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Abstract 

 

Modeling of Temperature Effect on Low Salinity Waterflooding 

 

Wensi Fu, M.S.E. 

The University of Texas at Austin, 2016 

 

Supervisor:  Kamy Sepehrnoori 

 

Recent studies have shown that additional oil can be achieved by modifying the 

composition and/or salinity of the injection water. Low salinity waterflooding gains 

popularity due to its low cost, availability of water, and high displacement efficiency of 

light to medium gravity oil. Various mechanisms behind low salinity waterflooding have 

been proposed. However, the dominant underlying mechanism is still under debate due to 

the complex nature of the interaction between crude oil/brine/rock (COBR). Temperature 

has been reported to play a significant role in the process of low salinity waterflooding, 

particularly in carbonates. Temperature may affect geochemical reactions between rock 

surface, crude oil, and water and consequently alter the rock wettability. Investigating the 

temperature effect not only helps identify optimum condition to achieve additional oil 

recovery but also contributes to understanding the mechanisms behind low salinity 

waterflooding.  

   In order to investigate the temperature effect on low salinity waterflooding, we 

implemented an energy module in the UTCOMP-IPhreeqc simulator. Hereafter, we refer 

to the improved simulator as “non-isothermal UTCOMP-IPhreeqc.” UTCOMP-IPhreeqc 
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is capable of modeling non-isothermal, multi-dimensional, and multi-phase transport 

process with geochemical calculations between water, minerals, gases, ion exchangers, 

kinetics, and surface complexes. 

Non-isothermal UTCOMP-IPhreeqc was then applied to study the temperature 

effect on low salinity coreflood experiments of sandstone and carbonate rocks based on 

the laboratory work of Kozaki (2012) and Chandrasekhar (2013), respectively. Our 

simulation results revealed that for the sandstone case, changing the temperature from 30 

to 120 ºC has insignificant effect on the oil recovery. We believe the reason is due to the 

fact that for this specific case the total ionic strength and the viscosity ratio (water 

viscosity over oil viscosity) did not change with increasing temperature. Noteworthy, 

double-layer expansion is assumed to be the underlying mechanism for low salinity 

waterflooding in sandstones in non-isothermal UTCOMP-IPhreeqc. On the other hand, 

the total ionic strength is the main controlling parameter for the double-layer expansion. 

For the carbonate case, with increasing temperature from 120 to 150 ºC, oil recovery 

increased for both formation brine and low salinity water injection. The reason: while the 

viscosity ratio remained constant, calcite dissolution increases as the temperature 

increases. The calcite dissolution is assumed to be the underlying mechanism for low 

salinity water in carbonates in non-isothermal UTCOMP-IPhreeqc. Hence, as more 

calcite dissolves the wettability of the rock changes towards more water-wet. As a result, 

oil recovery improves.  
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1. Chapter 1: Introduction 

1.1 RESEARCH OBJECTIVES 

Waterflooding has been widely applied since 1865 in the oilfields. Recently 

studies have shown that additional oil can be achieved by modifying the composition 

and/or salinity of the injection water. This recovery process is known as low salinity 

waterflooding, smart waterflooding or modified salinity waterflooding. Compared to 

other enhance oil recovery (EOR) techniques, low salinity waterflooding gains popularity 

due to its low cost, availability of water, and high displacement efficiency of light to 

medium gravity oil. 

Martin (1959) reported the first study in which oil recovery increased during low 

salinity waterflooding in sandstone reservoirs. Since the 1990s, numerous studies of 

corefloods on outcrop and reservoir cores have been reported, most of which showed an 

increase in oil recovery ranging from 5% to 40% during low salinity waterflooding 

(Yousef et al., 2011; Austad et al., 2010; Lager et al., 2007; Zhang et al., 2006; Tang and 

Morrow, 1997). Several field studies also showed positive effect on oil recovery during 

low salinity waterflooding (Seccombe et al., 2008; Robertson, 2007; McGuire et al., 

2005; Webb et al., 2004; Yousef et al., 2012a). The low salinity effect has been observed 

in both sandstone and carbonate reservoirs in secondary and tertiary recovery modes.  

Various mechanisms behind low salinity waterflooding have been proposed by 

different studies. However, the dominant underlying mechanism is still under debate due 

to the complex nature of the interaction between crude oil/brine/rock (COBR) (Morrow et 

al., 2011). The low salinity waterflooding effect on oil recovery can be affected by 

several parameters, such as rock properties, oil components, salinity and ion 

compositions of connate water and injection water.  
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Temperature has been also reported to play a significant role in the process of low 

salinity waterflooding, particularly in carbonates. Temperature may affect the 

geochemical reactions between rock surface, crude oil, and water and consequently alter 

the rock wettability. Investigating temperature effect not only helps identify optimum 

condition to achieve additional oil recovery but also contributes to understanding the 

mechanisms behind low salinity waterflooding. 

   Therefore, the main objective of this work is to investigate the temperature 

effect on low salinity waterflooding through mechanistic modeling. Research on 

modeling low salinity waterflooding is scarce, let alone modeling the temperature effect 

on low salinity waterflooding. Due to the complex nature of the interaction between 

COBR, mechanistic modeling with geochemical reactions is necessary (Korrani, 2014). 

Korrani (2014) developed an isothermal simulator, UTCOMP-IPhreeqc, which is capable 

of modeling multi-dimensional, multi-phase transport process with geochemical 

calculations between water, minerals, gases, ion exchangers, kinetics, and surface 

complexes. In order to analyze the temperature effect on low salinity waterflooding, at 

the first step we implemented an energy balance equation in the UTCOMP-IPhreeqc 

simulator towards developing a comprehensive and non-isothermal reactive-transport 

simulator. 

The research objectives of this thesis are summarized as follows: 

• Implementation of the energy balance equation in UTCOMP-IPhreeqc. 

• Investigation of the temperature effect on low salinity waterflooding.  
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1.2 DESCRIPTION OF CHAPTERS 

In Chapter 2, we review the recent studies of laboratory and field results, the 

proposed mechanisms, the modeling techniques, and the temperature effect on low 

salinity waterflooding.  

In Chapter 3, we explain the formulation of the non-isothermal UTCOMP-

IPhreeqc simulator. An energy balance equation is implemented in UTCOMP-IPhreeqc 

to investigate the temperature effect on low salinity waterflooding.  

In Chapter 4, we verify the non-isothermal UTCOMP-IPhreeqc simulator.  

In Chapter 5, we apply the non-isothermal UTCOMP-IPhreeqc on a sandstone 

case (coreflood experiment published by Kozaki (2012)) and a carbonate case (coreflood 

experiment published by Chandrasekhar and Mohanty (2013)) to investigate the 

temperature effect on low salinity waterflooding.  

In Chapter 6, we present the summary and conclusions of the thesis and 

recommend future work for investigating temperature effect on low salinity 

waterflooding. 
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2. Chapter 2: Literature Review and Background 

2.1 INTRODUCTION 

In this chapter we review some important laboratory work and field applications 

on low salinity waterflooding with several proposed mechanisms and modeling 

techniques. We then introduce some research related to the temperature effect on low 

salinity waterflooding in sandstone and carbonate reservoirs.  

2.2 LOW SALINITY WATERFLOODING 

2.2.1 Laboratory Work and Field Trials 

Since Tang and Morrow (1997)’s work demonstrating positive effect of low 

salinity waterflooding in increasing oil recovery, numerous studies have been conducted 

to analyze the low salinity waterflooding. Most of the experiments showed an increase in 

oil recovery during low salinity waterflooding, particularly in sandstone reservoirs 

(Sheng, 2014). Some of the laboratory work and field trials are summarized below.   

• Laboratory Work 

Tang et al. (1999)’s coreflood experiments on Berea sandstone showed an 

increase of oil recovery of 5.8% of the Original Oil in Place (OOIP). Injection water had 

a salinity of 0.1 of the formation brine salinity. 

Agbalaka et al. (2009) reported that brine salinity and temperature are two 

important parameters in low salinity waterflooding process in Berea sandstone. Increase 

in oil recovery with a decrease in residual oil saturation was observed with lower salinity 

and higher temperature. The rock became more water-wet after injection of low salinity 

brine both at ambient and elevated temperature. They also noted that low salinity water 

shows a positive effect on oil recovery in both secondary and tertiary modes of injection.  
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Yousef et al. (2011) reported coreflood experiments on carbonate rocks using sea 

water and diluted seawater. Increase of oil recovery up to 18% was observed after diluted 

seawater was injected in the tertiary mode. They suggested wettability alteration as the 

key mechanism for the low salinity effect.  

Webb et al. (2005) conducted a coreflood experiment under reservoir conditions 

using live crude oil. The injection water had a salinity of 1400 ppm and the formation 

water salinity was 28,000 ppm. Recovery factor increased from 69.5% to 83.5% when 

low salinity is injected in the secondary mode. For another two tertiary waterfloods, 

recovery factors increased from 63% to 71%, and from 75% to 84%, respectively, by 

injecting 1500 ppm water after 15,000 ppm secondary waterflooding. 

• Field applications 

Webb et al. (2004) presented the first field trial that confirmed experimental 

results for low salinity waterflooding. Their log-inject-log test showed that the residual 

oil saturation decreased 25-50% after injecting water in a clastic reservoir with salinity of 

3000 mg/l.  

BP conducted several field tests. After injection of low salinity water, residual oil 

saturation was reduced by 4-9% with an 6-12% increase of oil recovery in Alaska 

sandstone reservoirs (McGuire et al., 2005); water cut was reduced from 95% to 92% in 

Endicott field, a mature offshore field on the North Slope of Alaska of BP (Seccombe et 

al., 2010). 

Vledder et al. (2010) reported wettability alteration on field scale when low 

salinity water was injected in Omar sandstone field in Syria containing light oil with 

viscosity of 0.3 cp. The low salinity water came from a river water with 500 mg/l salinity 

and 100 mg/l bivalent cations. The formation water has 90,000 mg/l salinity and 5000 

mg/l bivalent cations. Oil recovery increased by 10-15% of OOIP. 
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Yousef et al. (2012a) conducted single well chemical tracer tests (SWCTTs) on 

The Upper Jurassic carbonate reservoir with diluted seawater. The results were consistent 

with their previous laboratory study (Yousef et al., 2011) indicating positive low salinity 

effect in both secondary and tertiary recovery modes.  

2.2.2 Mechanisms 

Fines migration and wettability alteration are two major mechanisms for low 

salinity waterflooding. Other mechanisms include saponification due to high pH 

(McGuire et al., 2005) and salt-in effects (RezaeiDoust et al., 2009). Contradictory data 

exist for each proposed mechanism, which leads to debates on the dominant mechanism 

for low salinity waterflooding. 

• Fines migration 

Martin (1959) and Bernard (1967) proposed clay swelling and emulsification as 

the reason for the increase of oil recovery and high pressure drop observed during low 

salinity waterflooding experiments on sandstone cores. Clay swelling may block small 

pores, which diverts the fluid to alternate flow paths; hence, the sweep efficiency is 

improved. 

Fines migration was concluded by Tang and Morrow (1999) as a mechanism of 

low salinity waterflooding. Besides the improvement of sweep efficiency, they suggested 

that clay fines can be released during low salinity waterflooding along which oil 

components are detached from the rock surface, which causes the rock to become more 

water-wet. However, other researchers reported no fines migration during low salinity 

waterflooding in spite of increase in oil recovery (Lager et al., 2006); or sand production 

with no low salinity effect (Boussour et al., 2009). However, it should be noted that 
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Lager et al. (2006) did not observe fines migration evidences in the effluent solution but 

fines migration might have been occurred inside the core. 

• Wettability alteration 

Wettability alteration is the most frequently suggested mechanism (Morrow and 

Buckley, 2011), which makes it the most probable mechanism for low salinity 

waterflooding (Sheng, 2014).Wettability alteration during low salinity waterflooding was 

observed in many experimental studies (Yousef et al., 2011; Hiorth et al. (2010); Berg et 

al. (2010); Ligthelm et al. (2009); Lager et al. (2006)) and even in field scale (Vledder et 

al., 2010). Wettability alteration can be caused by different reasons, such as release of 

clay fines and fines migration (Tang and Morrow, 1999), cation desorption from clay 

(Austad et al., 2010), multicomponent-ion exchange (MIE) (Larger et al., 2006).  

Lager et al. (2006) proposed the MIE mechanism by analyzing the effluent ion 

concentrations. The ions exchange affects the interactions between the oil and the clay 

surface when divalent ions such as Ca2+ and Mg2+ are present. The negatively charged 

clay surface and the negatively charged polar compounds in the oil (carboxylic 

components) are bonded together by the divalent ions. They form organometallic 

complexes and make the rock surface more oil-wet. Some organic polar compounds are 

directly absorbed on the rock surface (Sheng, 2014). During low salinity waterflooding, 

the complexes are exchanged by monovalents such as Na+ of the injection water; which is 

how the rock wettability becomes more water-wet. 

Ligthelm et al. (2009) proposed the double-layer expansion as the primary cause 

of the wettability alteration in sandstones. During the low salinity waterflooding the 

water film between the oil and the rock surface becomes thicker, which demonstrates the 

double-layer expansion (Lee et al., 2010). In sandstone reservoirs, cations (i.e., Ca+2, 

Mg+2, Na+, etc.) adsorb on the negatively charged clay surface, forming a “stern layer”. 
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Outside of the stern layer is a “diffuse layer”, which consists of cations and polar oil 

components with negative charges. The stern layer and diffuse layer together are called 

the double-layer. The negative oil components can attach to the divalents in the stern 

layer and that makes the rock surface more oil-wet. As shown in Figure 2-1, the double-

layer expands during low salinity waterflooding, which prevents negative oil components 

to get close and attach to the divalents; hence, the rock surface becomes more water-wet. 

The total ionic strength is the controlling parameter for the double-layer expansion. The 

thickness of the double-layer is an inverse function of square root of the total ionic 

strength, as shown in Equation (2.1) (Stumm and Morgan, 1996). 

 
1 0

2 ,2
r B

A

k Tk
N e I

ε ε− =  (2.1) 

where 

 
1k − =  the Debye length (thickness of the electric double layer) (m) 

rε =  relative permittivity for water 

0ε =  permittivity of free space ( 12 18.854 10 F m− −× ⋅ )  

Bk =  the Boltzmann constant ( 23 11.381 10 J K− −× ⋅ ) 

AN =  the Avogadro constant ( 236.022 10 1/mole× ) 

e =  the elementary charge ( 191.602 10 C−× ) 

I =  total ionic strength (mole/m3) 
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Figure 2-1: a) schematic of electric double-layer and oil components adsorbed to the divalents 
through the double-layer; b) the thickness of double-layer when high salinity water is in 
contact with the clay surface; c) the thickness of double-layer when low salinity water is in 
contact with the clay surface (Lee et al., 2010; Korrani, 2014).    

For carbonates, different mechanisms were proposed, including surface charge 

alteration and substitution of Ca2+ by Mg2+ at high temperature (Zhang and Austad, 2006), 
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which will be discussed later in Section 2.3. Hiorth et al. (2010) proposed mineral dissolution 

as the controlling parameter for the modified salinity waterflooding effects, which is supported 

by Vo et al. (2012), Zahid et al. (2012), and Gupta et al. (2011). As shown in Figure 2-2, oil 

can be liberated from the rock surface after calcite dissolution, which increases the water-

wetness. 

 

 

Figure 2-2: Top: oil is adsorbed to the rough surface with broken water film. Bottom: 
dissolution occurs and liberates the oil adsorbed on the chalk, creating water-wet surface 
(Hiorth et al., 2010).  

2.2.3 Modeling of Low Salinity Waterflooding 

Jerauld et al. (2008) proposed the first model for low salinity waterflooding using 

an interpolation technique. The relative permeabilities and capillary pressures are the 

weighted averages of their values under high salinity and low salinity conditions, as 

shown in Equation (2.2) through Equation (2.5). The interpolating factor is calculated as 
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a function of residual oil saturations of high and low salinity waters, as shown in 

Equation (2.6). 

 

( ) ( ) ( )* *1 ,HS LS
rw rw rwk k S k Sθ θ= + − 	 (2.2) 

( ) ( ) ( )* *1 ,HS LS
row row rowk k S k Sθ θ= + − 	 (2.3) 

* *( ) (1 ) ( ),HS LS
cow cow cowP P S P Sθ θ= × + − × 	 (2.4) 

* ( ) ,
(1 )

o orw

wr orw

S SS
S S
−

=
− − 	 (2.5) 

( ) ,
( )

LS
orw orw
HS LS
orw orw

S S
S S

θ
−

=
− 	

(2.6) 

where  

rwk = relative permeability to water phase 
HS
rwk = relative permeability to water phase of high salinity set 
LS
rwk = relative permeability to water phase of low salinity set 

θ = 
interpolation parameter ( θ = 1 for high salinity water and θ = 0 for low 

salinity water) 

rowk = relative permeability to the oil phase 
HS
rowk = relative permeability to the oil phase of high salinity set 
LS
rowk = relative permeability to the oil phase of low salinity set 

cowP =  oil/water capillary pressure (psi) 
HS
cowP =  oil/water capillary pressure of high salinity set (psi) 
LS
cowP =  oil/water capillary pressure of low salinity set (psi) 

orwS =  residual oil saturation 
LS
orwS  residual oil saturation to low salinity waterflooding  
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HS
orwS  residual oil saturation to high salinity waterflooding 

wrS =  irreducible water saturation 

Omekeh et al. (2011) proposed a model in which the interpolation parameter is a 

function of total release of divalent cation from the rock surface. Dang et al. (2013) 

coupled an ion exchange model with a multi-phase, multi-component flow compositional 

simulator. They modeled the interpolation parameter as a function of Ca2+ adsorption on 

the rock surface for sandstone reservoirs. 

Al Shalabi (2014a, 2014b, and 2014c) presented six methods for history matching 

the recently published low salinity corefloods conducted by Yousef et al. (2011). Three 

models: empirical, fundamental, and mechanistic were proposed for low salinity 

waterflooding.  

Korrani (2014) developed a geochemical-based compositional simulator, 

UTCOMP-IPhreeqc, to mechanistically model the low salinity waterflooding. The model 

is discussed in Chapter 3. Noteworthy, IPhreeqc was also integrated to UTCHEM, The 

University of Texas at Austin in-house chemical simulator (Delshad et al., 1996), to 

model hybrid low salinity processes such as low salinity surfactant flooding (Korrani et 

al., 2015a; Tavassoli et al., 2015).  

2.3 TEMPERATURE EFFECT ON LOW SALINITY WATERFLOODING 

• Sandstone 

Tang and Morrow (1997) conducted coreflooding experiments with crude oil and 

reservoir brine on Berea sandstone. Results showed that oil recovery increased with 

lower injection water salinity; water wetness and oil recovery increased at higher 

displacement temperature (tested at temperatures of 22, 50 and 75 ºC). Agbalaka et al. 

(2009) reported similar results through coreflooding experiments on Berea sandstone. 
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Increase in oil recovery with decrease in residual oil saturation was observed with lower 

salinity and higher injection brine temperature (temperature ranges from 13 to 218 ºC).  

Cissokho et al. (2009) studied low salinity waterflooding on outcrop sandstone at 

different temperatures ranging from 35 to 90 ºC. Their experimental results show that 

when displacement temperature increases, oil recovery increased in the secondary mode; 

moderate temperature (35 ºC) is better in tertiary mode.  

Doust et al. (2010) conducted low salinity coreflooding with the sandstone and 

crude oil from the Varg field in the North Sea. They found that 90 ºC was the optimum 

aging temperature for low salinity waterflooding. However, the oil recovery did not change 

with injection water temperature. 

 Nasralla et al. (2011) analyzed the behavior of wettability on mica sheets of 

sandstone rock with two different crude oils under different pressure (500-1000 psi) and 

temperature (140-250 ºF). They reported that contact angle increased at high temperature 

and decreased at lower water salinity. 

• Carbonate 

Some studies show that water wetness and oil recovery can be improved by 

simply injecting seawater in carbonate rocks, especially chalk. The conditions reported 

include sulfate-free formation water, key potential determining ions, i.e., Ca2+, Mg2+, and 

SO4
2-, in the injection brine, high temperature, (>90 oC) and oil with high polar 

components (Yousef, 2012b). 

Tang and Kovscek (2004) conducted experiments with viscous, heavy crude oil 

on fine-grained, low permeability, fractured outcrop diatomite and field core. As 

temperature increased from 20 to 180 ºC, oil recovery increased and residual oil 

saturation decreased. They reported that decrease of oil viscosity and increase of water 

wetness with increasing temperature as the cause for oil recovery increase. Production of 
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oil-wet fines and increase of water wetness was observed at high temperature. Hence, 

they proposed that fines release from rock surface increased the water-wet area. 

Hognesen et al. (2005) presented several spontaneous imbibition tests with sea 

water and formation water on carbonate (limestone cores and outcrop chalk cores) rocks 

at temperature of 70-130 ºC. Increase of oil recovery was observed at higher temperature. 

They proposed that sulfate tends to adsorb on the rock surface and acts as a wettability 

alteration agent upon which the rock surface becomes more water-wet. When temperature 

increases, more sulfate ions are adsorbed on the rock surface, which increases the water-

wetness. 

Zhang and Austad (2007) studied the wettability alteration during spontaneous 

imbibition of seawater into North Sea chalk from the Ekofisk field. The water wetness 

increased as temperature increased with the interaction of Ca2+, Mg2+, SO4
2- and the rock 

surface (shown in Equation (2.7)). SO4
2- must exist together with Ca2+ or Mg2+ to alter the 

water wetness. Mg2+ in the seawater can substitute Ca2+ from the rock surface at high 

temperature (shown in Equation (2.8)); the higher the temperature, the more substitution 

occurs. In their proposed chemical mechanism, water wetness of chalk can be improved 

if the potential determining ions displace some of the carboxylic materials from the chalk 

surface. Strand et al. (2006) drew similar conclusions that sulfate present in the injection 

water can increase the water-wetness. With increasing temperature, the adsorption of 

sulfate on the chalk surface increases and concentration of Ca2+ decreases.  

 
2 2 2

3 4 3 4( ) ( ) .RCOO Ca CaCO s Ca SO RCOO Ca Ca CaCO s SO− + − + −− − + + = − + − +  (2.7) 

2 2 2
3 4 3 4( ) ( ) .RCOO Ca CaCO s Mg SO Mg CaCO s RCOO Ca SO− + − + −− − + + = − + − +  (2.8) 
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Zahid et al. (2012) examined the low salinity effect for both reservoir carbonate 

rock and outcrop chalk core plugs.  Significant increase in oil recovery was observed for 

reservoir carbonate core plugs at 90 ºC with an increase of pressure drop. They believed 

the increase in the pressure drop is due to fines migration or mineral dissolution. 

However, no low salinity effect was observed for the reservoir carbonate at the room 

temperature or for the outcrop chalk core at both room and high temperatures. 

Yousef et al. (2012b) concluded that oil recovery was higher at higher 

temperatures. They suggested this may be due to the increase of the potential determining 

ions reactivity with increase of temperature. Their experimental measurements 

demonstrate that the rock/brine surface potential becomes more negative at higher 

temperatures. This creates more repulsion between the rock and the oil interfaces; hence, 

water film between the two interfaces becomes more stable. In other words, the rock 

surface becomes more water-wet. This interpretation is consistent with that of Zhang et 

al. (2007). 

Hiorth et al. (2010) challenged the surface charge alteration mechanism proposed 

by Zhang and Austad (2006) and Strand et al. (2006). A chemical model was developed 

to predict the oil recovery in spontaneous imbibition experiments at different 

temperatures. They suggested that the oil recovery due to low salinity water is too high to 

be interpreted by surface potential changes. Hence, they proposed calcite dissolution as 

the controlling parameter for the modified salinity waterflooding effects in carbonate 

reservoirs. Their mechanism proposes that calcite dissolution occurs during the low 

salinity waterflooding. The calcite dissolution takes away oil components attached to the 

rock surface; hence, fresh surfaces with the wettability towards more water-wet are 

created. 
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2.4 SUMMARY 

In this chapter, we reviewed laboratory and field results, proposed mechanisms, 

modeling techniques, and the temperature effect on low salinity waterflooding. The main 

mechanism of low salinity is still under debate. The effect of low salinity can be affected 

by several parameters such as rock properties, oil components, connate water and 

injection water salinity and ion compositions. Temperature has been also reported as an 

important parameter that affects the oil recovery due to low salinity waterflooding in 

sandstones and carbonates. In this work we mainly focus on the temperature effect on 

low salinity waterflooding.   
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3. Chapter 3: Development of Non-Isothermal UTCOMP-IPhreeqc 

3.1 INTRODUCTION 

In this section, we present the process of developing non-isothermal UTCOMP-

IPhreeqc built based on UTCOMP-IPhreeqc, an in-house simulator of The University of 

Texas at Austin.  

3.2 OVERVIEW OF UTCOMP SIMULATOR AND PHREEQC PACKAGES 

3.2.1 UTCOMP 

UTCOMP is a non-isothermal, three-dimensional, equation-of-state, implicit in 

pressure and explicit compositions (IMPEC), compositional reservoir simulator 

developed at The University of Texas at Austin. UTCOMP is capable of modeling a wide 

range of enhanced oil recovery processes, such as miscible and immiscible gas injection. 

UTCOMP can model up to four-phase (an aqueous phase, a gas phase, and two liquid 

hydrocarbon phases) flow behavior and can be used to model tracers, surfactant, foam, 

and polymer effects (Chang, 1990; Darabi, 2014). 

• Material Balance Equation 

The general form of mass conservation equation for component i  in multi-phase 

flow in isothermal porous medium is as follows (Lake et al., 1989): 

 

0,

1,2,...,

i
i i

c

W F R
t

i n

∂
+∇⋅ − =

∂
=

 
(3.1) 

 

 

where 

 

iW = accumulation term 
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iF = flux term 

iR = source term 

cn = number of components 

The Equation (3.1) is written in terms of moles per unit bulk volume per unit 

time. 

After rigorous derivation, the final form of the material balance equation for 

component i becomes (see Chang (1990) for more details): 
   

( )
1

0,
pn

i
b b j j ij j j j j ij ij i

j

NV V x P D S K x q
t

ξ λ γ φξ
=

⎡ ⎤∂
− ∇⋅ ∇ − ∇ + ∇ − =⎢ ⎥∂ ⎣ ⎦

∑  

1,2,..., ci n=  

(3.2) 

 

where  

 

 number of moles of component i (lbmoles) 

 time (day) 

 bulk volume (ft3) 

cn = number of components 

 molar density of phase j (lbmoles/ft3) 

jλ = mobility of phase j (cp-1) 

 mole fraction of component i in phase j (lbmoles/lbmoles) 

 pressure of phase j (psi) 

 specific weight of phase j (psi/ft) 

 depth from the datum plane (ft) 

iN =

t =

bV =

jζ =

ijx =

P =

jγ =

D =
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 porosity (fraction) 

 saturation of phase j (fraction) 

ijK = dispersion tensor (ft2/day) 

 molar flowrate of component i (lbmoles/day) 

The physical dispersion is modeled with the full dispersion tensor: 

 

, , ,

, , ,

, , ,

,
xx ij xy ij xz ij

ij yx ij yy ij yz ij

zx ij zy ij zz ij

K K K
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K K K
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⎜ ⎟
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⎜ ⎟
⎝ ⎠

 (3.3) 

 

where  

 

ijK = dispersion tensor (ft2/day) 

 diagonal elements of the dispersion tensor for component i in phase j 

(ft2/day) 

 

off-diagonal elements of the dispersion tensor for component i in phase j 

(ft2/day)  

 

• Pressure Equation 

In UTCOMP, pressure equation is solved implicitly and is derived on the basis 

that the pore volume is filled completely by the total fluid volume (Chang, 1990) as 

shown below: 

  

φ =

jS =

iq =

, ,xx yy zzK K K =
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,
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xz ij zx ij
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(3.4) 

where  

 total fluid volume (ft3) 

 pore volume (ft3) 

 pressure (psi) 

 component moles 

In Equation (3.4), pV  is only a function of pressure while tV  is a function of both 

pressure and total number of moles of each component. Assuming slightly compressible 

formation, differentiate both sides of Equation (3.4) with respect to time and expand both 

terms against their independent variables using the chain rule. Rearranging and 

substituting Equation (3.2) into the resultant equations will give the final pressure 

equation (see Chang (1990) for more details):  
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 (3.5) 

 

where 

 

 pore volume at reference pressure (ft3) 

 formation compressibility (psi-1) 

( ) ( )t PV P,N V P ,=

tV =

pV =

P =

N =

0
pV =

fc =
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 total fluid volume (ft3) 

 pressure (psi) 

 time (day) 

 bulk volume (ft3) 

 number of components 

 the partial derivative of total fluid volume with respect to component i 

(ft3/lbmole) 

 number of phases 

 absolute permeability diagonal tensor (md) 

 relative mobility of phase j (cp-1) 

 molar density of phase j (lbmoles/ft3) 

 mole fraction of component i in phase j 

 capillary pressure of phase 2 and phase j (psi) 

 specific weight of phase j (psi/ft) 

 depth from the datum plane (ft) 

 porosity (fraction) 

 dispersion tensor (ft2/day) 

 saturation of phase j 

 molar flowrate of component i (lbmoles/day) 

 
 

• Overall Computational Procedure 

The overall solution procedure over a time step is as follows and the detailed 

calculations can be found in Chang’s dissertation (Chang, 1990). See Figure 3-1 for 

simplified algorithm of the UTCOMP simulator. 

tV =

P =

t =

bV =

cn =

tiV =

pn =

k =

rjλ =

jζ =

ijx =

2c jP =

jγ =

D =

φ =

K =

jS =

iq =
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(1) Compute the necessary derivatives and coefficients for the pressure equation, 

Equation (3.5). 

(2) Solve for pressure in each grid block implicitly using Equation (3.5). 

(3) Update porosity of each grid block with the new pressure. 

(4) Compute overall number of moles for each component in each grid block 

using the component molar-balance equation, Equation (3.2), with the new 

pressure and porosity. 

(5) Determine the equilibrium phase compositions and molar amount in each grid 

block from using the flash calculations. 

(6) Calculate the phase saturations with phase molar amounts and densities. 

(7) Compute all other physical properties and desired injection or production 

streams. 

(8) Apply user-provided termination criteria to check if further calculation is 

needed. If so, go to step (1) for the next time step calculation; otherwise, 

terminate the simulation. 
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Figure 3-1: Simplified UTCOMP calculation flowchart (Korrani, 2014). 

3.2.2 PHREEQC and IPhreeqc 

• PHREEQC Description 

PHREEQC (pH-REdox-EQuilibrium in C programing language) is an open-

source computer program written in C and C++ programming languages. It was 

developed by the United States Geological Survey (USGS); it can perform a wide range 

of equilibrium geochemical calculations between water and minerals, gases, ion 

exchangers, surface complexes and solid solutions (Parkhurst and Appelo, 2013; 1999). 

Besides modeling equilibrium reactions, PHREEQC has a general kinetic formulation to 

model non-equilibrium mineral dissolution and precipitation, decomposition of organic 

compounds, microbial reactions, and other kinetic reactions (Parkhurst and Appelo, 2013; 

1999).  
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Several types of aqueous models, such as Lawrence Livermore National 

Laboratory model, WATEQ4F models based on ion-association aqueous, the Pitzer 

specific-ion-interaction aqueous model and the SIT (Specific ion Interaction Theory) 

aqueous model are implemented in PHREEQC, making it a powerful and flexible tool for 

modeling reactive transport process (Parkhurst and Appelo, 2013; 1999). 

 This geochemical package has the capabilities of speciation and saturation index 

calculations; reversible and irreversible reactions; kinetic reaction; mixing of solutions; 

inverse modeling which includes the temperature and pressure effects; batch-reaction and 

one-dimensional transport calculations including aqueous, mineral, gas, solid-solution, 

surface-complexation, and ion-exchange equilibria (Parkhurst and Appelo,  2013; 1999). 

PHREEQC can be used as a tool to easily investigate the effect of ion concentrations, 

temperature, and pressure in the reactive-transport modeling.  

• IPhreeqc Description 

In order to promote the use of PHREEQC geochemical package’s capabilities in 

scripting languages and other models, PHREEQC has been implemented in models which 

can easily interface with other software. IPhreeqc is a set of open-source modules 

designed to allow PHREEQC to be used by any software which can interface with a 

Microsoft® COM (Component Object Model) server, such as Excel®, Visual Basic®, 

Python, or MATLAB®. It also allows PHREEQC to be called from C++, C, and FORTRAN 

for Linux and Windows® systems. Hence, IPhreeqc serves as an interface to help 

PHREEQC to easily communicate with other software (Charlton and Parkhurst, 2011). 

3.2.3 UTCOMP-IPhreeqc 

Because of the flexibility and capabilities of PHREEQC, it has been integrated 

with several transport simulators in different research areas (Wissmeier and Barry, 2011; 
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Nardi et al., 2012; Huber et al., 2012; Elakneswaran and Ishida, 2014; Nardi et al., 2014). 

Since PHREEQC is only capable of modeling one-dimensional transport, researchers, 

Korrani (2014), in The University of Texas at Austin, has coupled the in-house reservoir 

simulator UTCOMP with IPhreeqc to take advantage of the geochemical capabilities of 

IPhreeqc and the multi-dimensional, multi-phase transport modeling capabilities of 

UTCOMP to solve the reaction-related oilfield problems. The coupled simulator is called 

UTCOMP-IPhreeqc.  

The idea of coupling UTCOMP and IPhreeqc is straightforward: transport 

geochemical elements together with the hydrocarbon elements; call IPhreeqc 

geochemical package to calculate the equilibrium state of the geochemical elements; 

update all the properties and march to the next time step. As the first step, geochemical 

elements need to be solved from the mass conservation equation, which is shown below 

by Equation (3.4). 
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1,2,...,
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t
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∑
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where  

 moles of geochemical species i (lbmoles) 

 time (day) 

 bulk volume (ft3) 

 mass density of phase j (lb/ft3) 

 geochemical species concentration (lbmoles/lb) 

 total flux of phase j (ft/day) 

iN =

t =

bV =

jρ =

ijx =

ju =
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 porosity (fraction) 

 saturation of phase j (fraction) 

 dispersion tensor (ft2/day) 

 molar flowrate of geochemical species i (lbmoles/day) 

 number of geochemical species 

 

• Overall Computational Procedure 

The overall computational procedure over a time step is as following: The 

flowchart of the computation is shown in Figure 3-2. Detailed description can be found in 

Korrani’s dissertation (Korrani, 2014). 

(1) Compute the necessary derivatives and coefficients for the pressure equation, 

Equation (3.5). 

(2) Solve for pressure in each grid block implicitly using Equation (3.5). 

(3) Update porosity of each grid block with the new pressure (the effect of 

dissolution/precipitation of minerals on petrophysical properties are neglected 

in UTCOMP-IPhreeqc). 

(4) Compute overall number of moles for each hydrocarbon phase component in 

each grid block using the component molar-balance equation, Equation (3.2), 

with the new pressure and porosity. 

(5) Compute overall number of moles for each geochemical component in each 

grid block using the component molar-balance equation, Equation (3.2), with 

the new pressure and porosity. 

(6) Compute aqueous phase with updated total moles of geochemical 

components; compute fugacities and total moles of hydrocarbon phase 

φ =

jS =

ijK =

iq =

gcn =
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components in contact with the aqueous phase; store the results in IPhreeqc 

input in the computer memory. 

(7) Accumulate the IPhreeqc input and run IPhreeqc to find new equilibrium state 

of the reaction system. 

(8) Compute total moles of the hydrocarbon phase components under the new 

equilibrium state. 

(9) Determine the equilibrium hydrocarbon phase compositions and molar 

amount in each grid block using the flash calculations. 

(10) If the difference of the calculated fugacities of the hydrocarbon phase 

components and the previous fugacities used in the geochemical calculations 

exceeds a user-defined threshold, go to step (9). 

(11) Calculate the phase saturations with phase molar amounts and densities. 

(12) Compute all other physical properties and desired injection or production 

streams. 

(13) Apply user-provided termination criteria to check if further calculation is 

needed. If so, go to step (1) for the next time step calculation; otherwise, 

terminate the simulation. 
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Figure 3-2: Simplified UTCOMP-IPhreeqc calculation flowchart with the hydrocarbon 
phase effect on the aqueous-rock geochemistry included (figure is taken from Korrani, 
2014, with minor modifications).  

In cases where water is the only phase or there are two phases with dead oil, the 

interaction of the hydrocarbon phase with the aqueous-rock geochemistry can be 

neglected. Hence, the calculations of the hydrocarbon phase composition and aqueous 

phase composition are independent. The computational procedure is shown in Figure 3-3. 
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Figure 3-3: Simplified UTCOMP-IPhreeqc calculation flowchart when the effect of the 
hydrocarbon phase on the aqueous-rock geochemistry is neglected (figure is taken from 
Korrani, 2014, with minor modifications).    

Noteworthy, to apply UTCOMP-IPhreeqc to field scale applications, the phase 

composition calculation module of this integrated simulator was parallelized. Details are 

well documented in Korrani (2014).   

3.3 MECHANISTIC MODELING OF LOW SALINITY WATERFLOODING WITH UTCOMP-
IPHREEQC 

As mentioned in Chapter 2, the wettability alteration is assumed as the underlying 

mechanism for low salinity waterflooding. After coupling UTCOMP with IPhreeqc, a 

wettability alteration model is implemented in UTCOMP-IPhreeqc in order to model low 

salinity waterflooding. 

There are two sets (initial set and final set) of relative permeability and capillary 

pressure which correspond to the oil-wet condition and the water-wet condition, 
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respectively. An interpolating parameter will serve as a weighting parameter in order to 

calculate the altered relative permeability and capillary pressure as shown in Equation 

(3.7) and Equation (3.8). In these equations, “final” and “initial” represent “water-wet” 

and “oil-wet,” respectively (Korrani et al., 2015b).  

 

 (3.7) 

 (3.8) 

where  

 1 2,θ θ = process dependent interpolation factors (although in general 1θ  and 2θ  could 

be different, they assume to be the same in UTCOMP-IPhreeqc)  

krl      =  relative permeability of the phase l  

Pc      =  capillary pressure (psi). 

At each time-step UTCOMP-IPhreeqc calculates the initial and final relative 

permeability and capillary pressure using phase saturations. Also, throughout the 

simulation, the interpolating parameter changes due to some geochemical processes. In 

an individual routine UTCOMP-IPhreeqc evaluates altered relative permeabilities using 

the interpolating parameter and initial and final relative permeabilities. The altered 

relative permeability and capillary pressure will be used for the future computation.  

As mentioned in Chapter 2, underlying mechanisms of low salinity water 

injection are different for sandstone and carbonate reservoirs. Hence, different 

interpolating parameters are defined for sandstone and carbonate reservoirs (Korrani, 

2014).  

Though the wettability alteration model in UTCOMP-IPhreeqc is mainly 

implemented for modeling low salinity waterflooding, it can be applied to other processes 

( )1 11 ,altered initial final
rl rl rlk k kθ θ= − +

( )2 21 ,altered initial final
c c cP P Pθ θ= − +
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in which wettability changes. For example, the deposited asphaltene on the rock surface 

changes the rock wettability from water-wet to oil-wet. Mohebbinia et al. (2014) applied 

the UTCOMP wettability alteration module to model wettability alteration due to 

asphaltene deposition.  

 

• Wettability Alteration Model for Sandston Reservoirs 

In sandstone reservoirs, total ionic strength is considered as the controlling 

parameter given the double-layer expansion to be the dominant mechanism in low 

salinity waterflooding (Ligthelm et al., 2009). The interpolating parameter will be 

calculated as follows: maxTIS  and minTIS will be the matching parameters in UTCOMP-

IPhreeqc. 

 
( ),,
minmax

max

TISTIS
txTISTIS

−
−

=θ  (3.9) 

where  

θ = interpolating parameter 

maxTIS = total ionic strength value above which no wettability alteration occurs  

( ),TIS x t = total ionic strength of each gridblock at certain simulation time 

minTIS = total ionic strength value at which maximum wettability alteration is occurs. 

 

• Wettability Alteration Model for Carbonate Reservoirs 

In carbonate reservoirs, calcite dissolution is considered as the controlling 

parameter in low salinity waterflooding (Hiorth et al., 2010). 
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Hence, in each time step after IPhreeqc provides the equilibrated data of entire 

gridblocks, UTCOMP evaluates the interpolating parameter for each gridblock using the 

following equation: maxξ and minξ will be the matching parameters in UTCOMP-IPhreeqc.  

 
( )max

max min

,
,

x tξ ξ
θ

ξ ξ

−
=

−
 (3.10) 

where  

θ =  interpolating parameter 

maxξ =  amount of calcite above which no wettability alteration would occur (certain 

amount of calcite should be dissolved for the wettability alteration to occur) 

minξ =  value at which enough amount of calcite is dissolved making the rock totally 

water-wet 

( , )x tξ = 	 amount of calcite in each gridblock. 

The θ  calculated from Equations (3.9) and (3.10) can be used to find the altered 

relative permeability and capillary pressure using Equations (3.7) and (3.8).  

3.4 IMPLEMENTATION OF ENERGY EQUATION IN UTCOMP-IPHREEQC 

In order to investigate the effect of temperature on low salinity waterflooding, an 

energy balance equation is implemented in UTCOMP-IPhreeqc. 

Darabi (2014) implemented the energy balance equation in UTCOMP. The 

energy balance equation is solved independently from the pressure and material balance 

equations. We basically follow the similar approach as Darabi (2014) and implement the 

energy equation in the UTCOMP-IPhreeqc simulator. 

The computational procedure of non-isothermal UTCOMP-IPhreeqc is very 

similar to that of UTCOMP-IPhreeqc. At each time step, first transport geochemical 
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elements together with the hydrocarbon elements. The next step is calling the IPhreeqc 

geochemical package to calculate the equilibrium state of the geochemical elements and 

then conduct the flash calculation. At this stage IPhreeqc gets the temperature from the 

previous time-step and update the temperature in the geochemical reactions when doing 

the calculation. The significant effect of temperature on geochemical reactions was 

previously studied (Korrani, 2014). Finally, solving the energy equation and update all 

the properties that are temperature-dependent and proceed to the next time step. The 

updated temperature will be used in the next time-step (a more detailed procedure is 

presented in Section 3.4.2).  

3.4.1 Energy Balance Equation 

The energy balance equation is defined in Equation (3.11): 

 

( ) ( )
, ,

ˆ ,
T

b b j j j b T L H r
j a v o

UV V h v V T Q q H
t

ξ λ
=

∂
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∂ ∑  (3.11) 
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=

= − + ∑  (3.12) 

where 

 
TU =  sum of internal energy of rock and total fluid per bulk volume  

t =  time  

 bulk volume 

Tλ =  effective conductive coefficient 

jξ =  phase fluid density 

rξ =  rock density 

ru =  internal energy of the rock 

bV =
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jS =  saturation of phase j  

ju =  internal energy of phase j  

ru =  internal energy of rock 

jh =  phase molar enthalpy 

jv =  phase flux 

LQ =  heat loss  

Hq =  enthalpy of the injection fluid  

ˆ
rH =  heat of reaction  

The enthalpy and internal energy of each phase in the energy equation, Equation 

(3.11), are functions of mole fraction, temperature, and pressure. The enthalpy and 

internal energy are calculated using the Peng-Robinson equation of state (Peng and 

Robinson, 1976). The heat loss term, LQ in the energy equation accounts for the 

conduction of heat between the reservoir and the surrounding layers. The Vinsome and 

Westerveld (Vinsome and Westerveld, 1980) method is implemented to calculate heat 

loss to the overburden and underburden.  

Density and viscosity of water, oil, and gas phases are function of temperature. 

Viscosity and density of phases are modeled as follows in the non-isothermal version of 

UTCOMP-IPhreeqc: 

• Viscosity 

Brill and Beggs (1978) correlation is applied to model the viscosity of water as a 

function of temperature and the Lohrenz correlation (Lohrenz, 1964) is used for oil and 

gas phases. Kell (1975) correlation is used to model the density of water as a function of 

temperature and the density of hydrocarbon phase can be calculated using the Peng-
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Robinson equation of state (Peng and Robinson, 1976). Detailed calculations of enthalpy, 

internal energy and viscosity can be found in Darabi (2014). 

3.4.2 Overall Computational Procedure of Non-Isothermal UTCOMP-IPhreeqc 

The non-isothermal UTCOMP-IPhreeqc follows an iterative; sequential; semi-

implicit solution scheme. The detailed solution procedure over each time-step is as 

following: 

(1) Compute the necessary derivatives and coefficients for the pressure equation, 

Equation (3.5). 

(2) Solve for pressure in each grid block implicitly using Equation (3.5). 

(3) Update porosity of each grid block using the new pressure (the effect of 

dissolution/precipitation of minerals on petrophysical properties are 

neglected). 

(4) Compute overall number of moles for each hydrocarbon phase component in 

each grid block using the component molar-balance equation, Equation (3.2), 

with the new pressure and porosity. 

(5) Compute overall number of moles for each geochemical component in each 

grid block using the component molar-balance equation, Equation (3.2), with 

the new pressure and porosity. 

(6) Compute aqueous phase with updated total moles of geochemical 

components; compute fugacities and total moles of hydrocarbon phase 

components in contact with the aqueous phase; store the results in IPhreeqc 

input in the computer memory. 

(7) Accumulate the IPhreeqc input and run IPhreeqc to find new equilibrium state 

of the reaction system. 
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(8) Compute total moles of the hydrocarbon phase components under the new 

equilibrium state. 

(9) Conduct flash calculations to determine the equilibrium hydrocarbon phase 

compositions and molar amount in each grid block using. 

(10) If the difference of the calculated fugacities of the hydrocarbon phase 

components and the previous fugacities used in the geochemical calculations 

exceeds a user-defined threshold, go to step (9). 

(11) Calculate the phase saturations with phase molar amounts and densities. 

(12) Compute all other physical properties and desired injection or production 

streams. 

(13) Solve the energy balance equation, Equation (3.11), implicitly. 

(14) Conduct flash calculation again to determine the equilibrium hydrocarbon 

phase composition and molar amount in each grid block. 

(15) If the relative errors of temperature, pressure, saturations and 

compositions exceed the user-defined convergence tolerance, go to (1) to 

solve the pressure equation again. 

(16) March to the next time-step. 

Figure 3-4 shows the simplified flowchart of non-isothermal UTCOMP-IPhreeqc 

that takes into account the hydrocarbon phase effect on the aqueous-rock geochemistry. 

Similar to UTCOMP-IPhreeqc, the effect of hydrocarbon phase on the aqueous-rock 

geochemistry can be neglected when water is the only phase or there are two phases with 

dead oil. Figure 3-5 shows the simplified flowchart of non-isothermal UTCOMP-

IPhreeqc when the hydrocarbon phase effect on the aqueous-rock geochemistry is 

neglected. Note that comparing with the flowchart of UTCOMP-IPhreeqc (Figure 3-2 and 
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Figure 3-3), energy balance equation (circled in red in Figure 3-4 and Figure 3-5) needs 

to be solved at the end of each time step. 

 

Figure 3-4: Simplified non-isothermal UTCOMP-IPhreeqc calculation flowchart with the 
hydrocarbon phase effect on the aqueous-rock geochemistry included (figure is taken 
from Korrani (2014) with modifications).  
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Figure 3-5: Simplified non-isothermal UTCOMP-IPhreeqc calculation flowchart when 
the effect of the hydrocarbon phase on the aqueous-rock geochemistry is neglected 
(figure is taken from Korrani (2014) with modifications).    

3.5 SUMMARY 

In this chapter, we presented the procedure upon which the energy balance 

equation was implemented in the UTCOMP-IPhreeqc simulator. Thermal module was 

implemented by solving energy balance equation in each time of the simulation in order 

to investigate the temperature effect on the low salinity waterflooding process.   
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4. Chapter 4: Verification of Non-Isothermal UTCOMP-IPhreeqc 

4.1 INTRODUCTION 

Since both thermal module and IPhreeqc module are implemented in UTCOMP, 

there is a combination of three cases in terms of the functionalities of the two modules, 

i.e.: 

• Cases in which neither of the two modules are used 

• Cases in which only thermal module is applied 

• Cases in which only IPhreeqc module is used 

Hence, we propose a three-step verification plan in order to verify the non-

isothermal UTCOMP-IPhreeqc simulator. 

4.2 CASE STUDY OF ORIGINAL UTCOMP 

In this case study, the purpose is to verify the transport simulation part of non-

isothermal UTCOMP-IPhreeqc with cases which use neither of the thermal module or 

IPhreeqc modules for isothermal processes. We compare the results of non-isothermal 

UTCOMP-IPhreeqc with UTCOMP. 

4.2.1 Case 1: One-Dimensional Single Phase Incompressible Flow 

Case 1 is taken from Li (2012). This case is an incompressible single phase (water 

phase), one-dimensional horizontal waterflooding. In UTCOMP simulator, the oil 

saturation cannot reach zero. Hence, in order to model single phase flow, water saturation 

is set to be 0.9999. The reservoir temperature is 120 oF and the injection water 

temperature is also 120 oF. This case is a steady-state process with constant water 

injection rate of 0.04 ft3/day. The production well has a constant bottom-hole pressure of 

2000 psi. The pressure gradient can be generated using Darcy’s law, shown in Equation 

(4.1). 
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0.001127 ,kA dPQ
dlµ

= −  (4.1) 

where 

 
Q =  injection flow rate (bbl/D) 

l =  distance in the direction of flow (ft) 
µ =  viscosity (cp) 

k =  absolute permeability (md) 

A =  cross sectional area of flow path (ft2) 

P =  fluid pressure (psia). 

Figure 4-1 shows the schematic of the reservoir for this case with 100 gridblocks 

in the x direction. Figure 4-2 is a comparison of cumulative water production of 

UTCOMP with non-isothermal UTCOMP-IPhreeqc. The cumulative water production 

increases linearly as a function of time due to the constant water injection rate. Figure 4-3 

compares average reservoir pressure of UTCOMP with that of non-isothermal UTCOMP-

IPhreeqc. UTCOMP and non-isothermal UTCOMP-IPhreeqc produce exactly the same 

results. 
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Figure 4-1: Schematic of one-dimensional reservoir in x-direction for Case 1.  

 

 

Figure 4-2: Comparison of cumulative water production of UTCOMP with non-
isothermal UTCOMP-IPhreeqc. 
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Figure 4-3: Comparison of average reservoir pressure of UTCOMP with non-isothermal 
UTCOMP-IPhreeqc. 

4.2.2 Case 2: Three-Dimensional, Two-Phase, One-Component Crude Oil 
Waterflooding 

In this section we verify the non-isothermal UTCOMP-IPhreeqc for the Case 

Study 21 of Li (2012). This case is three-dimensional (40×40×5) water displacement of 

oil. Figure 4-4 shows the schematic of the reservoir for this case. The initial water 

saturation is 0.2. The injection well has a constant water injection rate of 3500 STB/day 

and the production well has a constant bottom-hole pressure of 200 psi. The reservoir 

porosity is 0.2 with an initial water saturation of 0.2. The oil phase is single component 

comprising of C10. 

Figure 4-5 and Figure 4-6 show the comparison of cumulative oil production and 

average reservoir pressure of UTCOMP and non-isothermal UTCOMP-IPhreeqc. Non-

isothermal UTCOMP-IPhreeqc matches the UTCOMP results very well. 

 



 43 

Figure 4-4: Schematic of three-dimensional reservoir for Case 2. 

 

Figure 4-5: Comparison of oil recovery of UTCOMP with non-isothermal UTCOMP-
IPhreeqc for Case 2. 
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Figure 4-6: Comparison of average reservoir pressure of UTCOMP with non-isothermal 
UTCOMP-IPhreeqc for Case 2. 

4.3 CASE STUDY OF TEMPERATURE EFFECT 

The purpose of this section is to verify the newly implemented thermal module of 

UTCOMP-IPhreeqc for non-isothermal cases without geochemical reactions. We 

compare the results of non-isothermal UTCOMP-IPhreeqc with the non-isothermal 

version of UTCOMP (Darabi, 2014).  

4.3.1 Case 3: One-Dimensional Single Phase Hot Water Injection 

This case is designed based on Case 1 presented in Section 4.2.1. Everything is 

the same except the fact that in this case hot water is injected. The reservoir temperature 

is 120 ºF and the injection water temperature is 180 ºF. Heat loss to overburden and 

underburden is included in the model. Table 4-1 presents heat-related parameters. 
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Table 4-1: Heat transport properties for Case 3 

Parameter Value 
Reservoir thermal conductivity (Btu/(ft-day-ºR)) 67.2 

Reservoir rock density (lb/ft3) 171.36 
Reservoir rock heat capacity (Btu/(lb-ºR)) 0.18 

Surrounding rock thermal conductivity(Btu/(ft-day-ºR)) 67.2 
Surrounding rock density (lb/ft3) 171.36 

Surrounding rock heat capacity (Btu/(lb-ºR)) 0.18 
Water heat capacity (Btu/(lb-ºR)) 1 

 

Figure 4-7 shows the comparison of cumulative water production of non-

isothermal UTCOMP with non-isothermal UTCOMP-IPhreeqc. Figure 4-8 and Figure 

4-9 show the comparison of reservoir pressure and temperature at 5 PV day of non-

isothermal UTCOMP with non-isothermal UTCOMP-IPhreeqc. The horizontal axis is the 

dimensionless distance in the x direction. Figure 4-9 shows that the temperature at the 

injection well is the highest due to hot water injection, and decreases when approaching 

the production well. Most part of the reservoir is at the initial temperature of 120 oF 

because the hot water has not gone far at the time of 5 PV.  The non-isothermal 

UTCOMP-IPhreeqc reproduces simulation results of the UTCOMP non-isothermal 

version (Darabi, 2014).  
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Figure 4-7: Comparison of cumulative water production of non-isothermal UTCOMP 
with non-isothermal UTCOMP-IPhreeqc for Case 3. 

Figure 4-8: Comparison of average reservoir pressure at 5 PV of non-isothermal 
UTCOMP with non-isothermal UTCOMP-IPhreeqc for Case 3. 
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Figure 4-9: Comparison of reservoir temperature at 5 PV of non-isothermal UTCOMP 
with non-isothermal UTCOMP-IPhreeqc for Case 3. 

4.3.2 Case 4: Three-Dimensional, Two-Phase, Six-Component Crude Oil Hot 
Waterflooding 

This case is based on Case Study 5 of Darabi (2014). This case is three-

dimensional (20×20×4) hot water displacement of oil with six components (see Figure 

4-10 for the well configuration). The oil composition is shown in Table 4-2. The initial 

water saturation is 0.3; the initial pressure is 1200 psi and the initial temperature 120 oF. 

The reservoir porosity is 0.3, the horizontal permeability is 100 md, and the vertical 

permeability is 10 md. The injection well has a constant pressure of 1600 psi with hot 

water of 180 oF and the production well has a constant bottom-hole pressure of 1500 psi. 

Heat loss to the overburden and underburden is included and the properties related to the 

heat transport are the same as case 3, shown in Table 4-1. 
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Table 4-2: Oil composition for Case 4 

Component Composition 
C1 0.1 
C2 0.1 
C3 0.1 
C7 0.1 
C10 0.2 
C20 0.4 

 

Figure 4-11 shows the comparison of oil production rate of non-isothermal 

UTCOMP with non-isothermal UTCOMP-IPhreeqc under non-isothermal condition. To 

see the temperature effect, we turn off the thermal module and make this case to be 

isothermal so that the reservoir temperature remains 120 oF throughout the process.  

Figure 4-12 through Figure 4-16 show the comparison of reservoir temperature, pressure, 

water viscosity, water saturation and water density at 2000 days of non-isothermal 

UTCOMP with non-isothermal UTCOMP-IPhreeqc. The results match well. The water 

viscosity and density are the lowest near the injection well due to the high temperature. 
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Figure 4-10: Schematic of three-dimensional reservoir for Case 4. 

Figure 4-11: Comparison of oil production rate of non-isothermal UTCOMP with non-
isothermal UTCOMP-IPhreeqc for Case 4 (non-isothermal with heat loss). 
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Figure 4-12: Comparison of temperature profile at 2000 days of non-isothermal 
UTCOMP with non-isothermal UTCOMP-IPhreeqc for Case 4 (non-isothermal with heat 
loss); the left one is for non-isothermal UTCOMP and the right one is for non-isothermal 
UTCOMP-IPhreeqc. 

 

Figure 4-13: Comparison of pressure profile at 2000 days of non-isothermal UTCOMP 
with non-isothermal UTCOMP-IPhreeqc for Case 4 (non-isothermal with heat loss); the 
left one is for non-isothermal UTCOMP and the right one is for non-isothermal 
UTCOMP-IPhreeqc. 
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Figure 4-14: Comparison of water viscosity profile at 2000 days of non-isothermal 
UTCOMP with non-isothermal UTCOMP-IPhreeqc for Case 4 (non-isothermal with heat 
loss); the left one is for non-isothermal UTCOMP and the right one is for non-isothermal 
UTCOMP-IPhreeqc. 

 

Figure 4-15: Comparison of water saturation profile at 2000 days of non-isothermal 
UTCOMP with non-isothermal UTCOMP-IPhreeqc for Case 4 (non-isothermal with heat 
loss); the left one is for non-isothermal UTCOMP and the right one is for non-isothermal 
UTCOMP-IPhreeqc. 
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Figure 4-16: Comparison of water density profile at 2000 days of non-isothermal 
UTCOMP with non-isothermal UTCOMP-IPhreeqc for Case 4 (non-isothermal with heat 
loss); the left one is for non-isothermal UTCOMP and the right one is for non-isothermal 
UTCOMP-IPhreeqc. 

To study the effect of the temperature, we modify Case 4 by turning off the 

thermal module. Figure 4-17 and Figure 4-18 show the comparison of oil production rate 

and cumulative oil production for isothermal and non-isothermal cases, respectively. 

Figure 4-18 displays that higher oil production can be achieved under non-isothermal 

condition since the hot water injection lowers the ratio of oil viscosity over water 

viscosity. 
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Figure 4-17: Comparison of oil production rate of isothermal and non-isothermal cases. 

Figure 4-18: Comparison of cumulative oil production for isothermal and non-isothermal 
cases. 
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4.4 CASE STUDY OF GEOCHEMISTRY EFFECT 

4.4.1 Case 5: One-Dimensional Water Injection with Different Salinities 

This case is designed based on Case 1 of Section 4.2.1. Figure 4-19 shows the 

schematic of the reservoir for this case with 25 gridblocks in the x direction. The 

reservoir properties and well operation conditions are the same as those in Case 1. The 

geochemistry module is turned on to include geochemical reactions in the simulation. 

The formation water is injected for 4 PV followed by low salinity water injection for 

another 4 PV. The formation water and low salinity water ion compositions are shown in 

Table 4-3. We verify the results against UTCOMP-IPhreeqc, which has already been 

verified against PHREEQC by Korrani (2014). 

Table 4-3: Formation water and injection water ion concentrations (Chandrasekhar and 
Mohanty, 2013) 

Ion Formation 
water (ppm) 

Low Salinity 
water(ppm) 

Na+ 49933 274 
Mg+2 3248 32.4 
Ca+2 14501 10.42 
Cl- 17143 489.36 

SO4
2- 234 66.2 

Total ionic strength  3.658 0.017 
TDS (mg/l) 85059 872 
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Figure 4-19: Schematic of one-dimensional reservoir for Case 5. 

Figure 4-20 compares cumulative water production of UTCOMP-IPhreeqc with 

that of non-isothermal UTCOMP-IPhreeqc. Figure 4-21 shows the comparison of 

reservoir pressure at 4 PV of UTCOMP-IPhreeqc with non-isothermal UTCOMP-

IPhreeqc. Figure 4-22 through Figure 4-25 present the comparison of Cl, Ca and Na 

concentration and pH at the effluent (i.e., last gridblock) for UTCOMP-IPhreeqc and 

non-isothermal UTCOMP-IPhreeqc. UTCOMP-IPhreeqc and non-isothermal UTCOMP-

IPhreeqc produce identical results. 
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Figure 4-20: Comparison of cumulative water production of UTCOMP-IPhreeqc with 
non-isothermal UTCOMP-IPhreeqc. 

Figure 4-21: Comparison of pressure of UTCOMP-IPhreeqc with non-isothermal 
UTCOMP-IPhreeqc at 4 PV. 
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Figure 4-22: Comparison of Cl concentration of UTCOMP-IPhreeqc with non-isothermal 
UTCOMP-IPhreeqc. 

Figure 4-23: Comparison of Ca concentration of UTCOMP-IPhreeqc with non-isothermal 
UTCOMP-IPhreeqc. 
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Figure 4-24: Comparison of Na concentration of UTCOMP-IPhreeqc with non-
isothermal UTCOMP-IPhreeqc. 

Figure 4-25: Comparison of pH of UTCOMP-IPhreeqc with non-isothermal UTCOMP-
IPhreeqc. 
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Figure 4-26: Comparison of the amount of calcite  in gridblock (25, 1, 1) in UTCOMP-
IPhreeqc and non-isothermal UTCOMP-IPhreeqc. 

4.4.2 Case 6: Three-Dimensional, Two-Phase, Six-Component Crude Oil 
Waterflooding with Different Salinities 

Case 6 is an isothermal, three-dimensional (8×8×3) water displacement of oil with 

six components. Figure 4-27 shows the schematic of the reservoir. The oil components 

are the same as Case 4 (see Table 4-2). The initial water saturation is 0.3 and the initial 

reservoir pressure is 4925 psi. The injection well has a constant water injection rate of 

400 STB/day and the production well has a constant bottom-hole pressure of 4925 psi. 

The water composition is the same as Case 5, shown in Table 4-3. High salinity water 

with same composition as formation water is injected for 25 days and then low salinity 

water is injected for another 25 days. 

Figure 4-28 and Figure 4-29 compare oil production rate and oil recovery of 

UTCOMP-IPhreeqc with those of non-isothermal UTCOMP-IPhreeqc. Figure 4-30 

through Figure 4-32 show the comparison of Cl and Ca concentrations and pH at the 
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production well of UTCOMP-IPhreeqc with non-isothermal UTCOMP-IPhreeqc. 

UTCOMP-IPhreeqc and non-isothermal UTCOMP-IPhreeqc produce exactly the same 

results. 

Figure 4-27: Schematic of three-dimensional reservoir for Case 6. 
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Figure 4-28: Comparison of oil production rate of UTCOMP-IPhreeqc with non-
isothermal UTCOMP-IPhreeqc. 

 

Figure 4-29: Comparison of oil recovery of UTCOMP-IPhreeqc with non-isothermal 
UTCOMP-IPhreeqc. 
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Figure 4-30: Comparison of Cl concentration of UTCOMP-IPhreeqc with non-isothermal 
UTCOMP-IPhreeqc. 

Figure 4-31: Comparison of Ca concentration of UTCOMP-IPhreeqc with non-isothermal 
UTCOMP-IPhreeqc. 
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Figure 4-32: Comparison of pH of UTCOMP-IPhreeqc with non-isothermal UTCOMP-
IPhreeqc. 

4.5 SUMMARY 

In this chapter, non-isothermal UTCOMP-IPhreeqc was verified against 

UTCOMP, non-isothermal UTCOMP, and isothermal UTCOMP-IPhreeqc for the fluid 

transport part, thermal module, and geochemistry module, respectively. Non-isothermal 

UTCOMP-IPhreeqc matched well the three different versions of UTCOMP. In the next 

chapter, we apply non-isothermal UTCOMP-IPhreeqc to study the temperature effect on 

low salinity waterflooding taking advantage of the thermal and geochemical modules. 
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5. Chapter 5: Investigation of Temperature Effect on Low Salinity 
Waterflooding 

5.1 INTRODUCTION 

As mentioned before, the underlying mechanism for low salinity waterflooding is 

different in sandstone and carbonate reservoirs. In this chapter, we investigate the effect 

of temperature on low salinity waterflooding for two cases.  

5.2 SANDSTONE CASE 

Kozaki (2012) conducted high salinity and low salinity waterflooding in the 

secondary mode on Berea sandstone core at 85 oC. The procedure of the experiments is 

shown in Figure 5-1. Oil and water properties for his experiment are shown in Table 5-1. 

Formation brine has a TDS of 33973 ppm and was used as the injection water for high 

salinity water flooding. The low salinity water has a TDS of 1000 ppm. 
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Figure 5-1: Experimental procedure followed in the work of Kozaki (2012). 

Table 5-1: Fluid properties for the experiment at 85 oC and 10 S-1 (Kozaki, 2012) 

Synthetic 
Formation Brine 

(SFB) 

Concentration (ppm) 

28620 NaCl 
650 KCl 
2710 CaCl2 
3890 MgCl2-6H2O 
33793 TDS 

Viscosity  (cp) 0.47  

Low Salinity 
Brine (LSB) 

Concentration (ppm) 1000 NaCl 
1000 TDS 

Viscosity (cP) 0.47  
Crude oil (Crude 

A) 
Viscosity (cp) 12  
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Other parameters reported in Kozaki (2012) are shown in Table 5-2. Korrani 

(2014) used UTCOMP-IPhreeqc to model the water floods and matched the simulation 

results with Kozaki (2012)’s experimental results by tuning parameters that were not 

reported, such as residual oil saturation and water relative permeabilities (Korrani, 2014). 

Figure 5-2 presents the schematic for the case designed with 25 gridblocks in the x 

direction. Minerals such as kaolinite, illite, calcite, dolomite, and chlorite were included 

in the IPhreeqc input to represent the rock composition. Since oil composition was not 

reported in the experiment, a synthetic oil composition with viscosity of 12 cp at 85 oC 

was used in Korrani (2014)’s simulation. The synthetic oil contains 12 components. 

Korrani (2014) was able to get a good match of oil recovery, and the effluent ion 

concentrations for Na, K, Ca, and Mg shown in Figure 5-3 and Figure 5-4.  

Figure 5-2: Schematic of one-dimensional reservoir in the x direction to model Kozaki 
(2012). 
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Table 5-2: Parameters reported in the experiment (Kozaki, 2012).  

Parameter Value 
Initial oil saturation 0.78 

Oil end-point relative permeability 0.45 
Oil viscosity (cp) 12 

 

Figure 5-3: Schematic UTCOMP-IPhreeqc simulated results against the experimental 
high salinity and low salinity oil recoveries (Korrani, 2014). 
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Figure 5-4: UTCOMP-IPhreeqc simulated result against the experimental ion 
concentrations during low salinity injection (Korrani, 2014). 

Non-isothermal UTCOMP-IPhreeqc is used for this coreflood case to investigate 

the temperature effect for low salinity waterflooding. In order to best mimic the actual 

experimental condition, we use the same input parameters as Korrani (2014) and change 

the temperature of the injection water. Different water at temperature of 30 ºC, 50 ºC, 70 

ºC, 85 ºC, 100 ºC and 120 ºC are injected. Results show that the oil recovery and ion 

concentrations under different temperature are almost the same for both low salinity 

waterflooding and high salinity waterflooding. For simplicity, only the results for 85 ºC 

and 100 ºC are shown in Figure 5-5 through Figure 5-8. For high salinity waterflooding, 

the formation brine is used as the injection water so that the effluent ion concentrations 

remain constant. For low salinity waterflooding, the effluent ion concentrations decrease 

as more low salinity water is injected. 

 



 69 

Figure 5-5: Non-isothermal UTCOMP-IPhreeqc simulated oil recovery for high salinity 
waterflooding with the injection temperature of 85 ºC and 100 ºC – initial reservoir 
temperature is 85 oC. 

 

Figure 5-6: Non-isothermal UTCOMP-IPhreeqc simulated ion concentration results for 
high salinity waterflooding with the injection temperature of 85 ºC and 100 ºC – initial 
reservoir temperature is 85 oC. 
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Figure 5-7: Non-isothermal UTCOMP-IPhreeqc simulated oil recovery for low salinity 
waterflooding with the injection temperature of 85 ºC and 100 ºC – initial reservoir 
temperature is 85 oC. 
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Figure 5-8: Non-isothermal UTCOMP-IPhreeqc simulated effluent ion concentration 
results for low salinity waterflooding with the injection temperature of 85 ºC and 100 ºC 
– initial reservoir temperature is 85 oC. 

Figure 5-9 shows the effluent total ionic strength for low salinity waterflooding at 

different temperatures. As mentioned in Chapter 3, total ionic strength is assumed to be 

the controlling parameter for low salinity waterflooding in sandstone reservoirs. 

However, in this case, the total ionic strength does not change with temperature; hence, 

wettability alteration remains unchanged. Therefore, oil recoveries are the same at 

different temperatures. The fact that oil recovery does not change for high salinity 

waterflooding under different temperatures reveals that temperature may not affect 

waterflooding, given the oil composition and rock type in this case. In fact, the viscosity 

ratio (water viscosity over oil viscosity) does not change much at different temperatures, 

even a slight decrease when temperature increases, as shown in Table 5-3.  

Figure 5-9: Non-isothermal UTCOMP-IPhreeqc simulated total ionic strength for low 
salinity water flooding at 50 ºC, 85 ºC and 100 ºC. 
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Table 5-3: Viscosity ratio (water viscosity over oil viscosity) for low salinity water 
flooding in sandstone case at 50 ºC, 85 ºC, and 100 ºC 

Temperature 
(ºC) 

Viscosity 
Ratio 

85 0.0290 
100 0.0283 
120 0.0276 

 

5.3 CARBONATE CASE 

Chandrasekhar (2013) conducted tertiary low salinity waterflooding experiments 

on carbonate cores at 120 oC. Formation brine was injected for 5 PV followed by low 

salinity water for 9 PV. Waters were injected from the bottom of the core. Water ion 

concentrations are shown in Table 5-4. The TDS for the formation brine (FB) is 179730 

mg/l and that of the low salinity water (LSW) is 872 mg/l. Oil viscosity is 1 cp at 120 oC. 

The injection velocity is 1 ft/day and the producing pressure is 50 psi.  

 

Table 5-4: Formation water and injection water ion concentrations (Chandrasekhar and 
Mohanty, 2013) 

Ion Formation 
water (ppm) 

Low Salinity 
water(ppm) 

Na+ 49933 274 
Mg+2 3248 32.4 
Ca+2 14501 10.42 
Cl- 111810 489.36 

SO4
2- 234 66.2 

Total ionic strength  3.658 0.017 
TDS (mg/l) 179730 872 
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Korrani (2014) applied UTCOMP-IPhreeqc and matched Chandrasekhar (2013)’s 

experimental results by tuning parameters such as residual oil saturation and water 

relative permeabilities. Figure 5-10 shows the schematic of the reservoir for this case 

with 5 gridblocks in the x direction, 1 grid block in the y direction and 25 grid blocks in 

the z direction. Calcite and dolomite were included in the IPhreeqc input to represent the 

carbonate rock. Since oil composition was not reported in the experiment, a synthetic 

dead oil composition with viscosity of 1 cp at 120 oC was used in Korrani (2014)’s 

simulation. The synthetic dead oil contains 12 components. Surface complexation, calcite 

and dolomite dissolution, and ion exchange are the mechanisms included in the model. 

Korrani (2014) was able to get a reasonable match of oil recovery, pH, and the effluent 

ion concentrations for Na, Ca, Mg, Cl and SO4
2- (Korrani, 2014). Figure 5-11 shows the 

oil recovery results of UTCOMP-IPhreeqc simulation and the experimental data. Surface 

complexation and exchange reactions were excluded in the freshening case shown in 

Figure 5-11. Simulation results indicate that surface complexation and exchange 

reactions are important for carbonate reservoirs in order to observe the low salinity 

waterflooding effect. 
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Figure 5-10: Schematic of two-dimensional reservoir for carbonate case (Korrani, 2014). 

Figure 5-11: UTCOMP-IPhreeqc simulated results against the measured oil recovery data 
of the coreflood (Korrani, 2014).  
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Non-isothermal UTCOMP-IPhreeqc is used for this coreflood case to investigate 

the temperature effect on low salinity waterflooding. In order to best mimic the actual 

experimental condition, we use the same input parameters as Korrani (2014) but change 

the temperature of the injection water. Different water at temperature of 120 ºC, 130 ºC, 

and 150 ºC are injected (initial temperature is 120 oC in all the cases).  

Calcite dissolution increases at higher temperatures. If the injection temperature is 

high enough, even the high salinity water can dissolve sufficient amount of calcite upon 

which the maximum threshold (i.e., maxξ in Equation (3.10)) is achieved; hence, 

wettability might start changing from oil-wet state to the water-wet state even during the 

FW injection. That is why cases with the injection temperature of 130 oC and 150 oC in 

Figure 5-12 have higher oil recovery during the FW injection compared with the case 

with the injection temperature of 120 oC (as shown later, the water to the oil viscosity 

ratio is almost the same for all the three cases). Figure 5-13 compares the amount of 

calcite in gridblock (1, 1, 1) for cases with the injection temperature of 120 oC, 130 oC, 

and 150 oC. This figure confirms our previous the interpretation that the calcite 

dissolution increases as temperature increases. The maximum threshold (i.e., maxξ ) is 

9.75 in the tuned model. As Figure 5-13 shows cases with injection temperatures of 130 
oC and 150 oC have already passed the maximum threshold even during the high salinity 

water slug.   
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Figure 5-12: Non-isothermal UTCOMP-IPhreeqc simulated oil recovery for carbonate 
case at 120 ºC, 130 ºC and 150 ºC. 

Figure 5-13: Non-isothermal UTCOMP-IPhreeqc simulated calcite amount in gridblock 
(1, 1, 1) for carbonate case at 120 ºC, 130 ºC, and 150 ºC. 
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  Figure 5-14 and Figure 5-15 show the ion concentrations and pH under different 

temperature. For simplicity, only the results for 120 ºC and 150 ºC are shown. Cl serves 

as a conservative tracer ion in this experiment and it does not go through any 

geochemical reactions. The initial concentration of Cl is equal to 111810 ppm. After low 

salinity water is injected, the Cl concentration decreases until the core is full of low 

salinity water and the Cl concentration is equal to 489 ppm. At 10 PV, Cl, Na and S 

concentrations decrease because the core is full of low salinity water. However, 

concentrations of Mg and Ca increase. The increase of Ca concentration is probably due 

to the calcite dissolution. 

    

Figure 5-14: Non-isothermal UTCOMP-IPhreeqc simulated effluent ion concentrations 
for carbonate case at 120 ºC and 150 ºC. 
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Figure 5-15: Non-isothermal UTCOMP-IPhreeqc simulated effluent pH for carbonate 
case at 120 ºC and 150 ºC. 

As shown in Table 5-5, viscosity ratio (water viscosity over oil viscosity) does not 

change much at different temperatures even slightly when temperature increases. Hence, 

the difference between the oil recoveries is mainly due to the temperature effect on the 

calcite dissolution and consequently on the wettability of the rock.  

Table 5-5: Viscosity ratio (water viscosity over oil viscosity) for carbonate case at 120 
ºC, 130 ºC, and 150 ºC 

Temperature 
(ºC) 

Viscosity 
Ratio 

120 0.245 
130 0.244 
150 0.242 

5.4 SUMMARY 

In this chapter, two coreflood cases were studied through which the temperature 

effect on low salinity waterflooding for sandstone and carbonate reservoirs was 
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investigated. Temperature effect was not observed for the sandstone case because the 

total ionic strength did not change with temperature in the case studied. Noteworthy, the 

total ionic strength is assumed to be the underlying mechanism for low salinity 

waterflooding in sandstone. For the carbonate case, as the temperature increases, the oil 

recovery starts increasing even during formation brine injection. The reason is due to the 

fact that more calcite is dissolved at higher temperatures.
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6. Chapter 6: Summary, Conclusions, and Recommendations 

6.1 SUMMARY AND CONCLUSIONS 

We present the summary and conclusions of this study as following: 

• Temperature has been reported to play a significant role in the process of low 

salinity waterflooding, particularly in carbonates. Temperature may affect 

geochemical reactions between rock surface, crude oil and water; the rock 

wettability alteration occurs consequently.  

• The main objective of this thesis was to study the temperature effect on low 

salinity waterflooding. Investigating the temperature effect not only helps identify 

optimum condition to achieve additional oil recovery but also contributes to 

understanding the mechanisms behind low salinity waterflooding. 

• In order to investigate the temperature effect on low salinity waterflooding, we 

implemented an energy equation in the  UTCOMP-IPhreeqc simulator  

• In UTCOMP-IPhreeqc, wettability alteration is modeled as the underlying 

mechanism for low salinity waterflooding. The total ionic strength and calcite 

dissolution are assumed to be the controlling parameter of wettability alteration in 

low salinity waterflooding for sandstone and carbonate reservoirs, respectively. 

• Non-isothermal UTCOMP-IPhreeqc was applied to study the temperature effect 

on a sandstone (Kozaki, 2012) and a carbonate (Chandrasekhar, 2013) low 

salinity corefloods.  

• For the sandstone case, with increasing temperature from 30 to 120 ºC, no 

additional oil recovery was obtained in the secondary mode. Simulation results 

showed that the total ionic strength and the viscosity ratio (water viscosity over 

oil viscosity) did not change with increasing temperature. The fact that the oil 
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recovery did not change with temperature could be explained given the total ionic 

strength as the controlling parameter.  

• For the carbonate case, with increasing temperature from 120 to 150 ºC, oil 

recovery increased in the tertiary mode. Simulation results demonstrated that 

although the viscosity ratio remained almost unchanged, calcite dissolution 

increases at higher temperatures. Hence, the rock wettability becomes more 

water-wet which improves oil recovery.  

• Another observation with the carbonate case is that additional oil recovery was 

achieved even during high salinity waterflooding at high temperatures. This is 

consistent with the experimental data reported by Hognesen et al. (2005) and 

Zhang et al. (2007) (see Chapter 2). With increasing of the injection water 

temperature, oil recovery increases with more calcite dissolution. Hiorth et al. 

(2010) proposed  calcite dissolution as the underlying mechanism for low salinity 

waterflooding in carbonates.  

• The oil recovery due to low salinity waterflood was independent of  temperature 

for the sandstone case. This indicates that the low salinity effect can be affected 

by many parameters, such as rock properties, oil components, connate water and 

injection water salinity and ion compositions. Furthermore, the mechanism we 

assumed may not be sufficient in the first place. Hence, more cases should be 

mechanistically modeled by simulators like the non-isothermal UTCOMP-

IPhreeqc in order to include all the potential factors.  
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6.2 RECOMMENDATIONS 

Here are some recommendations for future work: 

• Low salinity waterflooding involves complex interaction between COBR and is 

case sensitive. Hence, more cases with different minerals, brine composition, 

temperature, and crude oils with different total acid number and total basic 

numbers should be mechanistically modeled. 

• Different mechanisms can be implemented in the non-isothermal UTCOMP-

IPhreeqc simulator and applied to achieve better understanding of underlying 

mechanisms for low salinity waterflooding. 

• In this study, all geochemical reactions are assumed to be in equilibrium. 

However, when the injection rate is high, kinetics of mineral should be considered 

for accurate modeling. 
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