post-treatment gas-condensate flood. 
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Figure A36-9: Pressure drop across the core during final methane flood. 
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Figure A36-10: Mass of condensate liquids collected at the core effluent versus mass of 
gas-condensate mixture injected. 



 693 

APPENDIX A37 - EXPERIMENT # 212 
 

Objective: 

The objective of this experiment was to examine the effectiveness of 3M 

Chemical FC-X to improve the gas and condensate relative permeabilities in a Texas 

Cream Limestone core at the presence of 25% initial water saturation. The experiment 

was conducted at the temperature of 250 oF. Plan is to do the measurements at one liquid 

dropouts of 5%. A nano-primer solution (153239-91B) is injected before FC-X. The 

purpose of this primer is to alter the surface of rock to behave like a sandstone. 
 

Experimental Results: 

The initial permeability of the core, dry, was measured by injecting nitrogen at 

room temperature. Table A37-1 summarizes the properties of the core as well as the 

experimental conditions for permeability measurement at room temperature. Figure A37-

1 shows the pressure drop across the core during nitrogen injection at room temperature. 

Table A37-2 summarizes the results shown in Figure A37-1.  

To introduce the brine, the vacuum was applied to the top of the core for thirty 

minutes. Then 3.6 cc of 30,000 ppm brine was injected into the core. After aging for an 

hour nitrogen was injected into the core to distribute the brine and also to measure the gas 

relative permeability at initial water saturation. Figure A37-2 shows the pressure drop 

across the core for nitrogen injection at initial water saturation to measure gas relative 

permeability at initial water saturation. Results are summarized in Table A37-3.  

The oven temperature was increased to 250 oF. After heating the BPR pressures 

were adjusted. Synthetic gas condensate Mixture#2 was used in this experiment. The first 

pre-treatment gas condensate was conducted at pump floe rate of 100 cc/hr. Table A37-4 
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summarized the pressure settings as well as the gas and condensate phases' properties at 

core pressure. Figure A37-3 shows the pressure drop versus pore volume injected for this 

gas condensate flood. Results are summarized in Table A37-5. Before injecting nano-

solution, methane was injected into the core to remove the condensate. After injecting 

190 pore volumes at different flow rates the relative permeability to methane was 

calculated to be 0.89 at the lowest core rate of  278 cc/hr.  

The nano-solution 153239-91B was diluted 20 times by mass in ethanol. The 

original solution was 5% nano-particles in ethanol-water solution. 500 gm of diluted 

solution was loaded into an accumulator and put in the oven for an hour before injection. 

The solution was then injected into the core at the injection rate of 100 cc/hr. During this 

injection the valve to the inlet was shut; therefore, the pressure drop between pump and 

core outlet pressure is plotted in Figure A37-4. The pressure drop showed an increasing 

trend and because of high pressure spikes the injection was stopped after 4 pore volumes 

of injection.   

After aging overnight, methane was injected into the core to displace the primer 

and measure the permeability. Figure A37-5 sows the pressure drop during this injection. 

The final gas permeability was 85 percent of original. The second pre-treatment 

condensate flood was conducted under conditions similar to those used in the first one. 

Table A37-6 summarizes the results and Figure A37-6 shows the pressure drop across the 

core of this gas condensate flood.  

The core was treated by injecting 10 pore volume of treatment composing 2% FC-

X in 98% (2BE-EtOH, 70/30) by mass. Figure A37-7 shows the pressure drop across the 

core. As is evident from this figure the pressure drop kept increasing steadily during 

injection of the last 6 pore volumes. The core was aged overnight then it was flooded by 

post-treatment condensate flood. Figure A37-8 shows the pressure drop across the core 
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for post-treatment gas condensate flood. Results are summarized in Table A37-7. The 

improvement factor was marginal, 1.2. 

Hot methane was injected into the core to displace and evaporate the condensate 

liquid and measure the final permeability. Figure A37-9 shows the pressure drop across 

the core for the final methane flood. The steady-state pressure drops established for four 

different flow rates. Analysis of data for non-Darcy effects gave the relative gas 

permeability of 77% of original permeability. This might be an indication of some 

damage to core permeability by either primer, treatment, or both. 
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Table A37-1: Core properties and pressure settings for nitrogen flood. 

Core Texas Cream Limestone 

Diameter, inches 0.995 

Length, inches 8.03 

Weight, gm 216.5 

Porosity, % 13.9 

Swi, % 25 

BPR1 Setting, psig 3094 

BPR2 Setting, psig 907 

Table A37-2: Results for the nitrogen flood to measure dry permeability at 74 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

100 313.1 18.6 5.2 

200 626.2 38.6 5.0 

300 939.3 58.5 4.9 

400 1252.4 78.2 4.9 

Average permeability, md - From non-Darcy Analysis 5.0 

Table A37-3: Results for the nitrogen flood to measure dry permeability at 75 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

800 2819.9 214.0 0.80 

600 2114.9 159.0 0.81 

400 1409.9 105.2 0.81 

200 705.0 51.5 0.83 

Average permeability, md - From non-Darcy Analysis 0.82 
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Table A37-4: Pressure settings and fluid properties for pre-treatment condensate#1. 

BPR-1, psig 4523 

BPR-2, psig 1492 
Density of gas phase (single-
phase), g/cc 

0.2645 

Temperature, °F 250 

  @  Core Condition Gas Phase Oil Phase 

Density, gm/cc 0.0745 0.5605 

Viscosity, cp 0.0155 0.134 

Volume fraction 0.9412 0.0588 

IFT, dyne/cm 4.494 

PVT Ratio 1.85 

Table A37-5: Results for pre-treatment two-phase gas-condensate flood#1. 

q_pump, cc/hr 100 

qtotal_core, cc/hr 256.6 

qgas_core, cc/hr 241.5 

qoil_core, cc/hr 15.09 

Δp, psia 125 

krg 0.099 

kro 0.053 

Nc 4.68E-06 
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Table A37-6: Results for pre-treatment two-phase gas-condensate flood#2. 

q_pump, cc/hr 100 

qtotal_core, cc/hr 256.6 

qgas_core, cc/hr 241.5 

qoil_core, cc/hr 15.09 

Δp, psia 121 

krg 0.102 

kro 0.055 

Nc 4.53E-06 

Table A37-7: Summary of results for the post-treatment gas-condensate flood. 

q_pump, cc/hr 100 

qtotal_core, cc/hr 255.5 

qgas_core, cc/hr 240.5 

qoil_core, cc/hr 15.03 

Δp, psia 101.0 

krg 0.121 

kro 0.066 

krg-treated / krg-untreated 1.2 
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Figure A37-1: Pressure drop across the core during nitrogen injection to measure dry 
permeability at RT. 
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Figure A37-2: Pressure drop across the core during nitrogen injection to measure krg @ 
Swi-75 oF. 
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Figure A37-3: Pressure drop across the core during pre-treatment gas-condensate 
flood#1. 
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Figure A37-4: Pressure drop across the core during primer injection. 
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Figure A37-5: Pressure drop across the core during Methane injection to displace primer. 
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Figure A37-6: Pressure drop across the core during pre-treatment gas-condensate 
flood#2. 
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Figure A37-7: Pressure drop across the core during treatment injection. 
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Figure A37-8: Pressure drop across the core during post-treatment gas-condensate flood. 
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Figure A37-9: Pressure drop across the core during final methane flood. 
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APPENDIX A38 - EXPERIMENT # 214 
 

Objective: 

The objective of this experiment was to examine the effectiveness of 3M 

Chemical FC-X to improve the gas and condensate relative permeabilities in a Silurian 

Dolomite (SD) core at the presence of 25% initial water saturation. The experiment was 

conducted at the temperature of 250 oF. Plan is to do the measurements at the liquid 

dropout of 5%.  
 

Experimental Results: 

Two pieces of Silurian Dolomite were loaded into a core holder. Porosity of each 

sample was measured using Helium porosimeter while the dimensions were measured 

using a caliper. The initial permeability of the core, dry, was measured by injecting 

nitrogen at room temperature. Table A38-1 summarizes the properties of the core as well 

as the experimental conditions for permeability measurement at room temperature. Figure 

A38-1 shows the pressure drop across the core during nitrogen injection at room 

temperature. Since these samples were vuggy measurements were made twice, once from 

low to high flow rates then in reverse direction. We have not seen any noticeable changes 

in pressure drops. Table A38-2 summarizes the results shown in Figure A38-1. Due to 

non-Darcy effects the permeability was calculated by accounting for inertial effects using 

Forchheimer equation. We used absolute permeability of 330 md in relative permeability 

calculations.  

To introduce the brine, vacuum was applied to the top of the core for thirty 

minutes then 4.7 cc brine, 30000 ppm NaCl + Ca, was injected into the core. It was then 

aged for an hour before being flooded with nitrogen, saturated with water at BPR1 
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pressure. Nitrogen at different flow rates, high about 8000 cc/hr, was injected into the 

core. Again using Forchheimer equation the pressure drop data was analyzed led to krg of 

0.83. The linear plot was used. Flow rates and pressure drop data for this injection is 

summarized in Table A38-3 and is shown the Figure A38-2. 

The oven temperature was raised to 250 oF and BPR pressures were adjusted to 

4485 and 1537 psig. Pre-treatment gas-condensate flood#1 was conducted using 

Mixture#2 fluids (see Chapter 3 for composition) at two pump flow rates of 200 and 2000 

cc/hr. Table A38-4 summarizes the pressure settings as well as the gas and condensate 

properties for pre-treatment condensate. Figure A38-3 shows the pressure drop across the 

core for the first pre-treatment gas condensate flood. The results of pre-treatment gas-

condensate flood#1, flow rates, pressure drop, and relative permeabilities, are 

summarized in Table A38-5. To ensure that the data are accurate another accumulator of 

condensate was injected into the core at different flow rates the next morning. Table A38-

6 summarized the pressure settings and fluid properties. Results of this flood are 

summarized in Table A38-7 while the pressure drop data are shown in Figure A38-4. 

Three hundreds cc of treatment solution 2% FC-X in 98% (2BE-EtOH,70/30) was 

loaded into an accumulator and put in the oven. Treatment injection started after 

preheating for three hours. The core was treated with more than 18 pore volumes of the 

treatment solution injected at the rate of 100 cc/hr, which gave a residence time of 12 

minutes. Then the core was aged overnight. Figure A38-5 shows the pressure drop across 

the core for treatment flood. The trend of pressure drop was similar to a typical treatment 

however there is an increasing trend in the pressure drop toward the end of injection 

which could be a sign of damage to the core permeability. 

The core was aged for 15 hours before being flooded with the post-treatment gas-

condensate at the same pressure settings as those used for the pre-treatment condensate 
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flood#2. Figure A38-6 compares the pre- and post-treatment pressure drops for gas-

condensate floods. Table A38-8 summarizes the results. The results clearly showed 

damage to the core original permeability. To assess the final permeability, hot methane 

was injected into the core to displace and evaporate the condensate liquid and measure 

the final permeability. Figure A38-7 shows the pressure drop across the core for the final 

methane flood. Analysis of data for non-Darcy effects gave the relative gas permeability 

of 58% of original permeability which confirmed the damage to the core permeability. 

Figure A38-8 shows the mass of liquids collected versus mass of gas-condensate mixture 

injected into the core.  
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Table A38-1: Core properties and pressure settings for nitrogen flood. 

Core Silurian Dolomite 

Diameter, inches 0.996 

Length, inches 7.0 

Weight, gm 200.85 

Porosity, % 21 

Swi, % 25 

BPR1 Setting, psig 2803 

BPR2 Setting, psig 987 

Table A38-2: Results for the nitrogen flood to measure dry permeability at 75 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

200 534.4 0.40 361.1 

300 801.7 0.78 277.8 

400 1068.9 1.13 255.7 

500 1336.1 1.52 237.6 

100 267.2 0.25 288.9 

Average permeability, md - From non-Darcy Analysis 329.8 
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Table A38-3: Results for the nitrogen flood to measure krg @ Swi at 75 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) krg 

3000 8016.6 69.00 0.10 

2000 5344.4 37.00 0.12 

1000 2672.2 13.20 0.17 

500 1336.1 4.75 0.23 

200 534.4 1.17 0.37 

100 267.2 0.37 0.59 

Average permeability, md - From non-Darcy Analysis 0.83 

Table A38-4: Pressure settings and fluid properties for pre-treatment condensate#1. 

BPR-1, psig 4485 4485 

BPR-2, psig 1554 1570 
Density of gas phase (single-
phase), g/cc 0.2645 0.2645 

Temperature, °F 250 250 

  @  Core Condition 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 

Density, gm/cc 0.0737 0.5614 0.0745 0.5605 

Viscosity, cp 0.0154 0.1347 0.0155 0.134 

Volume fraction 0.9418 0.0582 0.9412 0.0588 

IFT, dyne/cm 4.56 4.494  

PVT Ratio 1.85 1.85 
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Table A38-5: Results for pre-treatment two-phase gas-condensate flood#1. 

q_pump, cc/hr 200 2000 

qtotal_core, cc/hr 518.2 5132.1 

qgas_core, cc/hr 488.0 4830.3 

qoil_core, cc/hr 30.16 301.77 

Δp, psia 5.70 37.0 

krg 0.058 0.089 

kro 0.031 0.048 

Nc 1.58E-05 1.04E-04 

Table A38-6: Pressure settings and fluid properties for pre-treatment condensate#2. 

BPR-1, psig 4466 4466 4466 

PPR-2, psig 1533 1533 1533 

Density of gas phase 
(single-phase), g/cc 

0.2633 0.2633 0.2633 

Temperature, °F 250 250 250 

  @  Core Condition 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 

Density, gm/cc 0.0737 0.5614 0.074 0.561 0.0745 0.5605 

Viscosity, cp 0.0154 0.1347 0.0154 0.1344 0.0155 0.134 

Volume fraction 0.9418 0.0582 0.9416 0.0584 0.9412 0.0588 

IFT, dyne/cm 4.56 4.53 4.49 

PVT Ratio 1.85 1.85 1.85 
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Table A38-7: Summary of results for the pre-treatment gas-condensate flood#2. 

q_pump, cc/hr 500 1500 3000 

qtotal_core, cc/hr 1295.5 3873.0 7698.1 

qgas_core, cc/hr 1220.1 3646.8 7245.5 

qoil_core, cc/hr 75.40 226.18 452.65 

Δp, psia 10.00 27.0 37.0 

krg 0.082 0.091 0.133 

kro 0.045 0.049 0.072 

Nc 2.76E-05 7.57E-05 1.04E-04 

Table A38-8: Pressure settings and fluid properties for post-treatment condensate#1. 

BPR-1, psig 4466 4466 4466 

BPR-2, psig 1533 1533 1533 

Density of gas phase 
(single-phase), g/cc 

0.2633 0.2633 0.2633 

Temperature, °F 250 250 250 

  @  Core Condition 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 

Density, gm/cc 0.0737 0.5614 0.074 0.561 0.0745 0.5605 

Viscosity, cp 0.0154 0.1347 0.0154 0.1344 0.0155 0.134 

Volume fraction 0.9418 0.0582 0.9416 0.0584 0.9412 0.0588 

IFT, dyne/cm 4.56 4.53 4.49 

PVT Ratio 1.85 1.85 1.85 
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Table A38-9: Summary of results for the post-treatment gas-condensate flood#1. 

q_pump, cc/hr 500 1500 3000 

qtotal_core, cc/hr 1289.6 3831.6 7662.8 

qgas_core, cc/hr 1A38.6 3606.3 7212.2 

qoil_core, cc/hr 75.06 225.30 450.57 

Δp, psia 12.60 42.0 96.0 

krg 0.065 0.058 0.051 

kro 0.035 0.032 0.028 

krg-treated / krg-untreated 0.79 0.64 0.38 
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Figure A38-1: Pressure drop across the core during nitrogen injection to measure dry 
permeability at RT. 
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Figure A38-2: Pressure drop across the core during nitrogen injection to measure krg @ 
Swi - 75 oF. 
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Figure A38-3: Pressure drop across the core during pre-treatment condensate flood#1. 
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Figure A38-4: Pressure drop across the core during pre-treatment condensate flood#2. 
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Figure A38-5: Pressure drop across the core during treatment injection. 
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Figure A38-6: Pressure drop across the core during post-treatment gas-condensate flood. 
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Figure A38-7: Pressure drop across the core during final methane flood. 
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Figure A38-8: Mass of condensate liquids collected at the core effluent versus mass of 
gas-condensate mixture injected. 
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APPENDIX A39 - EXPERIMENT # 215 

 
Objective: 

The objective of this experiment was to examine the effectiveness of 3M 

Chemical FC-X to improve the gas and condensate relative permeabilities in a Silurian 

Dolomite (SD) core at the presence of 25% initial water saturation. The experiment was 

conducted at the temperature of 250 oF. Plan is to do the measurements only at the liquid 

dropouts of 5%.  
 

Experimental Results: 

A SD core was loaded into a core holder. Its porosity was measured by liquid, 

isopropyl alcohol, saturation while the dimensions were measured using a caliper. The 

initial permeability of the core, dry, was measured by injecting nitrogen at room 

temperature. Table A39-1 summarizes the properties of the core as well as the 

experimental conditions for permeability measurement at room temperature. Figure A39-

1 shows the pressure drop across the core during nitrogen injection. Table A39-2 

summarizes the results shown in Figure A39-1. Due to non-Darcy effects the 

permeability was calculated by accounting for inertial effects using Forchheimer 

equation. We used absolute permeability of 309.4 md in relative permeability 

calculations.  

To introduce the brine into the core, vacuum was applied to the top of the core for 

thirty minutes then 4.3 cc brine, 30000 ppm NaCl + Ca, was injected into the core. It was 

then aged for an hour before being flooded with humidified nitrogen at BPR1 pressure. 

Nitrogen at different flow rates, high about 6600 cc/hr, was injected into the core. Again 

the pressure drop data was analyzed using Forchheimer equation and led to low krg of 
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0.47. Flow rates and pressure drop data for this injection is summarized in Table A39-3.  

Figure A39-2 shows the pressure drop across the core for gas relative permeability at 

initial water saturation. 

The oven temperature was raised to 250 oF and BPR pressures were adjusted to 

4300 and 1550 psig. Pre-treatment gas-condensate flood#1 was conducted using 

Mixture#2 fluids (see Chapter 3 for composition) at three different pump flow rates. 

Table A39-4 summarizes the pressure settings as well as the gas and condensate 

properties for pre-treatment condensate. Figure A39-3 shows the pressure drop across the 

core for the first pre-treatment gas condensate flood. The results of this pre-treatment gas-

condensate flood, flow rates, pressure drop, and relative permeabilities, are summarized 

in Table A39-5. This flood was repeated by injecting another accumulator of gas 

condensate and gave comparable results as can be seen in Figure A39-4. 

Thee hundreds cc of treatment solution 2% FC-X in 98% (2BE-EtOH, 70/30) was 

loaded into an accumulator and put in the oven. Treatment injection started after 

preheating for two hours. The core was treated by injecting approximately 18 pore 

volumes of the treatment solution injected at the rate of 100 cc/hr. Figure A39-5 shows 

the pressure drop across the whole core and also across the bottom section during 

treatment injection. The trends of pressure drop clearly show that the top section of the 

core is constantly experiencing increasing pressure drop while the pressure drop for 

bottom section of the core is constant. This is clearly a sign of damage to the permeability 

of top section. The experiment was stopped at this stage. 
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Table A39-1: Core properties and pressure settings for nitrogen flood. 

Core Silurian Dolomite 

Diameter, inches 0.996 

Length, inches 6.95 

Weight, gm 200.9 

Porosity, % 19.3 

Swi, % 25 

BPR1 Setting, psig 2844 

BPR2 Setting, psig 850 

Table A39-2: Results for the nitrogen flood to measure dry permeability at 75 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 

200 650.8 0.61 281.4 

300 976.2 1.06 242.9 

400 1301.6 1.47 233.5 

500 1627.1 1.88 228.3 

100 325.4 0.30 286.1 

Average permeability, md - From non-Darcy Analysis 308.6 

Table A39-3: Results for the nitrogen flood to measure krg @ Swi at 75 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) krg 

500 1627.1 6.60 0.21 

400 1301.6 4.75 0.23 

300 976.2 3.15 0.26 

200 650.8 1.80 0.31 

100 325.4 0.70 0.40 

Average permeability, md - From non-Darcy Analysis 0.48 
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Table A39-4: Pressure settings and fluid properties for pre-treatment condensate#1. 

BPR-1, psig 4294 

BR-2, psig 1552 
Density of gas phase 
(single-phase), g/cc 0.2645 

Temperature, °F 250 

  @  Core Condition 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 
Gas 

Phase 
Oil 

Phase 

Density, gm/cc 0.0737 0.5614 0.074 0.561 0.0745 0.5605 

Viscosity, cp 0.0154 0.1347 0.0154 0.1344 0.0155 0.134 

Volume fraction 0.9418 0.0582 0.9416 0.0584 0.9412 0.0588 

IFT, dyne/cm 4.56 4.533 4.494 

PVT Ratio 1.85 1.85 1.85 

Table A39-5: Results for pre-treatment two-phase gas-condensate flood#1. 

q_pump, cc/hr 500 1500 3000 

qtotal_core, cc/hr 1295.5 3873.0 7698.1 

qgas_core, cc/hr 1220.1 3646.8 7245.5 

qoil_core, cc/hr 75.40 226.18 452.65 

Δp, psia 12.60 27.0 64.6 

krg 0.069 0.097 0.081 

kro 0.037 0.052 0.044 

Nc 3.29E-05 7.08E-05 1.71E-04 
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Figure A39-1: Pressure drop during nitrogen injection to measure dry permeability at RT. 
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Figure A39-2: Pressure drop during nitrogen injection to measure krg @ Swi - 75 oF. 
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Figure A39-3: Pressure drop across the core for pre-treatment condensate flood#1. 
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Figure A39-4: Pressure drop across the core for pre-treatment condensate flood#2. 
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Figure A39-5: Pressure drop across the whole and bottom section of core during 
treatment injection. 
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APPENDIX A40 - EXPERIMENT # 216 
 

Objective: 

The objective of this experiment was to examine the effectiveness of 3M 

Chemical FC-X to improve the gas and condensate relative permeabilities in a Silurian 

Dolomite (SD) core in the presence of 25% initial water saturation. The experiment was 

conducted at a temperature of 250 oF. Plan is to do the measurements only at the liquid 

dropout of 5%.  
 

Experimental Results: 

A SD core was loaded into a core holder. Its porosity was measured by liquid, 

isopropyl alcohol, saturation while the dimensions were measured using a caliper. The 

initial permeability of the core, dry, was measured by injecting nitrogen at room 

temperature. Table A40-1 summarizes the properties of the core as well as the 

experimental conditions for permeability measurement at room temperature. Figure A40-

1 shows the pressure drop across the core during nitrogen injection at room temperature. 

Table A40-2 summarizes the results of permeability measurement at room temperature. 

Due to non-Darcy effects the permeability was calculated by accounting for inertial 

effects using the Forchheimer equation. We used absolute permeability of 309.4 md in 

relative permeability calculations.  

To introduce the brine, the vacuum was applied to the top of the core for thirty 

minutes then 2.8 cc brine, 30000 ppm NaCl + Ca, was injected into the core. It was then 

aged for an hour before being flooded with nitrogen humidified at BPR1 pressure. 

Nitrogen at different flow rates, high about 6600 cc/hr, was injected into the core. Again 

using the Forchheimer equation the pressure drop data was analyzed led to krg of 0.89. 
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Flow rates, pressure drops, and calculated relative permeabilities for this injection are 

summarized in Table A40-3. The pressure drop across the core is shown in Figure A40-2. 

The oven temperature was raised to 250 oF and BPR pressures were adjusted to 

4474 and 1500 psig. The pre-treatment gas-condensate flood was conducted using 

Mixture#2 (see Chapter 3 for composition) at the pump flow rate of 500 cc/hr. Table 

A40-4 summarizes the conditions as well as the gas and condensate properties at core 

pressure for pre-treatment condensate. Figure A40-3 shows the pressure drop across the 

core for this flood. The results of the pre-treatment gas-condensate flood, flow rates, 

pressure drop, and relative permeabilities, are summarized in Table A40-5.  

550 cc of treatment solution 2% FC-X in 98% (2BE-EtOH, 70/30) was loaded 

into an accumulator and put in the oven. Treatment injection started after preheating for 

two hours. The core was treated with more than 35 pore volumes of the treatment 

solution injected at the rate of 100 cc/hr, which gave a residence time of 7 minutes. The 

pressure drop across the whole core and also across the bottom half-section of the core is 

shown in Figure A40-5 for the treatment flood. The trends of pressure drop clearly show 

that the top section of the core is constantly experiencing increasing pressure drop while 

the pressure drop for the bottom section of the core is constant. This is clearly a sign of 

damage to the permeability of top section. The experiment was stopped at this stage. 
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Table A40-1: Core properties and pressure settings for nitrogen flood. 

Core Silurian Dolomite 

Diameter, inches 0.996 

Length, inches 8.0 

Weight, gm 239.5 

Porosity, % 11 

Swi, % 25 

BPR1 Setting, psig 2897 

BPR2 Setting, psig 821 

Table A40-2: Results for the nitrogen flood to measure dry permeability at 75 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) k (md) 
100 329.9 0.35 287.7 

200 659.8 0.75 268.5 

300 989.7 1.21 249.7 

400 1319.6 1.71 235.6 

500 1649.5 2.28 220.8 

Average permeability, md - From non-Darcy Analysis 309.4 
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Table A40-3: Results for the nitrogen flood to measure krg @ Swi at 75 oF. 

Pump Flow rate (cc/hr) Core Flow rates (cc/hr) 
Average Pressure drop 

(psi) krg 
2000 6597.8 31.60 0.21 

1000 3298.9 10.30 0.32 

500 1649.5 3.10 0.53 

400 1319.6 2.14 0.61 

300 989.7 1.26 0.78 

200 659.8 0.56 1.16 

Average permeability, md - From non-Darcy Analysis 0.89 

Table A40-4: Pressure settings and fluid properties for pre-treatment condensate 

BPR-1, psig 4474 

BPR-2, psig 1500 
Density of gas phase 
(single-phase), g/cc 0.2633 

Temperature, °F 250 

  @  Core Condition 
Gas 

Phase 
Oil 

Phase 

Density, gm/cc 0.072 0.5633 

Viscosity, cp 0.0154 0.1364 

Volume fraction 0.9433 0.0567 

IFT, dyne/cm 4.705 

PVT Ratio 1.87 
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Table A40-5: Results for pre-treatment two-phase gas-condensate flood 

q_pump, cc/hr 500 

qtotal_core, cc/hr 1318.4 

qgas_core, cc/hr 1243.6 

qoil_core, cc/hr 74.75 

Δp, psia 14.20 

krg 0.072 

kro 0.038 

Nc 3.13E-05 
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Figure A40-1: Pressure drop during nitrogen injection to measure dry permeability at RT. 
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Figure A40-2: Pressure drop during nitrogen injection to measure krg @ Swi - 75 oF. 
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Figure A40-3: Pressure drop across the core for pre-treatment condensate flood. 
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Figure A40-4: Pressure drop across the core during the treatment injection. 



 730 

REFERENCES 

Able, W., Jackson, R. F., and Wattenbarger, R. A. 1970. Simulation of a Partial Pressure 
Maintenance Gas Cycling Project with a Compositional Model. Carson Creek 
Field, Alberta, JPT, pp. 38-46, January. 

Abrams, A. and Vinegar, H.J. 1985. Impairment Mechanism in Vicksburg Gas Sands. 
Paper SPE 13883 presented at the SPE/DOE Low Permeability Gas Reservoirs, 
Denver, Colorado, May 19-22. 

Afidick, D., Kaczorowski, N.J. and Bette, S. 1994. Production Performance of 
Retrograde Gas Reservoir: A Case Study of the Arun Field. Paper SPE 28749 
presented at the SPE Asia Pacific Oil and Gas Conference, Melbourne, Australia, 
November 7-10. 

Ahmed, T., Evans, J., Kwan, R., and Vivan, T. 1998. Wellbore Liquid Blockage in Gas-
Condensate Reservoirs. Paper SPE 51050 presented at the SPE Eastern Regional 
Meeting, Pennsylvania, November 9-11. 

Al-Anazi, H. A., Pope, G. A. and Sharma, M. M. 2002. Laboratory Measurement of 
Condensate Blocking and Treatment for Both Low and High Permeability Rocks. 
Paper SPE 77546, presented at the SPE Annual Technical Conference and 
Exhibition, San Antonio, TX, September 29-October 2. 

Al-Anazi, H.A., Al-Otaibi, M., Al-Faifi, M.G., and Hilab, V.V. 2006. Enhancement of 
Gas Productivity Using Alcoholic Acids: Laboratory and Field Studies. Paper 
SPE 102383 presented at SPE Annual Technical Conference and Exhibition, San 
Antonio, Texas, September 24-27. 

Al-Anazi, H.A., Walker, J.G., Pope, G.A., Sharma, M.M., Hackney, D.F. 2003. A 
Successful Methanol Treatment in a Gas-Condensate Reservoir: Field 
Application. Paper SPE 80901, presented at the SPE Production and Operations 
Symposium held in Oklahoma City, Oklahoma, March 22-25. 

Al-Anazi, Hamoud. 2003. Experimental Measurements of Condensate Blocking and 
Treatments in Low and High Permeability Cores. Ph.D. dissertation, The 
University of Texas At Austin. 

Al-Hussainy, R., and Ramey, H. J. 1966. Application of Real Gas Theory to Well Testing 
and Deliverability Forecasting. JPT, May, pp. 637-642. 

Ali, J.K., Butler, S., Allen, L., and Wardle, P. 1993. The Influence of Interfacial Tension 
on Liquid Mobility in Gas Condensate Systems. Paper SPE 26783 presented at 
the Offshore European Conference, Aberdeen, September 7-10. 

Ali, J.K., McGauley, Wilson, C.J. 1997. Experimental Studies and Modelling of Gas 
Condensate Flow Near the Wellbore. Paper SPE 39053 presented at the Fifth 
Latin American and Caribbean Petroleum Engineering Conference and 
Exhibition, Rio De Janeiro, Brazil, August 30-September 3. 



 731 

Allen, F. H., and Roe, R.P. 1950. Performance Characteristics of a Volumetric 
Condensate Reservoir. Petroleum Transaction AIME, Vol. 189. 

Alonso, M.E. and Nectoux, A.C. 1984. Experimental and Numerical Investigations of the 
Primary Depletion of a Critical Fluid. Paper SPE 13266 presented at SPE Annual 
Technical Conference and Exhibition, Houston, Texas, September 16-19. 

Al-Wadhahi M., Boukadi F.H., Al-Bemani A., Al-Maamari R., and Al-Hadrami H. 2007. 
Huff 'n Puff to Revaporize Liquid Dropout in an Omani Gas Field. Journal of 
Petroleum Science and Engineering 55, 67-73. 

App, J.F. and Mohanty, K.K. 2002. Gas and condensate relative permeability at near-
critical Conditions: capillary and Reynolds number dependence. Journal of 
Petroleum Science and Engineering, (36) 111-126. 

Asar, H., Handy, L.L. 1988. Influence of Interfacial Tension on Gas/Oil Relative 
Permeability in a Gas-Condensate System. SPE Reservoir Engineering, pp. 257-
264, February. 

Ayyalasomayajula, P., Sharma, R., Walker, J.G., Sharma, M.M., and Pope, G.A. 2002. 
Phase Behavior Modeling of Hydrocarbon-Methanol-Water Mixtures by Peng-
Robinson and SAFT Equations of State. Paper SPE 77575 Presented at the SPE 
Annual Technical Conference and Exhibition San Antonio, Texas, September 29-
October 2. 

Aziz, R.M. 1985. Deliverability Projection Model for Over-pressured Gas- Condensate 
Reservoirs. Paper SPE 13706 presented at the SPE Middle East Oil Technical 
Conference and Exhibition, Bahrain, March 11-14. 

Bang, V., Pope, G.A., AND Sharma, M.M. 2006. Phase Behavior Study of 
Hydrocarbon/Water/Methanol Mixtures at Reservoir Conditions. Paper SPE 
102100 presented at the SPE Annual Technical Conference and Exhibition, San 
Antonio, Texas, September 24-27. 

Bang, V., Pope, G.A., Sharma, M.M., Baran, J.R., and Ahmadi, M. 2008. A New 
Solution to Restore Productivity of Gas Wells With Condensate and Water 
Blocks. Paper SPE 116711 presented at the SPE Annual Technical Conference 
and exhibition, Denver, Colorado, September 21-24. 

Bang, V. 2007. Development of a Successful Chemical Treatment for Gas Wells with 
Condensate or Water Blocking Damage. PhD dissertation, The University of 
Texas at Austin, December. 

Baran, J.R., Jr., Skildum, J.D., Pope, G.A., Sharma, M.M., Bang, V., Linnemeyer, H., 
and Ahmadi, M. 2007. Chemical Stimulation of Gas Condensate Wells. Paper 
SPE 11648 presented at the International Technology Conference held in Dubai, 
UA.E., December 4-6. 



 732 

Bardon, C.P. and Longeron D.G. 1980. Influence of Very Low Interfacial Tension on 
Relative Permeability. Paper SPEJ, pp. 391-401, October. 

Barnum, R.S., Brinkman, F.P., Richardson, T.W. and Spillette, A.G. 1995. Gas 
Condensate Reservoir Behavior: Productivity and Recovery Reduction Due to 
Condensation. Paper SPE 30767 presented at the SPE Annual Technical 
Conference and Exhibition, Dallas, TX, October 22-25. 

Blom, S. M. P. and Hagoort, J. 1998. How to Include Capillary Number in Gas 
Condensate Relative Permeability Function. Paper SPE 49268 presented at the 
SPE Annual Technical Meeting and Exhibition, New Orleans, Louisiana, 
September 27-30. 

Bloom, S.M.P. and Hagoort, J. 1998. How to Include the Capillary Number in Gas 
Condensate Relative Permeability Functions? Paper SPE 49286, presented at the 
SPE Annual Technical Conference and Exhibition, Dallas, September 27-30. 

Boom, W., Wit, K., Schulte, A.M., Oedai, S., Zeelengerg, J.P.W., and Maas, J.G. 1995. 
Experimental Evidence for Improved Condensate Mobility at Near-wellbore Flow 
Conditions. Paper SPE 30766 presented at the SPE Annual Technical Conference 
and Exhibition, Dallas, Texas, October 22-25. 

Briggs, D., and Seah, M.P. 1990. Practical Surface analysis, Vol.1, and X-ray 
Photoelectron Spectroscopy. 2nd ed., John Wiley & Sons, Chichester. 

Brundle, C. R., and Baker, A. D. 1977-1981. Electron Spectroscopy, Theory, Techniques 
and Applications. Academic Press, Vols. 1-4, New York. 

Butler, M.L., Trueblood, J.B., Pope, G.A., Sharma, M.M., Baran, J.R., and Johnson, D. 
2009. A New Demonstration of a New Chemical Stimulation Treatment for Fluid-
Blocked Gas Wells. Paper SPE 125077 presented at the SPE Annual Technical 
Conference and Exhibition, New Orleans, Louisiana, October 4-7. 

Cable, A., Mott, R., and Spearing, M. Experimental Techniques for the Measurements of 
Relative Permeability and In-Situ Saturation Near Wellbore and Drainage Studies. 
Paper SCA-9928. 

Chen H.L., Wilson S.D. and Monger-McClure. 1999. Determination of Relative 
Permeability and Recovery for North Sea Gas Condensate Reservoir. SPEREE, 
pp. 393-402, August. 

Cimolal, M.P., Gies, R.M., Bwennion, D,B., and Myers, D.L. 1993. Mitigating 
Horizontal Well Formation Damage in a Low permeability Conglomerate Gas 
Reservoir. Paper SPE 26166 presented at SPE Gas Technology Symposium, 
Calgary, Alberta, Canada, June 28-30. 



 733 

Clarke, T.J. 1985. The Application of a 2-D Compositional, Radial Model To Predict 
Single-Well Performance in a Rich Gas Condensate Reservoir. Paper SPE 14413 
presented at the SPE Annual Technical Conference and Exhibition, Las Vegas, 
September 22-25. 

Curtis Whitson, Oivind Fevang, and Aud Saevareid. 1999. Gas Condensate Relative 
Permeability for Well Calculations. Paper SPE 56476 presented at the SPE 
Annual Technical Conference and Exhibition, Houston, Texas, October 3-6. 

Dacun Li and Thomas W. Engler. 2001. Literature Review on Correlations of the Non-
Darcy Coefficient. Paper SPE 70015, presented at the SPE Permian Basin Oil and 
Gas Recovery Conference, Midland, Texas, May 15-16. 

Danesh, A., Henderson, G.D., and Peden, J.M. 1991. Experimental Investigation of 
Critical Condensate Saturation and Its Dependence of Interstitial Water Saturation 
in Water-Wet Cores. SPERE, pp. 336-342. 

Danesh, A., Henderson, G.D., and Peden, J.M. 1991. Experimental Investigation of 
Critical Condensate Saturation and Its Dependence on Interstitial Water 
Saturation in Water-Wet Rocks. SPE Reservoir Engineering, August. 

Danesh, A., Henderson, G.D., Krinis, D., and Peden, J.M. 1989. Experimental 
Investigation of Retrograde Condensation in Porous Media at Reservoir 
Conditions. Paper SPE 18316 presented at SPE Annual Technical Conference and 
Exhibition, Houston, Texas, October 2-5. 

Denekas, M.O., Mattax, C.C., and Davis, G.T. 1959. Effect of Crude Oil Components on 
Rock Wettability. Paper SPE 1276-G Presented at the AICHE-SPE Joint 
Symposium in Kansas City, May 17-20. 

Dixit, A.B., Buckley, J.S., McDougall, S.R., and Sorbie, K.S. 1998. Core Wettability: 
Should IAH Equal IUSBM? Paper SCA-9809. 

Du, L., Walker, J.G., Pope, G.A., Sharma, M.M. and Wang, P. 2000. Use of Solvents to 
Improve the Productivity of Gas Condensate Wells. Paper SPE 62935 presented at 
the SPE Annual Technical Conference and Exhibition, Dallas, Texas, October 1-
4. 

Duggan, J.O. 1977. The Anderson “L”-An Abnormally Pressured gas Reservoir in South 
Texas. JPT, February, pp. 132-138. 

Eldon, M. and Puckett, D. 1990. Critical and Trapped Hydrocarbon Saturations in a 
Condensate Reservoir. Paper SPE 20918 presented at European 90, The Hague, 
Netherland, October 22-24. 

Engineer, R. 1985. Cal Canal Field, California: Case History of a Tight and Abnormally 
Pressured Gas Condensate Reservoir. Paper SPE 13650 presented at the SPE 
California Regional Meeting, Bakersfield, California, March 27-29. 



 734 

Evans, R.D., Hudson, C.S., and Greenlee, J.E. 1987. The Effect of an Immobile Liquid 
Saturation on the Non-Darcy Flow Coefficient in Porous Media. SPE Production 
Engineering, November. 

Evans, R.D., Hudson, C.S., and Greenlee, J.E. 1987. The Effect of Immobile Liquid 
Saturation on the Non-Darcy Flow Coefficient in Porous Media. SPE Production 
Engineering, November. 

Fahes, M. and Firoozabadi, A. 2005. Wettability Alteration to Intermediate Gas Wetting 
in Gas-Condensate Reservoirs at High Temperatures. Proceedings - SPE Annual 
Technical Conference and Exhibition, Dallas, Texas, October 9-12. 

Fang, F., Firoozabadi, A., Abbaszadeh, M., and Radke, C. 1996. A Phenomenological 
Modelling of Critical Condensate Saturation. Paper SPE 36719 presented at the 
SPE Annual Technical Conference and Exhibition, Denver, Colorado, October 6-
9. 

Firoozabadi, A., Katz, D. L. 1979. An Analysis of High Velocity Flow through Porous 
Media. Journal of Petroleum Technology, Vol. 31, No. 2, 211-216, February. 

Fishlock, T.P., and Smith, R.A.K. 1993. Three-Phase Studies of Gas-Condensate Flow 
Behavior. SPE Advanced Technology Series, Vol. 1, No. 1, pp. 127-132. 

Fleury, M., Branlard, P., Loremand, R., and Zarcone, C. 1999. Intermediate Wettability 
by Chemical Treatment. Journal of Petroleum Science and Engineering, 24, 123-
130. 

Fredrick, D.C. and Graves, R.M. 1994. New Correlations to Predict Non-Darcy Flow 
Coefficients at Immobile and Mobile Water Saturation. Paper SPE 28451 
presented at the SPE 69th Annual Technical Conference and Exhibition, New 
Orleans, Louisiana, September 25-28. 

Fussell, D.D. 1973. Single-Well Performance Predictions for Gas Condensate Reservoirs. 
JPT, July, pp. 860-870. 

Geertsma, J. 1974. Estimating the Coefficient of Inertial Resistance in Fluid Flow 
Through Porous Media. SPEJ, October. 

Gewers, C. W. W. and Nichol, L. R. 1969. Gas Turbulence Factor in a Microvugular 
Carbonate. JCPT. 

Gravier, J.F., Lemouzy, P., Barroux, C., and Abed, A.F. 1986. Determination of Gas-
Condensate Relative Permeability on Whole Cores under Reservoir Conditions. 
SPE Formation Evaluation, pp. 9 15, February. 

Ham, J.D., Eilerts, C. K. 1967. Effect of Saturation on Mobility of Low-Liquid-Vapor 
Ratio Fluids. SPEJ, pp. 11-19, March. 



 735 

Haniff, M.S., and Ali, J.K. 1990. Relative Permeability and Low Tension Fluid Flow in 
Gas Condensate Systems. Paper SPE 20917 presented at European Petroleum 
Conference, The Hague, Netherlands, October 21-24. 

Hartman, K.J. and Cullick, A.S. 1994. Oil Recovery by Gas Displacement at Low 
Interfacial Tension. Journal of Petroleum Science and Engineering, 10, 197-210. 

Heaviside, J. and Gritish, H.J. 1988. A Systematic Approach: The Key to Successful 
Core Analysis. Paper SPE 18385 presented at SPE European Conference, 
London, UK, October 16-19. 

Henderson, G.D., Danesh, A., and Tehrani. 2007. Effect of Positive Rate Sensitivity and 
Inertia on Gas Condensate Relative Permeability at High Velocity. Petroleum 
Geoscience, Vol. 7, pp.45-50.  

Henderson, G.D., Danesh, A., Tehrani, D.H. and Peden, J.M. 1993. An Investigation into 
the Processes Governing Flow and Recovery in Different Flow Regimes in Gas 
Condensate Reservoirs. Paper SPE 26661 presented at the 68th SPE Annual 
Technical Conference and Exhibition, Houston, Texas, October 3-6. 

Henderson, G.D., Danesh, A., Tehrani, D.H., Al-Shaidi, S., and Peden, J.M. 1996. 
Measurement and Correlation of Gas Condensate Relative Permeability by the 
Steady State Method,” SPE Journal, June. 

Henderson, G.D., Danesh, A., Tehrani, D.H., Al-Shaidi, S., and Peden, J.M. 1998. 
Measurement and Correlation of Gas Condensate Relative Permeability by the 
Steady State Method. SPE Reservoir Engineering and Evaluation, April. 

Henderson, G.D., Danesh, A., Tehrani, D.H., and Peden, J.M. 1997. The Effect of 
Velocity and Interfacial Tension on Relative Permeability of Gas Condensate 
Fluids in the Wellbore Region. Journal of Petroleum Science and Engineering, 17, 
265-273. 

Hinchman, S.B., and Barree, R.D. 1985. Productivity Loss in Gas Condensate Reservoirs.  
Paper SPE 14203 presented at SPE Annual Technical Conference and Exhibition, 
Las Vegas, Nevada, September 22-26. 

Hirasaki, J.G., Rohan, J.A., Dubey, S.T., and Niko, H. 1990. Wettability Evaluation 
During Restored-State Core Analysis. Paper SPE 20506, presented at the SPE 
Annual Technical Conference and Exhibition, New Orleans, Louisiana, 
September 23-26. 

Hjelmeland, O., Oyno, L., Jakobssen, S.R., and Niko, H. 1995. Gas Relative Permeability 
and Flow Behavior in a Retrograde Gas/Condensate Reservoir Under depletion. 
Paper SCA 9507. 

Huang, H. and Ayuob, J. 2008. Applicability of Forchheimer Equation for Non-Darcy 
Flow in Porous Media. SPE Journal, March. 



 736 

Jadhunandan, P.P and Morrow, N.R. 1995. Effect of Wettability of Waterflood Recovery 
for Crude-Oil/Brine/ Rock Systems. SPE Reservoir Engineering, February. 

Jamaludin, A.K.M., Ye, S., Thomas, J., D’Cruz, D., and Nighswander, J. 2001. 
Experimental and Theoretical Assessment of Using Propane to Remediate Liquid 
Buildup in Condensate Reservoirs. Paper SPE 71526 presented at the SPE Annual 
Technical Conference and Exhibition, New Orleans, Louisiana, September 30-
October 3. 

Jamiolahmady, M., Danesh, A., Tehrani, D.H., and Sohrabi, M. 2006. Variation of 
Gas/Condensate Relative Permeability With Production Rate at Near-Wellbore 
Conditions: A General Correlation. SPE Reservoir Evaluation and Engineering, 
December. 

Kamath, J. and Laroche, C. 2000. Laboratory Based Evaluation of Gas Well 
Deliverability Loss Due to Waterblocking. Paper SPE 63161 presented at the SPE 
Annual Technical Conference and Exhibition, Dallas, Texas, October 1-4. 

Kokal, S., Mohammad Al-Dokhi and Selim, S. 2000. Phase Behavior of Gas 
Condensate/Water System. Paper SPE 62931, presentation at the SPE Annual 
Technical Conference and Exhibition held in Dallas, Texas, October 1-4. 

Kumar, V., Bang, V., Pope, G.A., Sharma, M.M., Ayyalasomayajula, P.S., and Kamath, 
J. 2006. Chemical Stimulation of Gas/Condensate Reservoirs. Paper SPE 102669 
presented at the SPE Technical Conference and Exhibition, San Antonio, Texas, 
September 24-27. 

Kumar, V., Pope, G.A., and Sharma, M.M. 2006. Improving the Gas and Condensate 
Relative Permeability Using Chemical Treatments. Paper SPE 100529 presented 
at the SPE Gas Technology Symposium, Alberta, Canada, May 15-17. 

Laroche, C., Kamath, J., Nakagawa, F., and Yortsos, Y. 200 (?). Gas Relative 
Permeability Reduction Due to Waterblocking – A Laboratory Based Analysis. 
Paper presented at the SCA Conference, Abu Dhabi, October 18-22. 

Lee, H., Dellatore, S.M., Miller, W.M., and Messersmith, P.B. 2007. Mussel-Inspired 
Surface Chemistry for Multifunctional Coatings. Science Vol. 318: pp. 426-430. 

Li, K. and Firoozabadi, A. 2000. Experimental Study of Wettability Alteration to 
Preferential Gas Wetting in Porous Media and Its Effects. SPEREE, April, pp. 
139-149. 

Li, K. and Firoozabadi, A. 2000. Experimental Study of Wettabiliy Alteration to 
Preferential Gas-Wetting in Porous Media and its Effects. SPE Reservoir 
Evaluation and Engineering, April, pp. 139-147. 

Li, K. and Firoozabadi, A. 2000. Phenomenological Modeling of Critical Condensate 
Saturation and Relative Permeabilities in Gas/Condensate Systems. SPE Journal, 
June, pp. 138-147. 



 737 

Li., D., and Engler, T. W. 2008. Literature Review on Correlations of the Non-Darcy 
Coefficient. Paper SPE 70015 presented at the SPE Permian Basin Oil and Gas 
Recovery Conference, Midland, Texas, May 15-16. 

Liu, Y., Zheng, H., Li, G., and Li, K. 2006. Improving Production in Gas/Condensate 
Reservoirs by Wettability Alteration to Gas Wetness. Paper SPE 99739 presented 
at the  SPE/DOE Symposium on Improved Oil Recovery, Tulsa, Oklahoma, April 
22-26. 

Mahadevan, J. and Sharma, M.M. 2003. Clean-up of Water Blocks in Low Permeability 
Formations. Paper SPE 84216 presented at the SPE Annual Technical Conference 
and Exhibition, Denver, Colorado, October 5-8. 

McLeod, H.O., and Coulter, A.W. 1966. The Use of Alcohol in Gas Well Stimulation. 
Paper SPE 1663 presented at SPE Eastern Regional Meeting, Columbus, Ohio, 
November 10-11. 

McLeod, H.O., McGinty, J.E., and Smith, C.F. 1966. Deep Well Stimulation with 
Alcoholic Acids. Paper SPE 1558 presented at Annual Fall Meeting, Dallas, 
Texas, October 2-5. 

Methven , N.E. 1971. Effects of Drilling Fluids on Gas Well Productivity. Paper SPE 
3504 presented at SPE Annual Fall Meeting, New Orleans, Louisiana., October 3-
6. 

Morel, D.C., Morineau, Y.M., and Putz, A.G. 1992. Mobility of Hydrocarbon Liquids in 
Gas Condensate Reservoirs; Interpretation of Depletion Laboratory Experiments. 
Paper SPE 24939 presented at the SPE Annual Technical Conference and 
Exhibition, Washington DC, October 4-7. 

Mott, R., Cable, A., and Spearing, M. 1999. A New Method of Measuring Relative 
Permeability for Calculating Gas-Condensate Well Deliverability. Paper SPE 
56484, presented at the SPE Annual Technical Conference and Exhibition held in 
Houston, Texas, October 3-6. 

Mott, R., Cable, A., and Spearing, M. 2000. Measurements and Simulation of inertia and 
High Capillary Number Flow Phenomena in Gas-Condensate Relative 
Permeability. Paper SPE 62932 presented at the SPE Annual Technical 
Conference and Exhibition, Dallas, Texas, October 1-4. 

Munkerud, P.K. 1989. Measurement of Relative Permeability and Flow Properties of a 
Gas Condensate System During Pressure Depletion and Pressure Maintenance. 
Paper SPE 19071 presented at SPE Gas Technology Symposium, Dallas, Texas, 
June 7-9. 

 



 738 

Narayanaswamy, G., Mukul M. Sharma, and Pope, G.A. 1999. Effect of Heterogeneity 
on the Non-Darcy Flow Coefficient. SPE Reservoir Evaluation & Engineering, 
June. 

Norman, R. and Archer, J.S. 1988. High-velocity Gas Flow in Liquid-saturated Porous 
Media and its Visualization. JCPT. 

Osoba, J.S., Richardson, J.G., Kerver, J.K., Hafford, J.A., and Blair, P.M. 1950. 
Laboratory Measurements of Relative Permeability. Paper SPE 951047 presented 
at the Annual Fall Meeting of the Petroleum Branch, New Orleans, Louisiana, 
October 4-6. 

Panga, M.K.R., Ismail, S., Cheneviere, P., and Samuel, M. 2006. Preventive Treatment 
for Enhancing Water Removal From Gas Reservoirs by Wettability Alteration. 
Paper SPE 105367 presented at the 15th SPE Middle East Oil and Gas Show, 
Bahrain International Exhibition Center, Kingdom of Bahrain, March 11-14. 

Panga, M.K.R., Ismail, S., Cheneviere, P., and Samuel, M. 2007. Preventing Treatment to 
Enhance Water Removal from Gas Reservoirs by Wettability Alteration. Paper 
SPE 105367 presented at the 15th SPE Middle East Oil and Gas Show and 
Conference, Bahrain International Exhibition Center, Kingdom of Bahrain, March 
11-14. 

Panga, M.K.R., Ooi, Y.S., Koh, P.L., Chan, K.S., Enkababian, P. Cheneviere, P., and 
Samuel, M. 2006. Wettability Alteration for Water-Block Prevention in High 
Temperature Gas Wells. Paper SPE 100182 presented at the SPE Europec/EAGE 
Annual Conference and Exhibition, Vienna, Austria, June 12-15. 

Parekh, B. and Sharma, M.M. 2004. Cleanup of Water Blocks in Depleted Low-
Permeability Reservoirs. Paper SPE 89837 presented at the SPE Annual 
Technical Conference and Exhibition, Houston, Texas, September 26-29. 

Penny, G.S., Soliman, M.Y., Conway, M.W., and Briscoe, J.E. 1983. Enhanced Load 
Water-Recovery Techniques Improves Stimulation Results. Paper SPE 12149 
presented at SPE Annual Technical Conference and Exhibition, San Francisco, 
California, October 5-8. 

Pope, G.A., Wu, W., Narayanaswamy, G., Delshad, M., Sharma, M.M. and Wang, P. 
2000. Modeling Relative Permeability Effects in Gas-Condensate Reservoirs with 
a New Trapping Model. Paper SPE 62497, Published in SPEREE, April. 

Potter, W.G. 1970. Epoxide Resins. London, Iliffe. 

Rajeev Kumar. 2000. Productivity Improvement of Gas-Condensate Wells by Fracturing.  
MS Thesis, The University of Texas at Austin, August. 

Saeidi, A. and Handy, L.L. 1974. Flow and Phase Behavior of Gas Condensate and 
Volatile Oils in Porous Media. Paper SPE 4891 presented at SPE Annual 
California Technical Meeting, San Francisco, California, April 4-5. 



 739 

Schechter, D.S. and Haynes, J.M. 1992. Relative Permeabilities of a Near Critical Binary 
Fluid. Transport in Porous Media 9:241-260. 

Shapiro, A.A., Potsch, K., Kristensen, J.G, and Stenby, E.H. 2000. Effect of Low 
Permeable Porous Media on Behavior of Gas Condensate. Paper SPE 65182 
presented at SPE European Petroleum Conference, Paris, France, October 24-25. 

Sharma, M.M. and Wunderlich, R.W. 1985. The Alteration of Rock Properties Due to 
Interaction with Drilling Fluid Components. Paper SPE 14302 presented at the 
SPE Annual Technical Conference and Exhibition, Las Vegas, Nevada, 
September 22-25. 

Shi, C. and Horne, R.N. 2008. Improved Recovery in Gas Condensate Reservoirs 
Considering Compositional Variations. Paper SPE 115786 presented at the SPE 
Annual Technical Conference and Exhibition, Denver, Colorado, September 21-
24. 

Sumnu-Dindoruk, M.D., and Jones, J.R. 1998. Determination of Gas-Condensate 
Relative Permeabilities from Filed Production Data. Paper SPE 49267 presented 
at the SPE Technical Conference and Exhibition, New Orleans, Louisiana, 
September 27-30. 

Tang, G. and Firoozabadi, A. 2003. Wettability Alteration to Intermediate Gas-Wetting in 
Porous Media at Elevated Temperatures. Transport in Porous Media, pp. 158-212. 

Tang, G.Q. and Firoozabadi, A. 2000. Relative Permeability Modification in Gas Liquid 
Systems through Wettability Alteration to Intermediate Gas-Wetting. Paper SPE 
62934 presented at the SPE Annual Technical Conference and Exhibition held in 
Dallas, Texas, October 1-4. 

Tannich, J.D. 1975. Liquid Removal from Hydraulically Fractured Gas Wells. JPT, 
November, pp. 1309-1317. 

Wagner, O.R., and Leach, R.O. 1958. Improving Oil Displacement Efficiency by 
Wettability Adjustment. Paper SPE 1101-G presented at the SPE Annual Fall 
Meeting, Houston, Texas, October 5-8. 

Walker, J.G. 2000. Laboratory Evaluation of Alcohols and Surfactants to Increase 
Production from Gas-Condensate Reservoirs. M.S. Thesis, The University of 
Texas at Austin, December. 

Wanger, O.R., and Leach, R.O. 1966. Effect of Interfacial Tension on Displacement 
Efficiency. SPEJ December, pp. 335-344. 

Weiss, W.W., Xie, X., and Weiss, J.W. 2009. Field Test Wettability Alteration to 
Increase the flow Rate from Aquifer Gas Storage Wells. Paper SPE 125867 
presented at the SPE Eastern Regional Meeting, Charleston, West Virginia, 
September 23-25. 



 740 

Wong, S. W. 1970. Effect of Liquid Saturation on Turbulence Factors for Gas-Liquid 
Systems. JCPT. 

Wu, W., Wang, P., Delshad, M., Wang, C., Pope, G.A., Sharma, M.M. 1998. Modeling 
Non-Equilibrium Mass Transfer Effects for a Gas Condensate Field. Paper SPE 
39764 presented at the SPE Asia Pacific Conference on Integrated Modeling for 
Asset Management, Kuala Lumpur, Malaysia, March 23-24. 



 741 

VITA 

 

After receiving a Diploma in math and physics, Mohabbat Ahmadi successfully 

passed the national entrance exam and got admitted to the Petroleum University of 

Technology (formerly called AIT) in Ahwaz, Khozestan. He finished his Bachelor and 

Master degrees in Petroleum Engineering in 2000 and 2003, respectively. He was 

admitted to the Petroleum Engineering Program at the University of Texas at Austin in 

2006.  

 
 
Email Address: mohabbat_ahmadi@yahoo.com 
  or  
  mohabbat.ahmadi@gmail.com 

 

 

This dissertation was typed by the author. 

 


