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Many of the world's oil fields and aquifers are found in carbonate strata. Some of 

these formations contain vugs or cavities several centimeters in size. Flow of fluids 

through such rocks depends strongly upon the spatial distribution and connectivity of the 

vugs. Enhanced oil recovery processes such as enriched gas drives and groundwater 

remediation efforts like soil venting operations depend on the amount of hydrodynamic 

dispersion of such rocks. Selecting a representative scale to measure permeability and 

dispersivity in such rocks can be crucial because the connected vug lengths can be longer 

than typical core diameters. 

Large touching vug (centimeter-scale), Cretaceous carbonate rocks from an 

exposed rudist (caprinid) reef buildup at the Pipe Creek Outcrop in Central Texas were 

studied at three different scales. Single-phase airflow and gas-tracer experiments were 

conducted on 2.5 in. diameter by 5 in. long cores (core-scale) and 5- to 10-ft-radius well 

vii 



tests (field-scale). Zhang et al. (2005) studied a 10 in. diameter by 14 in. high sample 

(bench-scale). Vertical permeability in the bench-scale varied from 100 darcies to 10 md 

and in the core-scale averaged 2.5 darcies. The field-scale permeability was estimated to 

be 500 md from steady state airflow and pressure transient tests.  

In the bench and core scales a connected path of vugs dominates flow and tracer 

concentration breakthrough profile. Tracer transport showed immediate breakthrough 

times and a long tail in the tracer concentrations characterized by multiple plateaus in 

concentrations. Neither flow nor tracer transport can be explained at these scales by the 

standard continuum equations (Darcy’s law or 1D convection dispersion equation). 

However, interpreting field-scale measurements with standard continuum equations 

suggested that a strongly connected path of vugs did not extend past a few feet. In 

particular, the tracer experiment in the field scale can be modeled accurately using an 

equivalent homogeneous porous medium with a dispersivity of 0.5 ft. In our 

measurements, permeability decreased with scale, while vug connectivity and multi-scale 

effects associated with vug connectivity decreased with increasing scale. We concluded 

that approximately 5 ft could be considered the representative scale for the large-

touching-vug carbonate rocks at the Pipe Creek Outcrop. 

The major contribution of this research is the introduction of an integrated, multi-

scale, experimental approach to understanding fluid flow in carbonate rocks with 

interconnected networks of vugs too large to be adequately characterized in core samples 

alone. 
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Chapter 1: Introduction 

In this chapter the motivation for our study, a background on carbonate pore space, 

previous work, our approach, and research objectives are presented. In addition, a 

literature review with an emphasis on important issues in related carbonate reservoirs is 

presented. Then, a brief summary of theory of tracer flow and airflow is presented. 

Finally, an overview of chapters is given.  

1.1 Carbonate pore space 

In this section, the relevant definitions and classifications of pore space in carbonate 

rocks are presented. Carbonate strata may contain vugs or cavities several centimeters in 

size. A vug can be defined as any pore that is significantly larger than a grain or inside of 

a grain. The definition includes moldic pores and intra-grain micro porosity. Vugs are 

commonly present as leached grains, fossil chambers, fractures, and large irregular 

cavities. Vuggy pore space can be divided into separate-vugs and touching-vugs, 

depending on vug interconnection (Fig. 1-1). Separate vugs are connected only through 

interparticle pore networks and do not contribute to permeability. Touching vugs are 

independent of rock-fabric and form an interconnected pore system. Cavernous, breccia, 

fracture, and solution-enlarged fracture pore types are examples of touching-vug systems. 
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Touching vugs have multiple origins and have little conformance to depositional models. 

There is no universally effective method to characterize petrophysical properties of 

touching-vug reservoirs (Lucia, 1995).  

Lucia (1999) classified touching-vug systems into two groups. The first includes 

non-tectonic fractures, karsts, caverns, and breccia. Continuum models like single and 

double continuum, multiple-interacting continua, and discrete fracture models have been 

suggested for the first group of touching-vug pore types. Another class of continuum 

models based on stochastic frameworks such as random walk, fractals and percolation 

concepts has also been implemented (Berkowitz, 2002). 

The second group consists of interconnected molds that are more likely associated 

with selective dissolution of fossil fragments or voids within or between fossils that were 

never filled with sediment. Modeling flow and transport behavior in such systems is 

complicated by a lack of understanding of the spatial distribution of large vugs. The 

spatial distributions of vugs are a function of their origin and can be very irregular with or 

without complex interconnections (Arbogast et al., 2004). The connectivity of vugs and 

the scale of investigation may determine if flow and transport is dominated entirely by a 

connected network of vugs or by the carbonate matrix. This research is concerned with 

the second group of touching-vug systems, focusing on a case of large (centimeter-scale) 

vugs.   
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1.2 Importance 

In the previous section, we explained the complexity of carbonate pore space. In this 

section, we explain the importance of our study. 

1.2.1 Limitations of the Continuum Assumption in Vuggy Carbonates 

A granular porous medium such as a sedimentary rock is extremely 

heterogeneous consisting of highly irregular tortuous channels. It is extremely 

challenging to describe in an exact manner the geometry of the internal surfaces that 

bound the flow domain inside a porous medium (Bear, 1972). The common approach is 

to apply a continuum assumption so that a point within the porous medium is associated 

with a representative elementary volume (REV). The REV is small compared to the 

dimensions of the porous media but large compared to the pore dimensions of the solid 

phase (Lake, 1989). The REV is defined as a volume below which the local fluctuations 

of a physical property (porosity, permeability, dispersivity etc.) become large (Bear, 

1972). For a more detailed discussion on the continuum assumption, the reader is referred 

to Bear (1972) and Lake (1989). 

Knowledge of the continuum scale is crucial in applying models of fluid flow. In 

particular, the diffusivity equation for pressure and Darcy’s law and therein the 

measurements of permeability, relative permeability for multiphase flow, and the mass 

conservation equations like the convection-dispersion equation and measurements of 

dispersivity, assume the porous medium to be a continuum. Often this definition of the 
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continuum scale can be unnecessarily restrictive and experimentally unverifiable (Baveye 

and Sposito, 1984). Some studies indicate large-scale averaging is more appropriate for 

heterogeneous porous media (Quintard and Whitaker, 1988; Dagan, 1986). The larger 

scales are necessary because the measurements on one scale are not always applicable to 

another scale. Haldorsen and Lake (1984) pointed out that this discrepancy is particularly 

noticeable in numerical reservoir simulation. They defined four scales of averaging for 

porous media (Fig. 1-2): microscopic (the scale of a few pores), macroscopic (the size of 

conventional core samples), megascopic (the size of a large gridblock in field models) 

and gigascopic (reservoir scale). Typically, the physical properties of the rock are 

determined at the macroscopic-scale (in a laboratory or at the wellbore), the macroscopic-

scale properties are then upscaled to megascopic-scale (Kumar et al., 1997; Christie and 

Blunt, 2001), and the fluid flow equations are solved at megascopic scales.  

Fig. 1-3 shows a vuggy carbonate rock sample extracted from the Pipe Creek 

Outcrop in central Texas. These rocks exhibit centimeter to decimeter vugs, with and 

without complex interconnections. It is obvious that an REV cannot be defined at the 

microscopic scale for this rock sample (Fig. 1-4). In addition, the dimensions of 

conventional core samples could be smaller than a connected path of vugs (Zhang, 2005). 

The connectivity of vugs introduces another length scale besides the variability of the 

carbonate matrix. It is not clear if the connectivity of vugs disappears with increasing 

scale, or the connectivity of vugs extend to outcrop-scale distances. Herein lies the 

important question for touching-vug carbonates: Is it appropriate to upscale properties 

determined at the macroscopic scale to the megascopic scale?  
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An alternative to the continuum assumption is to model fluid flow at the pore-

scale of vuggy rock systems. Okabe and Blunt (2007) reconstructed vuggy pore space 

using micro tomography and multiple-point statistics. They computed permeabilities of 

separate-vug-type carbonate samples using the lattice Boltzmann method. Another 

alternative is to treat vuggy pore space explicitly and the pore-scale porosity as a 

continuum. Arbogast et al. (2004) studied effective permeability of vuggy rock samples 

using theoretical micro-models of flow with Darcy’s law in the porous medium, Stokes’ 

law in the vugs and the Beavers-Joseph boundary conditions at the interface of the two 

flow regimes. These studies provide valuable insight into the micro-scale phenomena but 

are too computationally expensive to be upscaled to gigascopic scale studies.   

It is not within the scope of the study to suggest an alternative to the conventional 

continuum equations. Rather, this work focuses on understanding the limitations of 

conventional equations and recommending methods by which these equations can be 

applied in a predictable manner in large-touching-vug carbonates. 

1.2.2 Motivation 

Many of the world's oil and gas fields, and aquifers are found in carbonate strata. 

The carbonate rocks in this study are similar to the reservoir rocks of oil fields in Iran, 

Saudi Arabia, Mexico, Texas, Louisiana, and Mississippi (Coogan, 1977). The Edwards 

Aquifer is one of the most prolific aquifers in the world, and is the only source of water 

for the City of San Antonio, Texas (population 1.5 million, the seventh largest U.S. city), 

and three neighboring counties. The aquifer contains vuggy rock facies similar to our 
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study. The purpose of this study is to understand fluid flow in these rocks. The 

understanding can help increase hydrocarbon recovery, and understand contaminant flow 

in aquifers. Many specific applications of our study will be explained in the later 

chapters. 

1.3 Objectives 

In this research, we will adopt the continuum approach. In other words, we assume that 

the diffusivity equation and Darcy’s law for fluid flow, and the convection-dispersion 

equation for tracer flow, are valid in large-touching-vug carbonates. The question is, then, 

whether well-behaved transport coefficients (permeability and dispersivity) can be 

obtained for these rocks. 

The objectives of this study are:  

(1) To develop an integrated, multi-scale, experimental approach to 

understanding fluid flow in large-touching-vug carbonate rocks. 

(2) To understand single-phase properties, permeability and dispersivity, of 

such systems at several length scales.  

(3) To use the results from (1) and (2) to make qualitative judgments on the 

applicability of standard continuum equations (Darcy’s law or convection 

dispersion equation). 

(4) To suggest permeability and dispersivity values that can be used in a 

reservoir-scale model of such systems.  
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1.4 Literature Review 

In this section, we will review published literature on heterogeneous carbonate rocks.  

1.4.1 Core-scale studies 

Hidajat et al. (2004) studied six vuggy carbonate cores (approximately 3 cm in 

diameter by 6 cm in length) from Yates West Texas field with CT scans and NMR. Five 

cores exhibited large centimeter-scale vugs. Permeability of the cores ranged from 0.1 md 

to 2 darcies, which suggests that these study’s cores could be a combination of separate-

vug and touching-vug systems. In their study, single continuum models could not predict 

permeability in the core samples studied without prior knowledge of vug connectivity. 

Tracer experiments on the core samples indicated a preferential flow path, more distinct 

in the high permeability cores. They concluded that the length scale of heterogeneity 

from macroscopic to microscopic levels makes property prediction for carbonate rocks 

very difficult. They showed the importance of the connectivity of vugs to permeability of 

carbonates and showed that vugs can contribute to permeability.  

Dehghani and Kamath (2001) conducted brine tracer experiments on a vuggy 

carbonate core (10 cm in diameter by 15 cm in length) with a permeability of one Darcy. 

The core samples showed large dispersivities (>15 cm). High temperature blowdown 

experiments on the sample produced 50 to 60% recovery of oil in place from the matrix 

and vugs.  
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Dabbouk et al. (2002) studied waterflood performance in a vuggy carbonate core 

(9.4 cm in diameter by 16.5 cm in length) from a Middle Eastern field. Early water 

breakthrough through vuggy, thin high permeability and fractured layers of the field were 

observed. The core sample showed large 1 cm rudist fragments, with scattered vugs, 

broken up shell cavities inside the rudist fragments, and a permeability of 19 md. They 

observed fast and complete displacement of oil from the vugs and slow drainage from the 

matrix in the cores. Relative permeability, capillary pressure experiments and brine tracer 

experiments were conducted at reservoir temperature and pressure.  

deZabala and Kamath (1995) conducted a laboratory evaluation of the waterflood 

behavior in two vugular carbonate cores (approximately 4 cm in diameter by 5 cm in 

length) from the Beaverhill Lake formation in Canada. The permeabilities of the cores 

were 1 and 300 md, respectively. Both cores showed preferential flow paths. They 

concluded that conventional methods were inadequate to extract meaningful information 

from experimental data. Kamath et al. (1998) constructed pore network models of the 

cores using CT-scan data. They found that the pore features of the core were too large for 

conventional analysis.  

Moctezuma-Berthier and Fleury (2000) used tracer experiments and streamline 

simulations to map permeability in an artificial and uniformly vuggy core sample (5 cm 

in diameter by 20 cm in length). A vug to matrix permeability ratio of 360 was used to 

match numerical simulation results to the experiment. They characterized a preferential 

faster flow path of vugs connecting to vugs through the matrix (separate-vug pore type). 
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They concluded that heterogeneity in the sample could be modeled by layered systems 

with large correlation lengths. 

Egermann et al. (2007) studied a set of cores (4 cm in diameter by 5 cm in length) 

collected from a fractured vuggy carbonate gas reservoir. They indicate in the presence of 

an active aquifer such reservoirs often face early water breakthrough. They observed 

fairly large vugs dispersed in a tight matrix with very small pore thresholds. The vuggy 

pore space (separate-vug-type) in these cores did not contribute to permeability. 

Okasha et al. (2003) studied wettability and relative permeability of a Lower 

Cretaceous rock reservoir, Shaybah field, in Saudi Arabia. They observed a rudist barrier 

facies in the field, broad ranges of wettability and predicted substantial oil recovery after 

water breakthrough.  

Moctezuma-Berthier et al. (2004) presented one- and two-phase permeability 

correlations for a vuggy porous media. They conducted numerical simulations of single-

phase flow using Stokes law inside statistically independent pore-scale porosity and 

large-scale vuggy porosity. The two-phase flow simulations were conducted using the 

immiscible Lattice Boltzmann technique. The single-phase permeability results were 

similar to Arbogast et al. (2004). In the two-phase flow cases, the relative permeability of 

the non-wetting phase increased independent of the vugs percolating or not.  

Ionnadis and Chatzis (2000) constructed a dual-pore network consisting of a 

network of vug pore bodies communicating through vug pore throats superimposed on a 

connected network of matrix pore bodies and pore throats to study two-phase flow in 
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vuggy carbonates. The matrix pore network was treated as a continuum. They found that 

vuggy porosity reduces the non-wetting phase breakthrough capillary pressure during 

primary drainage. 

In summary, Moctezuma-Berthier and Fleury (2000) showed that transport 

behavior in vuggy cores could be approximated by a continuum scale equal to core 

dimensions. Dehghani and Kamath (2001), deZabala and Kamath (1995), and Hidajat et 

al. (2002) found that continuum models could not be applied in vuggy carbonate rocks. 

Moctezuma-Berthier et al. (2004) modeled the vugs explicitly, implying that the 

continuum scale is much smaller than the vugs. Ionnadis and Chatzis (2000) separated the 

vuggy porosity and treated the pore-scale porosity as a continuum. An integrated 

multiscale study on large centimeter to decimeter scale vugs is not available. 

1.4.2 Reservoir characterization studies 

Lucia (1999) presented a rock-fabric/petrophysical classification of carbonate 

pore space for reservoir characterization. He stressed the importance of recognizing the 

presence of a touching-vug pore system because it may dominate the flow characteristics 

of the reservoir. 

Jennings and Lucia (2003) and Babadagli and Al-Salmi (2004) presented an 

extensive review of existing correlations between porosity and permeability for carbonate 

reservoirs. They quantified the validity of correlations developed using pore scale models 

like Kozeny-Carman, Winland-Pittman, Bryant-Finney, and percolation and fractal 

models, to well logs. 
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Dehghani et al. (1997) developed a methodology to history match primary and 

waterflood performance of a 100-acre vuggy portion of a carbonate field in West Texas. 

They assumed that the vuggy porosity in the reservoir was a result of selective carbonate 

dissolution, evaporate dissolution or a combination of both (separate-vug pore type). The 

vuggy zones of the reservoir were identified as regions where secondary porosity was 

higher than 8%. These vuggy zones were assigned permeabilities greater than 3 Darcies 

and correlation lengths of 400 feet to obtain a history match.  

Perez-Rosales and Luna (2004) presented a method for decomposing total 

porosity obtained from formation factor data into primary, secondary, fracture, and vug 

porosities. 

Pulido et al. (2006) presented constant flow rate solutions for a fractured reservoir 

with transient interporosity flow in a convolution from, considering matrix, 

microfractures, vugs and fracture flow. 

Yu-shu et al. (2006) presented a multiple-continuum approach for modeling 

multiphase flow in naturally fractured vuggy reservoirs. 

This concludes the review of published literature related to vuggy carbonates. In 

the next section, an overview of the parent research project is provided. 

1.5 Previous Work 

This research is a part of an on-going interdisciplinary project funded by NSF. The 

Center for Subsurface Modeling (CSM) at the Institute for Computational Engineering 
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and Sciences (ICES), Petroleum and Geosystems Engineering (PGE), and the Reservoir 

Characterization Research Laboratory (RCRL) at the Bureau of Economic Geology 

(BEG) are the collaborators in this project. CSM is involved in the development of 

computational micro and macro scale models that accurately represent vuggy rocks. PGE 

and RCRL were responsible for conducting the flow and transport experiments. In this 

section, the results from this project are summarized. 

The effect of the connectivity of the vugs on the flow properties of vuggy rock 

samples was studied. Paruchuri (2003) proposed new scale-up algorithms to replace fine-

scale flow calculations for determining the effective permeability of carbonate rocks 

having centimeter-scale vugs. Lehr (2004) introduced a two-dimensional micro-scale 

model for incompressible, viscous single-phase flow in vuggy porous media. The model 

assumed that the fluid follows Stokes’ equation of motion in the vugs, Darcy’s law in the 

porous matrix, and the Beavers-Joseph-Saffman slip condition along the interface of the 

vugs and matrix. This micro-scale model was homogenized to a Darcy’s law macro-scale 

model using a modified permeability tensor. Brunson (2005) developed and analyzed a 

mixed finite element method for the solution of a macro-scale model. This finite element 

method can be implemented on complex vug geometries. Gomez (2007) extended the 

Darcy-Stokes micro-model to three-dimensional space using the finite element method 

and an efficient multigrid solver. Their results indicate effective permeabilities were 

mildly affected by the vug channel shape and were very sensitive to the apertures of the 

vug constrictions. The disconnected vug systems (separate-vug pore system) did not 

contribute to permeability. On average, the permeability of the connected vug system was 
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103 - 106 times more than the disconnected vug system. These studies confirmed that the 

connectivity of the vugs has the most influence on the effective flow properties of a 

vuggy rock system. 

Zhang (2005) developed a method to characterize pore space in a rudist rock 

sample (irregular in shape but roughly cylindrical with dimensions of 25 cm in diameter 

and 36 cm in length) from the Pipe Creek outcrop. Flow and transport in the rock was 

studied using experiments, numerical simulations and high-resolution computational 

visualizations. A connected path of vugs were found in the rock sample, consequently 

tracer transport could not be explained by the 1D convection-dispersion equation.  

1.6 Pipe Creek Outcrop 

In this section, we discuss the geology of Pipe Creek Outcrop of central Texas (Fig. 1-5), 

which has been the focus of our research. The Cretaceous era was a time of major reef-

building activity (Wilson, 1975). The middle Cretaceous reefs were predominantly rudist 

bivalves (Kauffman and Sohl, 1974). Rudist buildups are found on carbonate platforms in 

the western hemisphere from the Caribbean region to Baja California and from Texas to 

Venezuela; and in the eastern hemisphere from the western Mediterranean to the western 

Himalayas (Petta, 1977). Outcrops of rudist buildups are found in a region extending 

from northern Mexico through Central Texas and into southeastern Arizona (Hartshorne, 

1989). “The Pipe Creek reef is a well-known Cretaceous (Albian) rudist build-up in the 

lower Glen Rose Formation in Central Texas” (Perkins, 1974). “The reef complex was 

exhumed by Red Bluff and Pipe Creek in southeastern Bandera County, Texas, and is 
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recognized as the best exposed rudist reef in the world” (Petta, 1977). In the 1950s and 

60s, Shell Oil Company conducted extensive fieldwork and drilled shallow research 

wells. The cores are now held by the Core Research Center at The University of Texas at 

Austin. 

Rudists were marine mollusks that originated in the Jurassic and had two-part 

shells (bivalves). Cretaceous era rudists are classified into five paleontological families, 

which are the requieniids, monopleurids, capronitids, radiolitids, and caprinids. Caprinids 

were the dominant family of rudist by the middle Cretaceous era (Coogan 1977). The 

Glen Rose reef interval consists of four separate facies: oyster biostrome, monopleurid 

biostrome, plant fragment, and caprinid reef (Petta 1977). In our study, the caprinid reef 

facies exposed at the outcrop surface were selected (Fig. 1-6). Caprinid reefs flourished 

on the continental shelf in shallow water depths, forming a mutually supportive, wave-

resistant framework that was strengthened by contemporaneous internal sedimentation 

and cementation. The caprinid reef rocks have a lime wackestone framework, while rocks 

that underlie the caprinid reef are predominantly lime mudstones. Both lime wackestone 

and lime mudstones are mud-dominated rock fabrics with crystal sizes less than 20 

microns (Lucia, 1999). 

The caprinid reef facies at the Pipe Creek outcrop contain caprinid-mound-core 

and caprinid-debris-core deposits. The mound-core consists of sediments deposited 

around rudist shells in their upright positions. The debris-core deposits were formed by 

deposition of rudist shell fragments, possibly by storm or wave action. The mound-core 

exhibits decimeter long unconnected vugs. This research concerns the debris-core 
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deposits where the spatial arrangement and connectivity of vugs are unknown. “These 

vugs exist as internal cavities of large rudist fossils, dissolved large rudist fossils, and as 

pore space between fragments of rudist materials” (Arbogast et al., 2004). Selecting a 

representative scale to measure permeability and dispersivity in such rocks can be crucial 

because the connected vug lengths can be longer than typical core diameters. In our 

research, tracer tests were conducted in different scales and the time scales of tracer 

transport were interpreted to determine the connectivity of vugs in rocks from the Pipe 

Creek outcrop. In the next section, we discuss the methods available to interpret tracer 

tests. 

1.7 Theory of tracer flow 

In this section, we present the methods available to interpret tracer tests. In fluid flow 

applications, the concentration of a tracer can be defined as a fluid property that can be 

used to track flow. In petroleum and environmental engineering applications, a tracer test 

is a fluid flow test conducted on a core/reservoir to: 

(1) Infer permeability stratifications in system. 

(2) Determine residual phase saturations in the system. 

(3) Determine dispersion in order to: 

(4) Optimize the amount of solvent injected in a miscible flood. 

(5) Determine solute transport in groundwater. 
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Assuming steady-state incompressible single-phase flow, without reaction, 

Danckwerts (1958) and Levenspiel (1972) developed the method for analyzing residence 

time distributions of fluid flow in reactor vessels. Since then tracer tests have been 

conducted extensively in laboratory sand packs and cores, petroleum reservoirs, aquifers 

and geothermal reservoirs. At this point, we limit our study to tracers that do not adsorb, 

react, undergo decay or change fluid flow properties such as density and viscosity. 

1.7.1 Dispersion in porous media 

The convection-dispersion equation (CDE) has been widely used to describe 

miscible displacement through porous media above the REV scale. The assumptions in 

this equation are: 

(1) Single phase flow 

(2) Incompressible fluid and porous media 

(3) Constant fluid density 

(4) Constant porosity 

Coats and Smith (1963) presented solutions to the one-dimensional (1D) CDE 

with different boundary conditions. The most common solution applicable to laboratory 

core-floods is shown.  

The 1D CDE is 
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where vx  is the interstitial velocity in the x-direction,  

DL  is the principal dispersion coefficient in the x-direction or the 

longitudinal dispersion coefficient, and 

C  is the concentration of the tracer 

The CDE can be expressed in dimensionless form as:  
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=                       is dimensionless length,  

ux    is the Darcy velocity in the x-direction, 

L    is the length of the medium, 

φ            is the porosity,  

CJ    is the injected concentration, and  

CI    is the initial concentration in the medium. 
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This solution is valid for finite cores if the mixing zone is small in comparison 

with the core length.  

Perkins and Johnston (1963) presented an extensive review of studies on 

dispersion in porous media. They showed longitudinal dispersion coefficient in 

unconsolidated sand packs could be represented as: 

 1 1.75 ;  50L

m m m

D v v
D F D D

ζ ζ
φ

⎛ ⎞
= + <⎜

⎝ ⎠
⎟  (1.3) 

where  Dm is the molecular diffusion coefficient of tracer in the fluid phase,  

F  is the formation resistivity factor, 

 ζ  is a pore length scale equal to the grain diameter (dp) in a sand- 

  pack, 

The characteristic Peclet number was defined as: 

 m
m
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D
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Legatski and Katz (1967) measured the dispersion coefficients for gases flowing 

in dolomite core samples. They expressed the longitudinal dispersion coefficient as: 
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where  β  is a constant related to the porous medium. 
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They determined that the dispersion in the dolomite cores can be modeled using a 

characteristic length scale ( )ζ  of 1.7 cm and an exponent ( )β  of 1.3, respectively.  

The dispersivity (Bear, 1972) of the medium can be calculated as follows: 

 m
L

D
D Lvβα

τ
= +  (1.6) 

 m
T

D
vTD βα

τ
= +  (1.7) 

where DT  is the transverse dispersion coefficient, 

 and L Tα α  are the longitudinal and transverse dispersivities, 

τ = Fφ     is the tortuosity of the porous medium. 

Under the same assumptions and three-dimensional (3D) flow in a field-scale 

experiment, the CDE can be expressed as: 
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t

∂
+ ∇ ⋅ = ∇ ⋅ ∇

∂
)  (1.8) 

where  is the dispersion tensor.  D

Assuming isotropic diffusion and Tand Lα α  are independent of direction the 

dispersion tensor can be expressed with nine components (Bear 1972): 
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where vy  is the interstitial velocity in the y-direction, and  

vz  is the interstitial velocity in the z-direction. 

1.7.2 Scale Dependence of Dispersivity 

Longitudinal dispersivity ( Lα ) is a fundamental property of the measure of the 

dispersion in a porous medium (Bear, 1972). To predict reservoir-scale miscible flow it is 

important to account for the scale dependence of Lα  measurements. Laboratory 

measurements of dispersivity are generally a few centimeters, while field-dispersivities 

tend to increase with increasing scale of measurement (Lake, 1989). Field-measurements 

of Lα versus the scale of measurement are shown in Fig. 1-7. Note that the large-scale 
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measurements are not reliable and improved interpretations often lead to smaller 

dispersivities. If the reliability of the dispersivity-scale measurements is taken into 

account, there is no clear correlation between dispersivity and scale (Gelhar et al., 1992). 

In addition, dispersivity values may depend on the nature of the tracer test. 

Dispersivity values inferred from forced- gradient tracer tests may not accurately predict 

solute spreading under natural-gradient flow (Tiedeman and Hsieh, 2004). At this point, 

we limit the applicability of the results inferred from the tracer tests in this study to 

forced-gradient conditions (for example, miscible flow in petroleum reservoirs and soil 

venting operations in groundwater remediation). 

This uncorrelated scale-dependence of dispersivity complicates the prediction of 

reservoir-scale dispersion based on field-scale measurements. The reader is directed to a 

detailed study on this topic (John et al. 2008).     

1.7.3 Method of Moments 

The method of moments is a valuable tool to analyze produced tracer 

concentration data. These curves are typically generated by measuring the concentration 

of tracer (volume or mass fraction basis) at the outlet of the system as a function of time 

(Fig. 1-8). Under steady-state conditions, single-phase incompressible fluid, closed 

boundaries and conservative tracer behavior, Levenspiel (1972) showed that the 

residence times and variances of the residence time distribution were additive. 

 out in DVt t t t= + + , (1.16) 
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where 2,out outt σ   are the mean residence times and second temporal moments 

measured at the system outlet 

2,DV DVt σ   are the mean residence times and second temporal moments 

in the dead volume such as wellheads, casing and tubing 

2,t σ    are the mean residence times and second temporal moments 

of the system 

2,in int σ    are the mean residence times and second temporal moments 

of the injected tracer 

Pope et al. (1994) extended moment analysis of tracer breakthrough times to more 

general conditions of open boundaries. Deeds (1999) derived the method of moments for 

three phases assuming the 1D CDE is valid. Asakawa (2005) extended the derivation of 

the method of moments for three-dimensional, heterogeneous reservoirs under very 

general conditions. 

If the input tracer concentration is constant (slug), the mean residence times of the 

tracer can be calculated as follows (Dwarakanath et al. 1999): 
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where ts  is the time interval of slug injection 

The tracer swept volume can be calculated as (Jin et al., 1995): 

 p
mV qt
M

= . (1.19) 

where Vp  is the pore volume swept by the tracer 

 m  is the mass of tracer recovered 

 M  is the mass of tracer injected  

 q  is the steady state flow rate 

Moment analysis can be used to calculate the temporal variance, which is a 

measure of the dispersion in the medium, 
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Shook and Forsmann (2005) predicted that the sampling of tracer might terminate 

before concentration of effluent reaches zero. The late time profile can be extrapolated by 

an exponential decline expressed as: 

 ( )     for  at
bC t be t t−= > . (1.21) 

where a, b are curve fitting parameters. 
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It can be shown that the mean residence time and temporal variance can be 

expressed in closed integral form as follows: 
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The temporal variance must be corrected for the effect of dead volume in 

wellhead, surface tubes and flow channels. 

 2 2 2
out DVσ σ σ= − . (1.24) 

For one-dimensional flow, Acharya et al. (2005) presented a method to calculate 

the longitudinal dispersion coefficient from the temporal variance as follows: 
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The variance in the dead volume was approximated using the Taylor formula for 

calculating axial dispersion coefficient (Bird et al. 1960). 
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where u is the fluid velocity, 

d  is the diameter of the pipe, 

1.8 Airflow equations 

In this section, the summary of the equations that can be used to analyze airflow pressure 

transient tests are described. For very small pressure gradients and atmospheric 

temperature conditions Illman and Neuman (2001) showed that airflow could be 

approximated to that of a slightly compressible liquid. The analytical equation for airflow 

can be expressed as: 

 2 tc PP
k t

φµ ∂
∇ =

∂
. (1.27) 

where P=P(r,t)  is pressure, 

k   is permeability, 

ct   is total compressibility of the system. 

Eq. (1.27) can be converted to a dimensionless form as shown in (1.28). For short 

transient periods, it is important to include the effects of finite wellbore radius and of 

wellbore storage effects on the solution of the diffusivity equation. Agarwal et al. (1970) 

presented a solution to the initial-boundary value problem given by: 

 
2

2

1D D D

D D DD

P P
r r tr

P∂ ∂ ∂
+ =

∂ ∂∂
, (1.28) 

25 



 

( ), 0 0D DP r = , (1.29)  

( )lim , 0D D DP r t 
Dr →∞

= , (1.30) 

 
1

1
D

wD D
D D

D D r

C r
dt r

=

dP P⎛ ⎞∂
− =⎜ ⎟∂⎝ ⎠

, (1.31) 

 
1D

D
wD D D

D r

P P S r
r

=

P⎡ ⎤⎛ ⎞∂
⎢ ⎥= − ⎜ ⎟∂⎢ ⎥⎝ ⎠⎣ ⎦

. (1.32) 

where P   is the average pressure, 

 S  is the total skin factor, 

r  is radius, 

rw  is wellbore radius, 

q  is the flow rate measured at standard conditions, 

h  is the thickness of the reservoir, 
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is the flowing bottom-hole pressure, 

PwD  is dimensionless bottom-hole pressure, 
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is the dimensionless pressure, 
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is the dimensionless wellbore storage coefficient, 

c  is the compressibility of the fluid inside the wellbore, 

Vw is the volume of the wellbore, 
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=  (1.36) 

is the dimensionless time, 

 D
w

rr
r

=  (1.37) 

is the dimensionless radius, 

 1
tc

P
≈ , and (1.38) 

 atmP
B

P
=  (1.39) 

is the formation volume factor 

The assumptions in the model were:  

(1) The reservoir was isotropic, homogeneous and uniform thickness.  
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(2) The flow was single-phase airflow, with small pressure differences and at 

constant temperature. 

(3) The reservoir was confined within impervious layers and of infinite 

horizontal extent, and 

(4) The reservoir was initially at equilibrium.  

The total skin factor, S, has many components, including damage skin, partial 

completion and slant, perforation, and phase- and rate-dependent effects (Economides et 

al., 1994). Damage skin is caused by a near-wellbore region of altered permeability. Skin 

due to partial completion and slant, is used caused when the wellbore height available for 

flow is less than the reservoir height, and/or by inclined wellbores. Phase- and rate- 

dependent skins are used to account for the reduction in the relative permeability of the 

main reservoir fluid and/or turbulent flow in high-flow rate wells. It will be explained in 

Chapter 3 that the skin factor in our field experiments was dominated by partial 

completion effects. Assuming a slightly compressible fluid and the reservoir is at pseudo-

steady state, Odeh (1980) showed that partial completion skin factor sc could be 

calculated as follows:  

 ( ) ( )( )
0.825

1.35 1  ln 7 0.49 0.1ln ln 1.95 t
c t t

p

h
s h h

h

⎧ ⎫⎛ ⎞⎪ ⎪⎡ ⎤= − × + − + × −⎜ ⎟⎨ ⎬⎣ ⎦⎜ ⎟⎪ ⎪⎝ ⎠⎩ ⎭
wcr . (1.40) 

where 
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ht  is total sand thickness, 

hp  is the length of completion, 

zm  is the distance from top of interval to middle of completion interval , 

The solution for wellbore pressure in Laplace domain is  

 ( )
( ) ( )

( ) ( ) ( )
0 1

2 3 2
1 0 1

wD

D

K z S zK z
P z

z K z z C K z S zK z

+
=

⎡ ⎤+ +⎣ ⎦

. (1.42) 

where  z   is the Laplace parameter 

 K0 and K1  are modified Bessel functions of zero and first order.  

The Bessel functions were estimated using polynomial approximations presented 

by Abramowitz and Stegun (1970). The Stehfest algorithm (1970) was implemented for 

numerical inversion to time domain. If ( ),u x z is in Laplace domain then, 

 ( ) ( ) ( )
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where N is an even number (Moench and Ogata (1981) use N = 10 and N = 18 for 

their computations), i is an integer and 
( )1

2
i

k
+

= . 

1.9 Review of chapters 

We investigate the connectivity of vugs, and quantify the effect of vug connectivity on 

flow and transport behavior at two different scales. In the second chapter, we present the 

flow and tracer experiments on core samples extracted from the Pipe Creek outcrop. In 

the third chapter, we show the results from the field-scale flow and tracer test performed 

at the outcrop. In chapter 4, numerical simulations are used to analyze results of the field-

scale experiments. Finally, chapter 5 presents the summary and the conclusions of this 

study. 
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Fig. 1-1: Classification of vuggy pore space based on vug interconnectivity (After 
Jennings and Lucia, 2003). Vuggy pore space in rocks from the Pipe Creek outcrop 
is classified as touching-vug mud-dominated fabric. 
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Fig. 1-2: Four scales of porous media averages (After Haldorsen and Lake, 1984). 
Pictures of the different scales were provided by Jerry Lucia.  
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Fig. 1-3: Touching-vug rock sample from the Pipe Creek Outcrop. Vuggy pore 
space exists both within and between the rudist fossils 
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Fig. 1-4: Estimated effect of the scale of averaging on the porosity of the vuggy 
carbonate rock sample shown in Fig. 1-3. 

 

 
Fig. 1-5: Location of Pipe Creek outcrop (After tiger.census.gov). 
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Fig. 1-6: Map of Glen Rose reef interval (After Perkins, 1974) 
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Fig. 1-7: Comparison of longitudinal dispersivity versus scale of observation (Hulin 
and Plona, 1989; Rigord et al., 1990; Gelhar et al., 1992; Mahadevan et al., 2003; 
Zhou et al., 2007). 
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Fig. 1-8: Schematic of a typical tracer test is shown. Tracer is introduced at the inlet 
end of the system at a constant concentration value (Cin). The concentration of 
tracer is then measured at the outlet end of the system as a function of time (Cout).  
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Chapter 2: Core-Scale Experiments 

In this chapter, the description of the flow and transport experiments on core samples 

extracted from the Pipe Creek Outcrop (core-scale experiments) is provided. First, the 

extraction process followed by the observations from X-ray CT scanning of selected core 

samples is presented. Then, the results of permeability and porosity measurements are 

presented. Next, the setup and results of the conservative, gas tracer experiments on the 

core samples is shown. Finally, a summary of the chapter is given.  

2.1 Core Extraction 

Two monitoring wells were successfully drilled and cored at the Pipe Creek 

Outcrop in July 2005. The wells were named Anderson #1 and Anderson #2. Continuous 

core samples were extracted from both monitoring wells, from 5 to 25 ft below the 

surface with 100% core recovery. The recovered cores are stored at the Texas Bureau of 

Economic Geology Core Library in Austin, Texas. On site visual examination of the core 

samples from both wells indicated that the caprinid-rudist-debris-reef facies extended 

down to 21 ft below the surface. The foraminiferous lime mudstones were observed 

below 21 ft. Large touching vugs were observed in the rudist debris facies as shown in 

Fig. 2-1, while the lime mudstones showed relatively few small fossil fragments. The 
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water level was measured at 18 ft below surface level in both wells. Hence, airflow and 

gas tracer experiments in the unsaturated zone of the outcrop were designed to test the 

caprinid-rudist-debris-reef facies interval (chapter 3). Identical airflow and gas-tracer 

experiments were designed and conducted at the core-scale. 

Three representative core samples from each wells at the same depth interval, 

were chosen for further testing (Fig. 2-2). The cores were identified in the format shown 

in Fig. 2-2. In further discussions, we will refer to core # 1/1, # 1/2, # 2/1 and # 2/2 as 

touching vug cores and core # 1/3 and 2/3 as lime mudstone cores. The dimensions of the 

cores were approximately 2.5 inches in diameter and 5 inches in length.  

2.2 X-ray CT imaging 

High-resolution imaging of cores was conducted by the X-ray computed tomography 

(CT) Facility at the University of Texas. The cores were dried in an oven at 120 ºF for 24 

hours to remove any moisture content. Then, the cores were scanned with a resolution of 

0.061 mm × 0.061 mm × 0.065 mm obtaining 1024 × 1024 × 1940 voxels for the scanned 

volume. The CT scan image corresponding to the centermost location of the cores is 

shown in Fig. 2-3. X-ray attenuation is displayed as relative grayscale, which has an 

approximate linear relationship with bulk density. The lighter shade corresponds to 

higher density, carbonate matrix in this case. The darker shade corresponds to low 

density, air, inside vugs and fractures in this case. Visual analysis of the CT images 

confirmed that the touching vug cores # 1/1, # 1/2, # 2/1, # 2/2 exhibited large vugs. 

These vugs were observed both within and between the rudist fossils. Large vugs were 
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not observed in the lime mudstone cores # 1/3 and # 2/3. However, relatively smaller 

burrows caused by foraminifera and mollusks were observed. In addition, core #2/3 

showed evidence of a drilling induced microfracture (Fig. 2-3). 

2.3 Permeability and Porosity Measurements 

Measurements of vertical and horizontal permeabilities on the core samples extracted 

from the Pipe Creek outcrop were done by SCAL Inc. in Midland (Table 2-1). The grain 

densities of the cores were constant at 2.7 g/cm3, which is typical for carbonate rocks. 

The effective porosity of the core samples showed a wide variation from 0.15 to 0.25. 

The following observations can be made from the permeability results: 

(1) Both vertical (KV) and horizontal (KH) permeability increase upwards in 

the Outcrop (Fig. 2-4). Permeability ratio (KV/KH) also increases upwards. In the 

touching vug cores, KV varied from 3.4 to 1.5 darcy, while average KH was 944 

md. 

(2) Typically, in a layered petroleum reservoir KV is usually much less than 

KH. The measurements indicate that KV/KH in the touching vug cores is greater 

than one. This result can significantly affect the modeling of petroleum movement 

in this type of carbonate rocks. 

(3) KH in the cores were measured along four different orientations. All but 

two of the sixteen measurements of KH in the touching vug cores were constant at 

39 



 
approximately 1 darcy (Fig. 2-5). Two measurements of KH in core #2/2 were 

around 600 md. It is very difficult to explain the consistency in the KH values. 

(4) KV measurements indicate that the cores showed a connected network of 

vugs in the vertical direction. However, it is not clear if the vugs are touching in 

the horizontal direction. We speculated that the high KV/KH values indicated that 

the vugs were preferentially oriented in the vertical direction. 

(5) The lime mudstone cores #1/3 and #2/3 show much lower permeabilities. 

KV in core #1-3 was considered representative of the carbonate matrix 

permeability, approximately 9 md. 

In summary, the permeability measurements indicate that touching vugs are 

present at the core-scale. 

2.4 Tracer Experiments 

In the next section, the design and setup of the core-scale tracer experiments is described 

in detail. 

2.4.1 Objectives 

The primary objective of the core-scale tracer experiments was to determine vug 

connectivity at this scale in large touching vug carbonate rocks from the Pipe Creek 

Outcrop. In order to determine vug connectivity only the travel times of the tracer 

through the cores are important. Hence, single-phase conservative tracer experiments 
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were designed. Another important objective of the core-scale experiments was to 

establish a dependable and reproducible methodology to conduct similar gas-phase tracer 

experiments at the field-scale. 

2.4.2 Literature Review 

Many studies have indicated that sulfur hexafluoride (SF6) is an ideal choice for a 

conservative gas tracer. Sulfur hexafluoride (SF6) is primarily of anthropogenic origin 

(Busenberg and Plummer, 1997). Wilson and Mackay (1993) established SF6 as a non-

toxic, inorganic tracer with a detection limit of 5 micrograms per liter for use in saturated 

sandy media. Wilson and Mackay (1996) noted SF6 did not partition into organic content 

in porous media. Olschewski et al. (1993) used SF6 as a gas tracer in soil venting 

operations. Hibbs et al (1998) used SF6 for gas tracer studies in streams. They observed 

the SF6 measurements were extremely precise producing smooth concentration-time 

curves. Gidda et al. (2005) used SF6 to determine airflow dispersion in unsaturated soil. 

Mariner et al. (1999) used SF6 successfully as a conservative tracer in a vadose zone 

partitioning interwell tracer test. Hence, we selected SF6 as the tracer in our study.  

Some other applications of SF6 as a tracer are as follows: to date groundwater 

dating and to determine igneous and volcanic fluids in groundwater (Busenberg and 

Plummer, 1997). SF6 was used to label drilling air in unsaturated fractured rocks 

(Davidson, 2001). SF6 is used to study mine ventilation patterns (Timko and Thimons, 

1982) and pinpoint leaks in buried pipelines (Thornton, 1985). SF6 is used to measure air 

pollution (Roetzer and Riesing, 1996) and to assess methane emissions from cattle 
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(McGinn et al., 2006). SF6 was used to study oceanic circulation (Bullister et al., 2006); 

and measure air-water transfer coefficients of rivers (Hibbs et al., 1998) and snow-air 

exchange processes (Albert and Shultz, 2002). 

2.4.3 Core Preparation 

Very high KV of the cores meant that extremely low pressure-differences were 

required to maintain airflow through the core. However, the vugs exposed on the surfaces 

of the cores could divert airflow along the circumference of the cores. It was unclear if 

conventional Hassler-sleeves could efficiently seal the flow through these exposed vugs. 

Hence, the surfaces of the cores were sealed in Teflon heat shrink-wrap. Then, they were 

permanently enclosed in transparent polyethylene tubing using epoxy (Fig. 2-6). Finally, 

end caps were attached to both ends of the cores.  

2.4.4 Equipment 

In this section, the list of the equipment used for conducting the core-scale tracer 

experiments is given. 

2.4.4.1 Gas Tracers 

Calibration standards of 99.8% purity; 1%, 5000 and 10 ppm by volume of SF6 in 

nitrogen (balance gas); size 6R cylinders, were ordered from Matheson Tri-Gas™. The 

gas-tracer cylinders were equipped with CGA 180 mini pressure regulators.  
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2.4.4.2 Tubing and Fittings 

A combination of Swagelok™ ⅛-inch flexible and metal tubing and fittings was 

used inch to control flow. 

2.4.4.3 Flow-Meters 

A Hewlett-Packard™ Bubble flow calibrator or a Fischer Scientific™ Rotameter, 

ranging from one to 10 cm3 per minute of air, was used to measure the flow rate through 

the core. 

2.4.4.4 Sampling Vials 

Fisher-brand™ crimp-top, borosilicate glass, 2 cm3 auto sampler vials were used 

to collect effluent air samples. A Restek™ hand-operated crimper was used to seal the 

vials with PTFE rubber septa and aluminum crimp-top seals. Sets of numbered National-

Scientific racks, each with a capacity of 100 vials were used to organize the collected 

effluent samples. 

2.4.4.5 Syringes and Needles 

A 100 µL S.G.E™ gas-tight, fixed Luer-lock, syringe was used to inject air 

samples. Gauge-22, type-304, stainless-steel needles with nickel-plated brass hub were 

used to pierce the rubber septa of the sampling vials.  
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2.4.5 Experiment Setup 

The cylinders containing SF6 calibration standards were used as the source of 

tracer in the experiments. Predetermined amounts of tracer were extracted using the gas-

tight syringe from the outlet end of the mini pressure regulator. An air-tight septum was 

used at the outlet end of the mini pressure regulator which was attached to the tracer 

cylinder.  

All experiments were performed at room temperature. The setup is shown in Fig. 

2-7. Pressurized air was used controlled with a pressure control valve to introduce a 

steady-state flow rate of air through the core. The core was flushed with air for two hours 

to ensure that the background concentration of tracer in the core was zero. Tracer was 

injected into the inlet end of the core using the gas-tight syringe. Instantaneous pulses of 

tracer were injected through an air-tight septum into the air flow stream at the inlet end of 

the core (Dirac delta input). The pressure at the outlet end of the core was kept at 

atmospheric pressure. The flow rate at the outlet end of the core was measured using the 

bubble flow meter or the Rotameter. At the outlet end of the flow meter or the Rotameter, 

a three-way union was used to channel a portion of the outlet flow stream through ⅛-inch 

flexible plastic tubing for collecting effluent air samples. The sampling end of the flexible 

plastic tubing was attached to a stainless-steel needle using epoxy (Fig. 2-8). 

2.4.6 Sampling Procedure 

It was important to design the sampling procedure such that they can be applied 

effectively in the field-scale experiments. Typically, SF6 tracer concentrations were 
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determined using a gas chromatograph (GC) equipped with an electron capture detector 

(ECD). Inline chromatographic analysis of SF6 in the field-scale experiment was not 

considered because of Nuclear Regulatory Commission licensing requirements for the 

radioactive 63Ni in the ECD. However, preservation of air samples in borosilicate glass 

vials for laboratory analysis is well-established (Busenberg and Plummer, 1992). It has 

been shown that tracer samples are well preserved in borosilicate vials for three months 

(United States Geological Survey, Chlorofluorocarbons Laboratory in Reston, Virginia). 

The sample collection procedure presented by Busenberg and Plummer (1992) was 

modified for simplicity as shown in Fig. 2-8. At predetermined time intervals, the rubber 

septa of the sealed 2 cm3 vials were pierced with a stainless-steel needle (open-needle), 

the outlet of which is open to the atmosphere. Then, a portion of the effluent air at the 

outlet end of the core flows through the sampling-needle and flushes the air out of the 

vial through the open-needle. This design, allowed the vials to be flushed by the effluent 

air stream within a few seconds. The needles are then removed from the vial. The rubber 

septa reseals immediately, preventing atmospheric air from contaminating the sample 

inside the vial. Silicone grease was then applied to the rubber seal to prevent any leakage 

of air. Then, the procedure is repeated on more sampling vials in the storage rack until the 

end of the experiment. Note that the limitation of this procedure was that the time 

intervals shorter than 5 seconds per sample were not possible.   
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2.4.7 Tracer Analysis 

Effluent samples were analyzed for SF6 concentrations using a HP 5890 GC 

equipped with an ECD. High-purity helium was used as the carrier gas in an AT-mole 

sieve, 30m by 0.53 mm column. The chromatographic conditions were: injector 

temperature, oven temperature and detector temperatures of 200, 50 and 250 degrees 

Celsius respectively. 20 µL samples were introduced into the GC using the gas-tight 

syringe. The first step of chromatographic analysis was to identify the retention times of 

SF6 in the GC column, characterized by a peak in the GC output (Fig. 2-9). The output 

produced by the GC is a graph of detector response (millivolt) against retention time 

(min), the area under the peak being proportional to the amount of SF6 present in the 

sample. Next, the area under the curve was calibrated to known concentrations of SF6 

(Fig. 2-10). In addition, the contribution of human error in the determination of SF6 

concentrations was measured (Fig. 2-11). Five single-blind measurements of the known 

concentrations of SF6 were conducted. The results indicated that the SF6 concentrations 

higher than 100 ppm were unreliable, while the lower values of SF6 concentrations were 

more reliable. Hence, the experiment trials in which the peak SF6 concentration was 

higher than 50 ppm were repeated with lower injected tracer concentrations. 

2.4.8 Dead Volume Contributions 

A simple steady-state flow test using water was used to determine the amount of 

dead volume in the tubing and fittings in the experimental setup shown in Fig. 2-7. First, 

the core was removed from the setup leaving only the dead volume in the system. Then, 
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the flow-rate and breakthrough time of dye-colored water through the experiment setup 

was estimated using visual examination. Thereby, the dead volume in the system was 

calculated at 20.5 cm3. In addition, we needed to calculate the temporal variance of the 

mean residence times in the dead volume. The highest flow rate used in the tracer 

experiments was 5 cm3/s (Table 2-2). The Reynolds number was calculated as 133; the 

flow was laminar. The lowest flow rate used in the tracer experiments was 0.75 cm3/s. 

The maximum value of the variance of the mean residence times in the dead volume was 

calculated as 0.3 sec2. Typically, the values of temporal variance in the cores were higher 

than 200 sec2. Hence, we concluded that the tracer dispersion the tubing’s and fittings 

were negligible compared to the core samples and could be ignored. 

2.4.9 Flow Rate Considerations 

The pressure drop in the core samples with increasing flow rates was measured. 

The higher permeability of the touching vug core samples was linear for a wide range of 

flow rates (Fig. 2-12a). Flow rates higher than 3 cm3/s caused non-linear pressure drops 

in core #1/3, possibly because the lower vertical permeability values. Because the 

injected tracer concentrations were on a volume fraction basis, in theory the produced 

tracer concentrations were independent of any density changes in air. However, lower 

flow rates were selected for the tracer experiments: (1) because the effects of variable 

fluid density on mass-transfer into dead-end pore volume and stagnant regions are not 

fully understood. (2) The sampling frequency at lower flow rates would produce more 
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breakthrough-concentration data points. In section 2.4.6 we explained that time intervals 

lesser than 5 seconds per sample were not possible. (3) To avoid turbulence effects.  

2.5 Results 

Tracer experiments were successfully performed on the five core samples: # 1/2, # 1/3, # 

2/1, # 2/2 and # 2/3. In this section, the results of the tracer experiments are discussed. 

The experiments were performed at three different flow rates for each core sample (Table 

2-3).  Results of the tracer experiments on core #1/1 will not be presented. Less than 20% 

tracer was recovered in several experiment trials, hence further attempts were not 

conducted.    

2.5.1 Tracer Concentration Breakthrough Curves  

Concentrations of SF6 are reported in parts per million on a volume fraction basis. 

The breakthrough tracer concentration curves (BTC) are shown in Fig. 2-13. Next, the 

tracer concentration was normalized as CV/Q, where V is the pore volume of the core 

(cm3) and Q is the injected volume of tracer (ppm-cm3). The plots of normalized 

concentration vs. pore volumes injected are shown in Figs. 2-14 and 2-16. Jin et al. 

(1995) showed that semilog plot of concentration vs. time can be used to determine if the 

tail of the BTC follow an exponential decline (Figs. 2-15 and 2-17).  
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2.5.1.1 Touching Vug Cores  

Four important observations can be made from the BTC in the touching vug core 

samples (# 1/2, # 2/1 and # 2/2):  

(1) Instantaneous tracer concentration breakthrough was observed in all 

experiment trials (Fig. 2-13).  

(2) The peak value of the tracer concentration was observed within 0.2 pore 

volume injections (PVI). The early arrival times are obvious when the tracer 

concentrations are plotted on a logarithmic scale (Fig. 2-15). This confirmed that 

a connected network of touching-vugs is present in all the cores.  

(3) The peak concentration value drops approximately one order of magnitude 

by 2-2.5 PVI.  

(4) Then, a long tail in the tracer concentration was observed. Note that 

several plateaus in concentration tail were observed and the tail of the 

concentration data does not follow an exponential decline as shown in Fig. 2-15. 

We strongly believe that the multiple plateaus could be caused by flow into and 

out of the dead-end and separate vugs (Zhang et al., 2005). 

These observations indicate that the center of the tracer pulse does not travel with 

the average fluid velocity and the spread of the tracer around the center of the pulse 

cannot be described by Fick’s law (Levy and Berkowitz 2003). 
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2.5.1.2 Lime Mudstone Cores  

BTC of the lime mudstone core #1-3 did not show early breakthrough or a long 

tail in the tracer concentrations (Figs. 2-13 and 2-16).  This confirmed that core # 1/3 

does not have a flowing touching network of vugs. Tracer behavior in core # 2/3 

exhibited early breakthrough times (Fig. 2-17). However, multiple plateaus in the tail of 

the concentration data were not observed. Instead, the tracer concentrations showed an 

exponential decline, which is evident in the linear tail on the semilog plot (Fig. 2-17). 

This strongly suggests that the effects of a flowing network of vugs with dead-end vugs 

were not observed in this core. Moreover, a connected path of vugs would have shown a 

higher value of vertical permeability compared to the measured 53.6 md. Early tracer 

breakthrough followed by an exponential decline in the tracer concentrations have been 

reported in fractured rocks (Becker and Shapiro, 2000; Berkowitz, 2002). The authors 

suggest that the exponential decline is caused by advection through the porous matrix. 

Further, visual examination of CT images in core # 2/3 indicated evidence of a drilling-

induced micro-fracture. Hence, we concluded that the early tracer arrival time was caused 

by a connected network of micro-fractures.  

2.5.2 Background 

A quick summary of the concepts used to determine the core-scale dispersivity is 

now presented. Perkins and Johnston (1963) showed that hydrodynamic dispersion, 

usually measured as the longitudinal dispersion coefficient ( )LD  in one-dimensional 

porous media includes the effects of convective spreading and molecular diffusion, and is 
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dependent on the characteristic Peclet number (Eq. 1.4).  Their review of experimental 

measurements of LD  in unconsolidated sand packs study led to a theoretical curve (Eq. 

1.3) which is shown in Fig. 2-18. This theoretical curve has been validated extensively 

using network of capillary tubes simulations (Saffman, 1960; Bear 1972), 3D pore-scale 

network models (Acharya et al., 2005), and in consolidated porous media such as 

sandstones and dolomites (Legatski and Katz, 1967). Bear (1972) suggested that this 

theoretical curve could be used to identify four separate zones or regimes of 

hydrodynamic dispersion as shown in Fig. 2-18. 

(1) Zone I: In this region ( )0 0.mPe< < 02  diffusion dominates dispersion 

and ( ) constL m mD D f Pe= = . 

(2) Zone II: In this region ( )6mPe <  diffusion and spreading are 

additive ( )1L mD D ≈ . Eq. 1.3 is valid in this region. 

(3) Zone III: Dispersion in this region ( )6 mPe< < 50  is dominated by 

spreading, and diffusion acts to reduce longitudinal spreading. Eq. 1.3 is valid in 

this region. The exponent β  varies between 1 and 1.2. 

(4) Zone IV: In this region, ( )50 mPe >  molecular diffusion can be ignored. 

Dispersion in caused entirely by spreading and can be estimated 

by 1.8L m mD D Pe≈ . However, in this region, turbulence effects are possible and 

the Reynolds number for flow should be checked. 
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Typically, dispersivity measurements in EOR (Lake, 1989) and forced-gradient 

environmental processes (Welty and Gelhar, 1994) assume that the tracer dispersion is 

dominated by convective spreading. A recent study indicates that this assumption is not 

always accurate (John et al., 2008).  Moreover, the molecular diffusion of binary gas 

mixtures can be a few orders of magnitude higher compared to liquid mixtures (e.g. 

for SF20.109 cm /smD = 6 in air compared to  for NaCl in water). 

Hence, we will determine if the measured D

7 23.5 10  cm /smD −= ×

L in the tracer experiments is dominated by 

diffusion or spreading. 

2.5.3 Core-Scale Dispersion 

Tracer concentration profiles of the cores were analyzed using the method of 

moments (Eqs. 1-20, 1-21 and 1-27). The mean residence times, swept pore volume, 

longitudinal dispersion coefficient and the macroscopic Peclet number were calculated 

for all experiments. The summary of the results is presented in Table 2-2. In the next 

subsections, we will determine the core-scale dispersivity, velocity exponent and 

tortuosity of the rocks.  

2.5.3.1 Touching Vug Cores  

The measured LD  values in our core-scale experiments were compared to the 

theoretical curve shown in Fig. 2-18. Because the characteristic length of the touching 

vug rocks is unknown, it is plausible that the L mD D  values could vary horizontally in 

the region ‘A’ shown in Fig. 2-19. The upper and lower bounds of region A correspond to 
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the maximum and minimum values of measured L mD D values in the touching vug cores. 

However, if we assume characteristic length (ζ) to be 9 cm, the measured L mD D  values 

agree with the theoretical curve. We believe that a characteristic length parameter larger 

than the diameter of the core (6.3 cm) does not make physical sense. Hence ζ = 9 cm 

should be interpreted as a curve-fitting parameter that enables conformance of measured 

LD  values with the published data.  

Now, the measured LD  values are in the convective spreading dominated regime 

of the theoretical plot (zone III in Fig. 2-18) and the dispersivity can be determined using 

Eq. 1.6. The plot of DL vs. vβ is shown in Fig. 2-20. The tortuosity of the rocks was 

assumed to be unity (τ = 1) and the dispersivity value is inferred from the slope of the 

trendline, which changes with the values of exponent β. The best-fit linear-trendline 

through the experimental data for the touching-vug cores was obtained for β = 1.1. 

Thereby, a longitudinal dispersivity of 14.25 cm was determined.  

2.5.3.2 Lime Mudstone Cores  

Core # 1/3: Similar to the discussion in the previous subsection, L mD D  in core # 

1/3 could be shifted horizontally in regions B depending on choice of characteristic 

length ζ (Fig. 2-19). If we assume ζ = 0.2 cm, the measured L mD D  values agree with the 

theoretical curve. We believe that the characteristic length parameter of 0.2 cm is 

representative of lime mudstone rocks.  Now, the measured  values for core # 1/3 are 

in the zone II of the theoretical plot (Fig. 2-18). In this region, both convective spreading 

LD
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and molecular diffusion contribute to overall dispersion. Note that β = 1 in this region. A 

longitudinal dispersivity of 0.6 cm and a tortuosity value of five were determined for core 

# 1/3 (Fig. 2-21a).  

Core # 2/3: The measured L mD D  values in core # 2/3 could be shifted 

horizontally in regions C depending on choice of characteristic length ζ (Fig. 2-19). If we 

assume ζ = 13 cm, the measured L mD D  values agree with the theoretical curve. Now, 

the measured LD  values for core # 1/3 are in the zone III of the theoretical plot (Fig. 2-

18). Assuming ζ = 13 cm, dispersion in core # 2/3 is dominated by convective spreading. 

Assuming τ = 5, a longitudinal dispersivity of 34 cm and β =1.8 were inferred for core # 

2/3 (Fig. 2-21b). 

2.6 Discussion of Results 

Our measurements indicated that KV > KH in the touching vug cores, which is rarely 

observed in layered petroleum reservoirs. KV varied from 3.4 to 1.5 darcies, which 

indicated that the vugs were connected in the vertical direction. Immediate tracer 

breakthrough times confirmed that the vugs were connected. Visual observation of the 

touching vug cores indicated large cm-scale vugs. The permeability of the core with a 

connected network of cm-scale vugs would be too large to measure. Instead, the KV 

measurements indicated the vugs were connected through extremely narrow throats. 

Zhang et al. (2005) indicated that the diameters of the narrow throats in the touching vug 

rocks are in the millimeter scale. The KH measurements in the touching vug cores were 

54 



 
constant at approximately 1 darcy. At this point, we cannot explain this remarkable 

observation. A detailed CT image visualization study will be needed to understand KH in 

the touching vug cores. 

The tracer transport behavior of the lime mudstone cores was very instructive. 

The distinguishing characteristic of tracer concentration profiles when the center of the 

tracer pulse does not travel with the average fluid velocity is early tracer breakthrough. A 

connected microfracture (core # 2/3) did not show multiple plateaus in the tail of the 

concentration data suggesting that the spread of the tracer around the center of the pulse 

can be described by Fick’s law. A large variation in the characteristic lengths (ζ = 0.2 and 

13 cm) of rocks of the same lithology is indicating that the observed transport behavior in 

these cores were extremely different. It indicated that the presence of the microfracture in 

core # 2/3 caused non-physical measurements of characteristic length (2 × core-diameter) 

and longitudinal dispersivity (3 × core-length). In the touching vug cores, early tracer 

concentration breakthrough through the connected network of vugs was followed by a 

long tail with multiple plateaus in the concentrations. We believe that the multiple 

plateaus in the tail of the tracer concentrations are caused by dead-end vugs in the 

connected network of touching vugs. Alternatively, the spread of the tracer around the 

center of the pulse cannot be described by Fick’s law when dead-end vugs are present in 

a connected network of vugs. Similar to core # 2/3, non-physical values of characteristic 

length greater than the core-diameter and of longitudinal dispersivity greater than the 

core-length were inferred. As shown in Fig. 2-22, we compared the measured dispersivity 

values in the core-scale tracer experiments with laboratory-scale dispersivity data 
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presented by Arya (1986). The published dispersivity data do not show any clear trend. 

However, the measurements in this study were comparatively larger than the published 

data.  

2.7 Summary 

In section 2.1, we described the extraction of core samples from the Pipe Creek Outcrop. 

Six representative samples were imaged using high resolution X-ray CT scanning in 

section 2.2.  In section 2.3, the results of the permeability and porosity measurements 

were discussed. In section 2.4, the details of the design and experimental setup of the 

core-scale tracer experiments was provided. Finally, the results of the core-scale tracer 

experiments were provided in section 2.5. In summary, laboratory experiments of flow 

and transport were conducted on six core samples (6.3 cm in diameter and 12.7 cm in 

length; core-scale). The important conclusions from this chapter are as follows: 

(1) Core-scale permeability in the touching vug cores varied from 

approximately 10 md in the carbonate matrix to approximately 3 darcy in a 

connected path of vugs. Vertical permeability (KV) decreased with depth and the 

cores showed strong permeability anisotropy in the vertical direction. Fourteen 

out of 16 measurements of directional horizontal permeability in the touching vug 

cores were constant at approximately 1 darcy. The other two measurements on 

core #2/2 were approximately 600 md. 

(2) Typically, in a layered petroleum reservoir KV is usually much less than 

KH. The measurements indicate that KV/KH in the touching vug rocks is greater 
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than one. This result could significantly affect the modeling of petroleum 

movement in this type of carbonate rocks.  

(3) A dependable and reproducible procedure of collecting air samples in 

sealed borosilicate glass vials was developed. This procedure can be easily 

extended to on-site tracer experiments at the Pipe Creek Outcrop (Chapter 3). If 

needed, multiple tracers in air can be used and the collected air samples can be 

analyzed separately in a laboratory. This procedure eliminates the need to 

transport bulky and sensitive chromatographic equipment. 

(4) One dimensional, single-phase gas, conservative tracer experiments were 

successfully conducted on the five core samples: # 1/2, # 1/3, # 2/1, # 2/2 and # 

2/3. Sulfur hexafluoride (SF6) was used as the conservative tracer in air.  

(5) Tracer transport in the touching vug cores showed immediate 

breakthrough times and a long tail in the tracer concentrations characterized by 

multiple plateaus in concentrations. Zhang et al. (2005) observed similar tracer 

transport behavior namely, early breakthrough, multiple plateaus and long tails in 

a rudist rock sample (irregular in shape, but roughly cylindrical, with dimensions 

of 25 cm in diameter and 36 cm in length) from the Pipe Creek outcrop.  

(6) The lime mudstone core # 1/3 did not show early breakthrough or a long 

tail in the tracer concentrations, while core # 2/3 showed early tracer 

breakthrough. However, the tail in the tracer concentrations in core # 2/3 followed 

an exponential decline. We believe the early breakthrough was caused by a 
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drilling induced connected micro-fracture, while the tail in the concentrations was 

caused by advection through the porous matrix.  

(7) The measured longitudinal dispersion coefficient values from the core-

scale tracer experiments were compared to the theoretical curve presented by 

Perkins and Johnston (1963). A characteristic pore-scale length parameter of 0.2 

cm, tortuosity value of 5 and a longitudinal dispersivity of 0.6 cm was observed in 

core #1/3. In core #2/3, conformance to the theoretical curve was obtained using 

non-physical characteristic length parameters of 13 cm. The longitudinal 

dispersivity of core #2/3 was calculated as 34 cm. 

(8) Similar to core # 2/3, in the touching vug cores, conformance to the 

theoretical curve was obtained using non-physical characteristic length parameters 

of about 10 cm. The longitudinal dispersivity of the touching vug cores was 

calculated as 14.25 cm. In summary, the measured characteristic pore-scale length 

parameter is larger than the diameter of the core, while the longitudinal 

dispersivity of the cores was larger than its length. 

(9) We concluded that the immediate tracer breakthrough in the touching vug 

cores confirmed that a connected network of touching vugs was observed at the 

core-scale. In addition, the multiple plateaus in the tail of the tracer concentrations 

were caused by the flow contribution of dead-end vugs in the connected network 

of touching vugs, separate vugs and the carbonate matrix. Finally, the continuum 

assumption was invalid at the core-scale and the 1D-CDE was not applicable.  
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TABLE 2-1: CORE SAMPLE PROPERTIES 

KH (md) 

Sample 
Depth 

(ft) N-S* NE-SW* E-W* SE-NW* average
KV 

(md) KV/KH φ (%)
Grain Density 

(g/cc) 

# 1/1 5 1163 1021 1025 1067 1069 3640 3.4 22.6 2.70 

# 1/2 11 990 970 944 925 957 1357 1.4 15.7 2.70 

# 1/3 24 19 19 14 13 16 9 0.5 22.8 2.71 

# 2/1 7 1010 885 874 972 935 3155 3.4 17.5 2.69 

# 2/2 11 1045 941 623 647 814 1687 2.1 17.4 2.70 

# 2/3 24 74 56 24 35 47 53 1.1 24.5 2.71 

* Orientation of the cores was defined arbitrarily. 
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TABLE 2-2: TEST-MATRIX OF LAB-SCALE TRACER EXPERIMENTS 

Core 

Volume of 
injected 
tracer 

(cc.ppm) 
Flow rate 

(cm3/s) 

Mean 
residence 

time    
(min) 

Velocity 
(cm/s) 

Longitudinal 
dispersion 
coefficient 

(cm2/s) 
Macroscopic 

Peclet number

Swept 
volume 
(cm3) 

Total pore 
volume† 

(cm3) 

Tracer 
recovery 

(%) 
20        1 46.6 0.21 2.0 1.3 47 102
20        2 26.1 0.42 5.8 0.9 52 93

#1/2 20       5 11.4 1.05 13.5 1.0 57 62 96 
100        0.75 103.3 0.11 0.1 16.1 77 98
100        1 80.5 0.14 0.1 17.1 80 99

#1/3 100       1.5 50.7 0.22 0.1 18.5 76 91 103 
20        1 44.7 0.19 3.2 0.7 45 92
200        2.5 18.6 0.47 5.2 1.1 46 91

#2/1 200       5 9.2 0.94 14.7 0.8 46 70 94 
200        1 47.6 0.19 2.2 1.1 48 94
200        1.5 28.5 0.28 1.9 1.9 43 94

#2/2 200       3 14.6 0.57 10.5 0.7 44 69 92 
10000        1 70.0 0.14 1.1 1.7 70 100
10000        1.5 48.4 0.22 2.0 1.3 73 94

#2/3 10000       3 23.3 0.43 7.4 0.7 70 98 97 
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Fig. 2-1: Continuous core samples extracted from both monitoring wells, from 5 ft 

to the bottom of the borehole at 25 ft below the surface. 



 

Surface Water 

Saturated Zone 

Fig. 2-2: The schematic of the Pipe Creek Outcrop: Two monitoring wells were drilled; the depths at which the 
representative core samples (core-scale) were extracted are indicated in blue. 
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Fig. 2-3: Length-center X-ray CT scans image of the core samples. 
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Fig. 2-4: Measured permeabilities of the core-samples vs. the depth at which the 
cores were extracted at the Outcrop (average values of horizontal permeability are 
shown).  
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Fig. 2-5: Plot of average horizontal permeability of the touching vug cores is shown. 
The bars in the y-axis represent the range of the permeability values of each core.  
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Fig. 2-6: Core samples enclosed in heat-shrunk Teflon wrap sealed inside 
polyethylene tubing with epoxy.  

 
Fig. 2-7: Schematic of the laboratory setup used to conduct the tracer experiments. 
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Fig. 2-8: Sampling procedure using crimped top borosilicate glass sampling vials 
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Fig. 2-9: Sample SF6 chromatogram produced when a sample of air containing SF6 
is injected in an ECD-GC (After USGS, chlorofluorocarbon laboratory). The area 
under the curve shown in red is integrated to obtain the GC signal in mV-min. The 
integrated area under the curve is proportional to the concentration of SF6 in the air 
sample. 

66 



 

y = 1002.7x + 1479.6

0

50

100

150

200

250

300

0 50 100 150 200 250 300

Th
ou

sa
nd

s

SF6 Concentration, ppm

Re
te

nt
io

n,
 m

V
-m

in
 

 
Fig. 2-10: The calibration curve for SF6 concentration vs. the ECD-GC signal is 
shown.   
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Fig. 2-11: Variations in the measurement of SF6 concentrations caused by human 
error are shown. The vertical error bars represent the maximum and minimum 
measured concentration values. 

67 



 

0

2.5

5

7.5

10

0 50 100 150 200 250

Flow rate, cc/s

Pr
es

su
re

 d
ro

p 
(∆

P)
, p

si
#1/2
#2/1

#2/2

(a)

0

0.5

1

1.5

2

2.5

0 2 4 6 8

Flow rate, cc/s

Pr
es

su
re

 d
ro

p 
(∆

P)
, p

si

10

#1/3

#2/3

(b)

 
Fig. 2-12: The pressure drops across the length of the core vs. the flow rate of gas.  
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Fig. 2-13: Tracer concentration breakthrough curves in the core-scale experiments.  
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Fig. 2-14: Plot of normalized tracer concentration vs. injected pore volumes in the touching-vug cores is shown. 
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Fig. 2-15: Semilog plot of normalized tracer concentration vs. injected pore volumes in the touching-vug cores is shown. 
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Fig. 2-16: Plot of normalized tracer concentration vs. injected pore volumes in the 
mud limestone cores is shown. 
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Fig. 2-17: Semilog plot of normalized tracer concentration vs. injected pore volumes 
in the mud limestone cores is shown. 
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Fig. 2-18: Theoretical curve of longitudinal dispersion coefficients vs. characteristic 
Peclet number for unconsolidated porous media (After Perkins and Johnston, 1963) 
is shown. 
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Fig. 2-19: Measured longitudinal dispersion coefficients in cores containing touching-vugs (this study) compared to the 
theoretical curve from Perkins and Johnston (1963).  
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Fig. 2-20: The longitudinal dispersivity of touching vug cores was determined using 
Eq. 1.3 as shown.. 
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Fig. 2-21: The longitudinal dispersivity of the lime mudstone cores, (a) Core # 1/3; 
(b) Core # 2/3, was determined using Eq. 1.3 as shown.  
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Fig. 2-22: Comparison of measured longitudinal dispersivity values in the touching 
vug cores from this study with published experimental data from Arya (1986). 
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Chapter 3: Field-Scale Experiments 

In this chapter, we will study the field-scale (1.5-meter interwell distance) flow and 

transport behavior of touching vug carbonate rocks at the Pipe Creek Outcrop. First, the 

well completion details for the two monitoring wells drilled at the Pipe Creek Outcrop are 

provided. Then, the equipment, setup, results and conclusions of the field-scale steady-

state flow, conservative tracer, pressure transient (injectivity test) and surface-tracer 

detection-test are provided.  

3.1 Well Completion 

In this section, we discuss the well completion details of the two monitoring wells 

(Anderson #1 and Anderson #2) that were drilled at the Pipe Creek Outcrop. Continuous 

core samples were extracted from 5 to 26 ft below the surface. We explained in chapter 2 

that the Pipe Creek rudist debris deposit extended 21 ft below the surface. The water table 

was measured at 18 ft below the surface in both wells. All measurements were made with 

surface level as datum and increasing depth downward from the surface (Fig. 3-1). The 

objective of the field-scale experiments was to test the connectivity of vugs in the field-

scale for distances of a few feet by conducting flow and transport experiments. The 

implications of the static water level (at 18 ft) and transition depth (at 21 ft) were that 
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flow and transport tests in the saturated zone (18 ft and below) would not test the 

formation of interest, the Pipe Creek rudist debris deposits. On the other hand, an 

unsaturated zone airflow and gas tracer tests would be limited to the vertical extent of the 

subsurface extending from the surface to the static water level (Fig. 3-1).  

Therefore, the design objectives of the well completion were as follows: to 

provide a safe channel for pumping or extracting air from or into the surface and the 

subsurface, to avoid restricting airflow from/into the subsurface (avoid pressure drops in 

the channeling system), and to maintain the flow channel free of water and sand during 

the experiments. These design objectives were implemented successfully by a team of 

engineers from Intera and Straub Corporation. Next, the completion process for Anderson 

# 1 is discussed in detail. 

The well construction details were provided by Intera (Fig. 3-2 and 3-3). The 

bottom of the borehole was measured at 25.9 ft. One hundred pounds of sand was poured 

into the bottom of the borehole. The depth to the top of the sand was measured at 22.6 ft. 

Then, 160 lbs of Baroid™-Bentonite-Pellets were poured into the borehole. These pellets 

were manufactured from compressed, high-yielding, and untreated Wyoming bentonite. 

In the presence of fresh water, the pellets swelled and formed a semi-solid, flexible seal. 

The depth to the top of this seal was measured at 15.5 ft. A section of schedule-80 PVC 

pipe, 9.93 ft in length and 3.826 inches in internal diameter was used as casing. The 

casing pipe (flush joint in Figs. 3-2 and 3-3) was attached to a 4.46 ft long, 4-inch internal 

diameter, slotted, schedule-40 PVC screen. The screen consisted of 0.01-inch slots along 

the circumference of the PVC pipe. The slots were designed such that they filtered coarse 
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sand grains without restricting airflow. The casing-screen assembly was then lowered 

into the borehole and securely positioned with metal centralizers. One hundred thirty-five 

pounds of 20/40 industrial grade silica was used as completion sand. The sand was 

carefully poured into the casing-screen annulus. The depth to the top of the completion 

sand (filter pack in Figs. 3-2 and 3-3) was measured at 9.75 ft. Then, 50 lbs of Baroid™-

Bentonite-Pellets were poured into the borehole annulus. Fresh water was introduced into 

the annulus to initiate the seal. The top of the seal was measured at 6.9 ft. The casing-

screen assembly was cemented to the borehole using cement-bentonite slurry. The depth 

to the top of the cement was measured at 1 ft. A section of the PVC casing (0.75 ft) 

extended above the cement. The depth to the top of the casing was measured at 0.25 ft. A 

sloped concrete enclosure with a well vault was constructed at the surface of the 

borehole.  

An identical casing-screen assembly was used in Anderson Well # 2. The 

completion processes for Anderson Well # 2 were mostly identical. Some differentiating 

factors were: 1) the bottom of the borehole for Well # 2 was measured at 25.6 ft 

compared to 25.9 ft in Well # 1. 2) One hundred thirty-five pounds of completion sand 

was used in Anderson Well # 1 compared to 125 lbs in Well # 2. 3) The depth to the top 

of the filter pack was measured at 9.83 ft in Well # 2 compared to 9.75 ft in Well # 1.  

In conclusion, 9.75 to 15.5 ft of the subsurface of the outcrop was successfully 

completed in both monitoring wells. Finally, the wells were shut-in using an adjustable 

O-ring cap on the top of the casing and the well vault was closed.  
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3.2 Equipment 

In the previous section, we described the subsurface well completion details. In this 

section, a list of the equipment used for conducting the field-scale experiments is 

detailed. 

3.2.1 Removable Wellheads 

The casing was completed a few inches below ground level. A portable system 

that would attach to the casing was required to conduct flow experiments. In this 

subsection, a description of the surface equipment or the wellhead arrangement used to 

conduct the field-scale experiments is provided.  

The design requirements of the wellheads were that they had to be easily 

transportable, attached to and later detached from the casing with relative ease, and 

provide for the necessary ports and attachments for pressure gauges, compressors, and 

vacuum pumps.  

Table 3-1 shows a list of all items that were used to design the wellhead. 

Schedule-80, 4-inch outer diameter PVC was used to construct the wellheads. Fig. 3-4 

shows a detailed description of the wellhead arrangement. Identical wellhead 

arrangements were used for both wells. First, the female adapter was glued to one end of 

the flush joint using PVC primer and cement. The solid flange was glued to the other end 

of the flush joint. The blind flange was secured to the solid flange using the gasket and 

steel bolts. The blind flange was fabricated to provide three ¼-inch NPT thread 
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connections. These connections provided inlets/outlets for vacuum pumps, pressure 

gauges, and flow meters. The removable wellhead refers to the assembly consisting of the 

female adapter, flush joint, solid flange, and the blind flange (Fig. 3-4). The male adapter 

was glued to the subsurface casing pipe, and was considered part of the wellbore 

assembly.  

3.2.2 Removable PVC Pipes 

Two sealed PVC pipes, 3 inches in diameter and 18 feet, were inserted inside the 

casing to reduce the dead volume inside the wellbore. The ends of two PVC pipes were 

sealed using adjustable O-ring caps. The flow inside the wellbore was limited to the 

annular region of the production casing. The approximate volume of the casing available 

for flow was 1.13 ft3, compared to 2.84 ft3 without the removable PVC pipes. 

3.2.3 Gas Tracers 

Two conservative gas-tracers, sulfur hexafluoride (SF6) and methane (CH4), were 

selected. In chapter 2, the reasons for selecting SF6 as a gas tracer are discussed. CH4 has 

been successfully used as a tracer for vadose-zone characterization (Deeds et al., 1999; 

Simon and Brusseau, 2006). Mariner et al. (1999) used CH4 and SF6 as conservative 

tracers in a vadose zone partitioning interwell tracer test (PITT). Some of the important 

physical properties of the tracers are presented in Table 3-2. Published literature indicates 

both tracers were non-toxic, cheap, and easily available, have very low detection limits, 

and do not absorb, decay or react in the test environment. 
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The gas tracers were obtained from Matheson Tri-Gas™. A 2500 ppm volume of 

methane in air, calibration standard (size L-B cylinder) and certified plus 99.8% purity 

5000 ppm volume of SF6 in nitrogen (size 6R cylinder) were used. The gas-tracer 

cylinders were equipped with CGA 180 mini-pressure-regulators, which were used to 

control the flow rates of tracer gases leaving the cylinder. 

3.2.4 Pressure Relief Valve 

According to ASTM F480, Section X2 standards, the Schedule-40 and -80 PVC 

in our casing and wellhead design showed collapse strengths of 120 and 361 psi, 

respectively. However, it was recommended that PVC screens not be subjected to 

pressures exceeding 50 psia (Straub, R., personal communication). The main safety 

concern in our field-experiment was the ability of the cement seal to hold the casing in 

place inside the borehole when the maintained pressure inside the casing is above 

atmospheric pressure. Under high overburden pressures, the cement seal could fail, 

resulting in the casing to blowout of the borehole. As a safety precaution, a Swagelok™ 

pressure-proportional, RL3 series, ¼-inch Swagelok™ tube-fitting relief valve was 

attached to the injection wellhead. The pressure relief valve was calibrated at a 30 psia 

differential limit. 

3.2.5 Compressor 

A portable Husky Air-Scout™ compressor was used to pump air into the injection 

well. The compressor had a 1.5-gallon storage tank and a maximum pressure rating of 
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135 psig. The flow rate from the compressor was controlled by a pressure regulator. In 

other words, the compressor operated at a constant pressure by varying the flow rate at 

the outlet. 

3.2.6 Mini Blower 

A GAST™ rotary-vane, dry operation, mini-blower was used at the production 

well. A rotameter was connected to the outlet end of the blower to measure the effluent 

airflow rate. The mini-blower was operated as a vacuum pump that extracted air from the 

production well at a constant flow rate.   

3.2.7 Pressure Gauges 

Two Fisherbrand™, digital, traceable™ manometer pressure/vacuum gauges, 

with a range of 15 psi pressure differential, were used to determine pressures at the 

injection and production wellheads.  

3.2.8 Flow-Meters 

Two Dwyer™ flow meters, ranging from 20 to 200 standard cubic feet of air per 

hour, were used to measure flow rates at the injection and production wells. In addition, 

two Dwyer™ mini-flow-meters, ranging from one to 10 liters per minute of air, were 

used to measure the input flow rates of the tracer gases. 
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3.2.9 Flow Lines and Valves 

A combination of Swagelok™ ¼-inch flexible metal tubing and fittings, and two-

way and three-way needle valves, was used to control flow. 

3.2.10 Sampling Vials 

The procedure for collecting air samples is described in chapter 2. 

3.2.11 Portable Generator 

A 1200W portable generator was used to supply power to the compressor and 

vacuum pump. 

3.2.12 Portable Leak Detector 

A TIF XP-1™ portable refrigerant leak detector was used to conduct a tracer 

detection test at the surface of the outcrop. According to the product manual, portable 

leak detectors are commonly used to detect SF6 leakage in high voltage circuit breakers. 

The detector featured seven levels of sensitivity with an ultimate sensitivity of less than 3 

gallons/year. 

3.2.13 Instrument Calibrations and Control of Errors 

Several precautions were taken to prevent flow-leaks in the experiment setup. 

PVC pipe grease was used to prevent the leakage of air at the joints of the casing and 

wellheads. All threads and fittings were wrapped in Teflon tape. Measuring instruments 
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such as flow meters and pressure gauges were calibrated to account for drift in the 

measurements. Note that all calibrations were performed at room temperature (70° F).  

3.3 Steady State Flow and Tracer Experiment 

In subsection 3.1.1, we explained that the rudist-reef-debris-deposits facies of the outcrop 

was isolated for further testing. In this section, a systematic description of the field 

experiment is provided. The zone of interest lies in the unsaturated zone of the outcrop, 

and hence airflow and gas-phase tracer experiments were designed.  

A two-well or doublet steady-state airflow and tracer test was designed using 

Anderson #1 as the injection well and Anderson #2 as the production well. In subsequent 

sections, we refer to the completed borehole assembly as the wellbore. The wellhead 

assembly was attached to the wellbore; the removable wellhead attached to the injection 

and productions wellbores are referred to as the injection and production wellhead, 

respectively. Further, we will use the term reservoir to refer to the three-dimensional 

region containing the two monitoring wells. The reservoir is assumed to unbounded in the 

xy-plane; the coordinate system is shown in Fig. 3-5. The vertical dimension of the 

reservoir was 18 ft from the surface of the outcrop to the static water level. 

The field-experiment was conducted on March 9, 2007. The ambient air 

temperature during the field experiment was assumed constant (70° F). First, the well 

vaults of Well # 1 and #2 were opened and the wellbore was inspected for changes in the 

depth of the water table. A small pool of condensed water was noticed at the bottom of 

the casing-screen assembly. In both wells, the completed portion of the wellbore was dry 
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and we assumed that the water table remained unchanged at 18 ft below the surface of the 

outcrop. Then, the removable PVC pipes were lowered into the wellbore. Later, the 

removable wellheads were attached to the casing. We assumed that the production casing 

was centered inside the wellbore.  

The overall schematic of the field-scale experiment is shown in Fig. 3-6. The 

description of the equipment setup at the injection wellhead is shown in Fig. 3-7. A 

picture at the surface of the outcrop is shown in Fig. 3-8. The outlet ends of the air 

compressor and the tracer cylinders were connected to a T-union. Three flow meters were 

used on the injection wellhead assembly to measure the individual tracer flow rates and 

the total flow rate. The inlet end of the mini-blower was connected to the production 

wellhead. A flow meter was used to measure flow rate at the outlet end of the mini-

blower. A small portion of the outlet end flow was diverted for sampling at constant time 

intervals and the rest was vented to the atmosphere.  

3.3.1 Steady State Flow Experiment 

First, the mini-blower was operated and the flow rate at the production well was 

measured at 1.5 ft3/min. Then, the pressure regulator on the air compressor was adjusted 

to obtain an equal injection flow rate. The injection and production wellhead pressures 

were constant (approximately 15.7 and 13.7 psia, respectively) over a 30-minute period 

as shown in Fig. 3-9. Therefore, the two-well, steady state, and equal strength airflow 

was established. In addition, some air samples were collected during the flow test. 
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3.3.2 Tracer Test 

Pulse inputs (slugs) of SF6 and CH4 were introduced into the injection well 

without affecting the steady-state injection wellhead and production wellhead flow-rates 

and pressures. Both tracers were simultaneously introduced into the injection flow line as 

shown in Fig. 3-7. Note that the air compressor was operated as a constant pressure 

source. However, the total injection flow rate and injection wellhead pressure remained 

constant over the duration of the tracer injection. The tracer test was designed such that 

slugs of SF6 and CH4 tracer slugs were injected for 5 minutes at a constant flow rate. 

However, the flow capacity of the CH4 tracer cylinder was miscalculated, and the CH4 

slug was limited to 2.45 minutes. The SF6 slug was injected for 5 minutes, as designed. 

At the production well, air samples were collected at regular time intervals. The injection 

and production flow rates and pressures were noted over the duration of the experiment.  

3.3.3 Determining Tracer Concentrations 

It is important to note that we did not analyze the outlet air samples on-site; 

rather, they were performed in the laboratory with a few hours delay. In chapter 2, the 

process for gas sample acquisition and SF6 concentration analysis was established. A 

flame-ionization detector gas chromatograph (FID-GC) was used to determine CH4 

concentrations in the samples. The calibration curve for CH4 concentrations is shown in 

Fig. 3-10. Note that SF6 and CH4 concentrations were measured independently, and 

therefore, were free of any systematic errors in chromatographic analysis. 
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3.3.4 Measured Flow Rate Corrections 

The Rotameters used to measure volumetric airflow rates were calibrated using 

air at atmospheric pressure. The Rotameter readings must be adjusted for the specific 

gravity of the gas, and the pressures at which they were measured. According to the Cole-

Parmer technical library, the corrected standard flow rate qsc is calculated as follows: 

 sc
g atm

Pq q
Pγ

=  (3.1) 

where q  is the observed flow rate, 

γg  is the specific gravity of the flowing gas,  

Patm  is atmospheric pressure, and   

P  is the pressure at the outlet of the rotameter. 

The corrected injection and production flow rates were 1.56 and 1.44 scf/min, 

respectively. We speculated that this discrepancy in the flow rates was within the margins 

of human error in the observed rotameter readings; the injection and production flow 

rates were assumed 1.5 scf/min. Then, the injection flow-rates of the tracers were 

corrected using Eq. 3.1. The specific gravity of the SF6 tracer was estimated at 0.987, 

using the ideal gas law and the law of mixtures. The corrected injection flow rates for SF6 

and CH4 were 0.15 and 0.12 scf/min, respectively. Hence, the injected concentrations of 

SF6 and CH4 were calculated as 500 and 200 ppm, respectively. 
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3.3.5 Dead Volume Corrections 

The volume of the wellbore arrangement was calculated as follows: 

 ( ) (2 2 2 2

4 4w c c pc s s pcV L d d L d dπ π⎡ ⎤ ⎡= − + −⎢ ⎥ ⎢⎣ ⎦ ⎣ ⎦
)⎤⎥  (3.2) 

where dc is the inner diameter of the casing, 

Lc is the total length of the casing, 

dpc is the outer diameter of the production casing, 

ds is the inner diameter of the screen, and 

Ls is the total length of the screen interval. 

This volume was calculated at 1.13 ft3. The volume of the tube fittings, valves, 

flow meters, and mini-blower were difficult to estimate. In addition, the flow rate through 

the sampling needle was unknown. We estimated that the mean residence time in the 

dead volume was approximately 1 minute. Assuming incompressible and laminar flow in 

an annulus, the pressure drop in the wellbore was negligible (Bird et al., 1960; Eq. 2.4-

16). Note that the completion sand was not considered dead volume. In addition, we 

needed to calculate the temporal variance of the mean residence times in the dead volume 

(Eq. 1.26). Note that Eq. 1.26 was derived for flow in pipes and is valid only for large 

values of Peclet number. For convenience, the annular flow inside the wellbore 

arrangement was compared to an equivalent pipe-flow case. The equivalent diameter of 

the wellbore was calculated as follows: 
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d
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=

+
 (3.3) 

The Reynolds number for flow in the wellhead arrangement was calculated as 

967; the flow was laminar. We assumed the higher value of the diffusion coefficient of 

CH4 in air as the equivalent diffusion coefficient of the tracer mixture in air, and a value 

of 690 for the characteristic Peclet number was calculated (Eq. 1.4). Hence, Eq. 1.26 was 

valid and the variance of the mean residence times in the wellbore was calculated as 

0.024 min2. We showed in chapter 2 that the variance in the tubing and fitting were 

negligible. Further, we used the method of moments to show that the calculated variance 

in the wellbore was negligible compared to the vuggy rocks and could be ignored. 

3.3.6 Analysis of Steady State Flow Experiment 

In this subsection, the results of the flow experiment are analyzed. A steady state 

injection and production rate of 1.5 scf/min, and injection and production wellhead 

pressures of 15.7 and 13.7 psia, respectively, were observed in the field-scale flow 

experiment. Because the entire thickness of the reservoir is not completed (Figs. 3-1, 3-2, 

3-3 and 3-6), the flow into the wellbore is restricted and cannot be approximated by two-

dimensional models that assume radial flow at the near-wellbore region. The hydraulic 

flow field could not be accurately modeled by 2-D equations (Fig. 3-6). In chapter 4, the 

flow rate and observed pressures are matched to the numerical simulation of the 3-D 

diffusivity equation and Darcy’s law to infer the permeability at the field scale. However, 

the permeability could be estimated using the 2-D streamline solution to the diffusivity 
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equation. Assuming the injection and production well could be modeled as a line source 

and line sink, steady state flow, constant fluid and rock properties, and isotropic 

permeability, the hydraulic potential could be estimated as: 

 ( )
( ) ( )

( ) ( )

2 2

2 2

ln
,

4 ln

iw iw

pw pw

x x y yqx y c
kh x x y y

µ
π

⎧ ⎫⎡ ⎤− + −⎣ ⎦⎪Φ = − +⎨
⎡ ⎤− − + −⎪ ⎪⎢ ⎥⎣ ⎦⎩ ⎭

⎪
⎬  (3.4) 

where  (xiw yiw) are the coordinates of the injection well, 

(xpw,ypw)  are the coordinates of the production well, and  

c   is a constant. 

The derivatives of the potential function yield the velocities (Fig. 3-11). For a 

detailed derivation, the reader is referred to Pope (2002, Chapter 1, Fluid Flow through 

Permeable Media, Course Notes). Note that the pressure distribution was symmetric 

along the y-axis. The pressure drop between the injection and production wells (∆P) 

could be calculated as: 

 ln
w

q DP
kh r
µ

π
⎛ ⎞

∆ = ⎜ ⎟
⎝ ⎠

 (3.5) 

where D is the interwell distance, 

rw  is the radius of the wellbore. 

The steady state flow rate was 1.5 scf/min and the pressure drop between the 

wells was 2 psi. The viscosity of air at the test conditions was 0.018 cp (Lide, 1999). The 
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interwell distance is 5ft and the wellbore radius is 0.3 ft. Substituting in Eqs. (3-2) and (3-

3): 

 2.7 darcy-ftkh =  (3.6) 

Recall that the completion intervals for the injection and production wells were 

5.75 and 5.67 ft thick (Figs. 3-2 and 3-3). In addition, the vertical dimension of the 

unsaturated zone was 18 ft from the surface of the outcrop to the static water level (Fig. 

2-1). In section 3.5, we will show that surface of the outcrop acts a no-flow boundary. In 

section 3.6, we will discuss the observations that indicate the flow-field in the steady-

state field experiments is radial. Hence, we speculated that the effective thickness of the 

reservoir in our test was between 6 and 18 ft. The limiting values of h were substituted in 

Eq. (3.6) to obtain a corresponding range of permeabilities: 

 
450 md; for 6

150 darcy; for 18

k h

k h

ft

ft

≈ =

≈ =
 (3.7) 

We concluded that the field-scale permeability value was in the one hundred-

millidarcy range.    

3.3.7 Analysis of Tracer Experiment 

In this subsection, the results of the tracer experiment are analyzed. 
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3.3.7.1 Tracer Breakthrough Curves 

The raw data of tracer concentrations over time are shown in Figs. 3-12 and 3-13. 

We explained in chapter 2 that the calibration curves of tracer concentrations were 

performed with atmospheric air as the balance gas. Hence, a value of zero ppm represents 

the background concentration of the tracers in air. However, the background 

concentration of SF6 in the air from the outcrop may have been affected by previous trials 

of field-scale experiments. Clearly, the concentration of SF6 in the air samples collected 

during the steady-state flow-experiment show values of approximately 5 to 6 ppm (Fig. 

3-14). Further, the concentrations of SF6 in the tail of the breakthrough curve drop to 1 

ppm. Injection of CH4 tracer into the subsurface was not conducted previously and hence 

CH4 background concentrations were zero.    

Concentration profiles for both tracers showed a smooth upper envelope with a lot 

of variability below, but not above the envelope (Figs. 3-12 and 3-13). A crossplot of SF6 

and CH4 concentrations plotted for the same sampling vial, and thereby time interval, is 

shown in Fig. 3-15. There was a noticeable linear trend in the tracer concentrations; 

samples of higher concentrations of both tracers agreed. There were no data points on the 

left of this trend (i.e., there were no samples in which the SF6 concentration was 

significantly higher than that of CH4). In particular, there was a higher variability in the 

concentrations of CH4. The scatter in the concentrations was limited to low 

concentrations of CH4. It was inferred that the variability in the concentrations below the 

envelope were indicative of poor sample integrity. The data points corresponding to the 

outer envelope on the tracer breakthrough curve were selected for further analysis. The 
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mean residence time of the dead volume was subtracted to obtain Fig. 3-16. These data 

points corresponding to the outer envelope were superimposed on the raw data in the 

crossplot (Fig. 3-15).    

Fig. 3-16 was considered the corrected breakthrough tracer concentration curves 

(BTC) for the field-scale experiment. The semilog plot of the BTC is shown in Fig. 3-17. 

Three important observations were made from Figs. 3-16 and 3-17. First, the first arrival 

time of tracer concentration was 4.5 min, which was determined from the CH4 tracer 

concentration data. Second, a peak-concentration arrival-time of 17 min was observed for 

both tracers. Third, the observed tracer-concentration profile in the field-scale experiment 

did not show early breakthrough or a long tail in the tracer concentrations, which were 

observed in the core-scale experiments, in particular, early concentration breakthrough. 

In fact, both the increase in the tracer concentrations to the peak value and the tails in the 

concentration data are linear on the semilog plot (Fig. 3-17). Instead, these observations 

indicate that the center of the tracer slug at the field-scale traveled with the average fluid 

velocity and the spread of the tracer around the center of the slug can be described by 

Fick’s law.  

3.3.7.2 Method of Moments Analysis 

At this point, we neglected the pore space occupied by residual water saturation. 

The method of moments (Eqs. 1-21, 1-23, and 1-24) was used to determine the mean 

residence times and swept volumes of the tracers (Table 3-3). The tracer concentration 

tail was extrapolated using an exponential tail as shown in Fig. 3-18. The second 
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temporal moment or variance of the tracer breakthrough curves (Eq. 1.25) were 1913 and 

1468 min2 for CH4 and SF6, respectively, compared to 0.024 min2 in the wellbore 

(subsection 3.3.5.2). Our assumption that tracer dispersion in the dead volume was 

negligible was validated.  

3.3.7.3 Estimating Dispersivity from Type-Curves 

Evaluating longitudinal dispersivity in a two-well tracer test is difficult because 

the time of flight of each streamline is different (Fig. 3-11). Exact analytical solutions for 

two-well tracer tests are not available. Assuming a confined aquifer, two dimensional, 

incompressible and steady state in a streamline coordinate system, constant rock 

properties, pulse tracer input, and negligible molecular diffusion effects and transverse 

dispersivity Gelhar (1982) presented an approximate analytical solution for two well 

tracer tests. Welty and Gelhar (1994) used the above analytical solution to study field-

scale dispersion at two test sites. They observed that only the early part of the 

breakthrough curve in a two-well tracer test is sensitive to dispersion, whereas the shape 

of the tail results from the advection pattern of the tracer. However, since molecular 

diffusion and transverse dispersivity are neglected the solution is inaccurate for small 

Peclet numbers (Tiedemann and Hsieh, 2004).  

We compared the tracer-concentration-breakthrough curve for CH4 in the field 

experiment to the two-well tracer type curves presented by Welty and Gelhar (1994). 

These type curves were generated for a pulse tracer input, compared to the slug-type 

tracer input in the field-experiment. Hence, the early part of the CH4 breakthrough 
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concentration data was compared. Assuming radial flow and a reservoir thickness of 5.75 

ft, the tracer-concentration-breakthrough curve for CH4 in the field experiment was fit to 

the type curves by varying the effective porosity (Fig. 3-19). An effective porosity of 

0.17 and a longitudinal dispersivity of 0.5 ft were estimated from the match. Perhaps 

another interesting argument could be that the tracer-concentration-breakthrough curve 

from the field-scale tracer experiment did not show any effects of flow, interference or 

leakage, from or to the lateral dimensions of the reservoir. 

Similar to the assumptions used to derive Eq. (3.4), equal-rate (q) line-source 

injection and line-sink production wells, and neglecting dispersion, the breakthrough time 

(T) for two wells separated by a distance D can be calculated from the velocity of the 

shortest streamline between the wells as follows (Pope, 2002): 

 
2

3
h DT

q
π φ

=  (3.8) 

The average porosity of the touching vug cores extracted from the same depth 

was used as the reservoir porosity (φ = 0.17; Table 2-1). The completion interval was 

used as the effective reservoir thickness (h=5.75 ft; Figs. 3-2 and 3-3). Substituting these 

values in Eq. 4.8 a breakthrough time of 17 minutes was predicted. With the assumptions 

of negligible molecular diffusion and transverse dispersivity used by Welty and Gelhar 

(1994) to derive the tracer type-curves, the breakthrough time in the field tracer-

experiment could be estimated as the arrival time of the peak concentration value 

corresponding to center of the tracer-slug. A breakthrough time of 17 min was observed 
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for both tracers in the field tracer-experiment (Fig. 3-16). This demonstrates that the 

tracer travel time along the shortest streamline between the injection and production wells 

in the field-scale tracer experiment is comparable to a uniform porous media with the 

same porosity as the touching vug rocks. 

3.4 Injectivity Test 

An airflow injectivity test (analogous to a drawdown test on a production well) was 

conducted on Anderson Well #1. The response in the pressure readings over time on the 

digital pressure gauge attached to the injection wellhead was recorded using a digital 

camcorder. The pressure transient stabilized very quickly, within 10 seconds, as shown in 

Fig. 3-20. The parameters under the test conditions are detailed in Table 3-4.  

Recall that the effective thickness of the reservoir in our test was between 5.75 

and 18 ft. The limiting values of h were substituted in the airflow equations described in 

chapter 1 (Eq. 1.44) to obtain the corresponding range of permeability. The observed 

bottomhole pressure was compared to the pressure predicted by the analytical solution to 

determine permeability. First, we will determine the total skin factor S in Eq. (1.44), 

which can be expressed in terms of its individual components as follows (Economides et 

al., 1994):  

 d c p pseudoS s s s sθ+= + + +  (3.9) 

In section 3.1, we explained that only 5 ft of the wellbore was in contact with the 

reservoir thickness of 18 ft. This restricted the entry of airflow from the reservoir into the 
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wellbore, causing a partial completion skin factor. Damage skin (sd) can be caused by 

drilling fluid invasion, but our monitoring wells were air-drilled and the damage skin 

factor was assumed equal to zero. In addition, the perforation skin factor (sp) was not 

applicable. The pseudo-skin factor is a term used to account for rate- and phase-

dependent effects. No traces of water were detected at the outlet of the production well 

over the duration of the experiment (single-phase flow). Hence, phase-dependent effects 

did not cause pseudo skin effects. Rate-dependent skin factors are common in high flow 

rate gas-wells where turbulent flow cause non-Darcy flow in the near-wellbore region. A 

Reynolds number (Re) of 0.13 was calculated for the flow rate of 2.5 scf/min at the 

interface of the completion sand and wellbore screen. According to Bear (1972), Re 

ranging from one to 10 is considered laminar flow, hence any rate-dependent effects were 

absent in the experiment. Hence the total skin factor has only one component (sc+θ), 

which is caused by well deviation (sθ) and partial completion effects (sc). Because the 

monitoring wells were drilled vertically sc+θ is reduced to sc the partial completion skin 

factor (sometimes referred to as limited entry skin factor).  

 0d ps s= =  (3.10) 

c cs sθ+ =  (3.11)  

cS s=  (3.12)  

For h = 5.75 ft, the completion thickness is equal to the reservoir thickness and 

sc=0. For h = 18 ft, the value of sc was calculated to be 4.64 (Eq. 1.43). The skin factor is 
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positive indicating that there is significant flow constriction causing spherical flow in the 

near-wellbore region.    

Assuming an average core-scale porosity value of 0.18, bottomhole pressure 

profiles for different permeability values were calculated. For h = 5.75 ft, K = 160 md 

and for h = 18 ft, K = 315 md, produced the best fit to the observed pressures (Fig. 3-21). 

The sum of squares of the difference between observed and calculated pressures was 

minimized to confirm the permeability match (Fig. 3-20). In a vertical well, the effective 

permeability has an inverse relationship with thickness of the reservoir. However, a 

higher permeability value was obtained for h = 18 ft compared to h = 5.75 ft. This 

observation indicates that the entire thickness of the unsaturated zone at the Pipe Creek 

Outcrop did not contribute to flow. This meant that the pseudo-steady state assumption 

used to calculate the partial completion skin factor in Eq. (1.43) was inaccurate. Hence, 

we inferred 160 md to be representative of field-scale permeability.      

3.5 Surface Tracer Detection Test 

For reservoir modeling purposes, it is important to know if the surface of the outcrop can 

be considered a no-flow boundary. A steady state flow setup similar to the tracer test was 

used and SF6 tracer was injected into the outcrop subsurface (step input). Then, for a few 

minutes, the surface-level of the outcrop was manually scanned with the SF6 leak detector 

as shown in Fig. 3-22. From basic unit conversions, it was determined that for the 5000 

ppm volume tracer injected into the outcrop, surface escape rates of less than 1.5 × 10-4 
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scf/min would have been detected. No tracer was detected at the surface, which led us to 

conclude that the tracer flow was limited to the subsurface of the outcrop.  

3.6 Discussion of Results 

We estimated the field-scale permeability using the results of the steady-state flow test 

and the pressure transient test on the injectivity well. Both measurements indicate that for 

limiting values of the effective thickness of the reservoir in our test, from 6 to 18 ft, the 

corresponding range of permeabilities is 150-450 md.  

The field-scale tracer experiments did not show early breakthrough and long tails 

that were observed in the core-scale experiments. Large permeability values (several 

darcy) and immediate tracer breakthrough times confirmed that a flowing-connected-

network of vugs was observed at the core-scale. However, our measurements indicate 

that the field-scale permeability was in the range of a few hundred millidarcy. Perhaps a 

connected network of vugs would have indicated a higher value of permeability. In 

particular, a touching-flowing-network of vugs between the monitoring wells would have 

shown immediate tracer breakthrough. In addition, assuming two-dimensional steady-

state flow assumption, effective reservoir thickness equal to the completion thickness and 

average core-scale porosity, the arrival time of the center of the injected tracer slug (peak 

concentration) can be predicted by the breakthrough time of the shortest streamline 

between the injection and production well. These observations indicate that a strongly 

connected network of vugs was not observed at the field-scale.  
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Two important observations hint that the field-scale experiments are weakly 

affected by vertical permeability: (1) The ability of the two-dimensional model to predict 

the peak-concentration arrival time, and (2) The pressure transient behavior indicated that 

the entire thickness of the unsaturated zone at the Pipe Creek Outcrop did not contribute 

to flow. 

3.7 Summary 

In section 3.1, a description of the well completion details of the two monitoring wells 

drilled at the Pipe Creek Outcrop was provided. In section 3.2, the list of the equipment 

used in the field-scale experiment was provided. In section 3.3, the steady state, single-

phase, airflow, and conservative gas-tracer experiments were described. In section 3.4, 

the pressure transient test on the injection well was analyzed. Finally, the tracer detection 

test was conducted at the surface of the outcrop in section 3.5. The important conclusions 

from this chapter are: 

(1) Five feet of the outcrop subsurface was successfully completed in both 

monitoring wells. The monitoring wells were 5 ft apart and 18 ft of the 

unsaturated zone of the outcrop extending from the surface to the static water 

level was available for flow. In both wells, the completed portion of the wellbore 

was dry and no traces of water were detected in the surface equipment over the 

duration of the experiments.  

102 



 
(2) The mean residence time of the dead volume in the experiments was 1 

minute. The contribution of the tracer dispersion in the dead-volume compared to 

the total dispersion in the system was negligible.  

(3) The steady-state flow experiments indicated that the field-scale 

permeability is between 150 to 450 md.    

(4) A steady state, equal strength, gas-phase, two-well tracer test was 

conducted using two conservative tracers, sulfur hexafluoride (SF6) and methane 

(CH4). The swept volume of the SF6 and CH4 tracers were 43.2 and 81.5 ft3, 

respectively. 57% of the injected CH4 was recovered compared to 79% recovery 

for SF6. These results are analyzed in more detail in the next chapter.    

(5) Numerous studies showed that even small-scale heterogeneity could lead 

to early breakthrough or a long tail in the tracer concentrations (Hoffman et al., 

1996; Oswald et al., 1997; Levy and Berkowitz, 2003). Flowing-touching-vugs 

networks in the rudist debris cores caused core-scale tracer experiments to exhibit 

these characteristics (Chapter 2). However, the center of the tracer slug at the 

field-scale traveled with the average fluid velocity and the spread of the tracer 

around the center of the slug can be described by Fick’s law. In particular, a 

touching-flowing-network of vugs between the monitoring wells would have 

shown immediate tracer breakthrough. In addition, it is plausible that the effective 

permeability of the rocks would have been comparatively larger than the 

estimated range of a few hundred millidarcy. In chapter 4, we conduct three-

103 



 
dimensional numerical simulations to prove that the observed tracer travel times 

were not indicative of a connected flowing network of vugs. 

(6) The tracer-concentration-breakthrough curve for CH4 in the field 

experiment was compared to the two-well tracer type-curves presented by Welty 

and Gelhar (1994). An effective porosity of 0.17 and a longitudinal dispersivity of 

0.5 ft were estimated for the field-scale tracer experiment. 

(7) The pressure transient behavior of the injection well was matched to the 

analytical solution of the one-dimensional radial diffusivity equation. The 

pressure transient test indicated that the field-scale permeability is 160 md. 

(8) No tracer leakage was detected at the surface of the outcrop. Hence, the 

surface of the outcrop will be treated as a no-flow boundary in the numerical 

simulations of flow and transport (Chapter 4). 
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TABLE 3-1:  LIST OF 4-INCH DIAMETER, SCHEDULE-80 PVC WELLHEAD 
COMPONENTS 

No. Each Part description 
8 Steel nuts and bolts 
2 Female adapters 
2 Male adapters 
2 Caps 
2 Solid flange 
2 Blind flange 

2 × 3 ft Flush joints 
1 Gasket 

 

TABLE 3-2: PHYSICAL PROPERTIES OF GAS TRACERS AT ATMOSPHERIC 
PRESSURE AND 70 ºF 

Property CH4 SF6

Molecular diffusion coefficient (cm2/s) 0.210a 0.109b

Henry’s coefficient KH=Cg/Cw 27c 169.7d
a Lide (1999) 
b Reible and Shair (1982) 
c Simon and Brusseau (2006) 
d Wilson and Mackay (1993)   
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TABLE 3-3: SUMMARY OF THE FIELD TRACER EXPERIMENT 

Parameter CH4 SF6

Mean residence time (min) 50.86 68.94 

Swept pore volume (scf) 43.19 81.49 

Tracer recovery (%) 57 79 

Second Moment (min2) 1913 1468 
 
 

TABLE 3-4: INJECTIVITY TEST PARAMETERS 

Parameter Value 

Injection flow rate (stb/D) 709.46 

Viscosity (cp) 0.018 

Compressibility factor (1/psi) 0.07 

Wellbore radius (ft) 0.33 

Dimensionless radius 1 

Wellbore storage coefficient (bbl/psi) 0.017 

Thickness of layer (ft) 18 

Skin factor 4.64 

Porosity 0.18 
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Fig. 3-1: The completion interval of the monitoring wells at the Pipe Creek Outcrop 
was limited to the unsaturated zone. In this chapter, the results of the single-phase 
airflow and gas-tracer experiments are presented. 
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Fig. 3-2: Well completion details for Anderson Well #1. 
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Fig. 3-3: Well completion details for Anderson Well #2. 
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Fig. 3-4: Schematic of the wellhead assembly attached to the casing. 
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Fig. 3-5: Aerial view of the field-scale two-well steady state experiments and 
designed flow field (After Mariner et al., 1999). 
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Fig. 3-6: Schematic of the field-scale experiments performed at the Pipe Creek 
Outcrop in Central Texas. A steady state, equal strength, single-phase air, two-well 
steady state flow and tracer test was conducted.  
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Fig. 3-7: The schematic of the equipment setup at the injection wellhead is shown. 
Slugs of SF6 and CH4 tracer were introduced into injection airflow. 
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Fig. 3-8: View at the surface of the Pipe Creek Outcrop. The injection wellhead on 
the left connected to the air compressor and the production wellhead on the right 
was connected to the mini-blower. 
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Fig. 3-9: Injection and production wellhead pressures were kept constant over the 
duration of the field-scale experiments. 
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Fig. 3-10: The calibration curve for CH4 concentration vs. the FID-GC, 
chromatographic retention time is shown. 
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Fig. 3-11: The velocity streamlines in a 2-D flow field generated by treating the 
monitoring wells in the field-scale experiment as equal strength line source and sink 
in an unbounded domain.  
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Fig. 3-12: The unmodified SF6 tracer-concentration breakthrough-curve is shown. 
The concentration points show a smooth outer envelope. The variability in the 
concentrations below the envelope were indicative of poor sample integrity. 
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Fig. 3-13: The unmodified CH4 tracer-concentration breakthrough-curve is shown. 
The concentration points show a smooth outer envelope. The variability in the 
concentrations below the envelope were indicative of poor sample integrity. 
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Fig. 3-14: The plot of the background concentrations of SF6 in the air at the Pipe 
Creek Outcrop is shown.  
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Fig. 3-15: Crossplot of SF6 and CH4 concentrations for the same time interval is 
shown. The values along the indicated trend (shown as filled symbols) were assumed 
reliable for use in determining dispersivity. 
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Fig. 3-16: Tracer-concentration breakthrough-curves for the field-scale tracer 
experiment using only points passing the reliability test of Fig. 3-15. The origin of 
the time-axis corresponds to the time of injection at which the tracer slug enters the 
subsurface. 
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Fig. 3-17: Semilog plots of tracer-concentration breakthrough-curves in the field-
scale tracer experiment.  
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Fig. 3-18: The tails of the tracer concentration curves were extrapolated using an 
exponential decline.  
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Ĉ

t̂

2
ˆ

s J

HL CC
qt C

φ
=

2
ˆ qtt

HLφ
=

Tracer: CH4;  φ=0.17
⇒ α=0.5 ft

 
Fig. 3-19: CH4 tracer breakthrough data from the field-scale tracer experiment 
compared to type curves for a pulse input injection, two-well tracer test, in a 
confined aquifer (Welty and Gelhar, 1994). An effective porosity of 0.17 and a 
longitudinal dispersivity of 0.5 ft can be estimated from the match.  
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Fig. 3-20: Curve-fit of observed bottomhole pressures in the injectivity test. 
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Fig. 3-21: The sum of squares of the difference between observed and calculated 
pressures vs. permeability was minimized to determine a permeability match. 

 

 
Fig. 3-22: The surface of the outcrop was monitored for tracer seepage using a SF6 
leak detector. 
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Chapter 4: Three-Dimensional Numerical Simulation of 

Field-Scale Experiments 

In chapters 2 and 3, we described the flow and tracer experiments at the core- and field- 

scales. In this chapter, we report three-dimensional numerical simulations of the field-

scale experiments to prove that the observed tracer travel times were not indicative of a 

connected flowing network of vugs. In addition, we will determine the field-scale 

permeability and dispersivity. 

In the first section of this chapter, we describe the assumptions and the list of 

constant input parameters used in the model. Second, we detail the selection of the model 

dimensions, the gridblock setup, and the well model, as well as the grid refinement study. 

Third, we discuss the sensitivity of tracer dispersion in two-well tracer tests to the 

reservoir porosity, dispersivity, and molecular diffusion. Finally, we describe how the 

selected model was used to determine the field-scale permeability and dispersivity.  

4.1 Assumptions and Parameters 

UTCHEM, a three-dimensional, multi-component, finite-difference simulator was used to 

simulate the field-scale flow and tracer experiments. UTCHEM has been extensively 
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validated for various subsurface applications (Delshad et al., 1996). Detailed technical 

documentation is available (Delshad, 2000). UTCHEM has been widely used in studies 

of tracer flow in saturated and unsaturated zones (Allison, 1988; Jin et al., 1995; Deeds et 

al., 1999; Jayanti, 2003). A discussion of the important assumptions and the input 

parameters follows:  

(1) No traces of water were detected in the wellbores and flow-lines during 

the field experiment. In addition, the injection and extraction flow rates and 

pressures were constant over the duration of the experiment. Hence, we assumed 

steady state and single-phase flow of air in the subsurface of the outcrop. It 

follows from our single-phase assumption that the pore space occupied by 

irreducible water saturation, the flow of water vapor, and two-phase capillary 

effects can be ignored.  

(2) In chapter 1, we stated that an important objective of this research is to 

predict values of permeability and dispersivity that can be used in large gridblocks 

in full reservoir-scale studies. Hence, we will treat the field-scale as the 

continuum scale for the touching vug carbonate rocks at the Pipe Creek Outcrop. 

Homogeneous and isotropic values of porosity (φ) and permeability (K) were 

used in all gridblocks. 

(3) Because very small pressure differences were observed, the density of air 

was assumed constant. In this study, air was assumed to be at constant ambient 

atmospheric conditions of 1 atm pressure and 70 °F over the duration of the test. 
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The density (ρ) and viscosity (µ) of air at these conditions were 0.076 lb/ft3 and 

0.018 cp, respectively (Lide, 1999). In this study, 70 °F was used as the standard 

temperature compared to the petroleum industry standard of 60 °F. 

(4) In the numerical model, an initial reservoir pressure (Pi) of 1 atm was 

used. The reservoir temperature was assumed constant at 70 °F.  We assumed that 

the hydrostatic head of air was negligible and gravity effects can be ignored. In 

addition, the compressibility of rock was neglected. 

(5) The molecular diffusion coefficients (Dm) of the tracers CH4 and SF6 were 

0.109 and 0.21 cm2/s in air, respectively. Note that the multi-component diffusion 

in the gas mixtures was ignored. The injected concentration of tracer in air at the 

injection well was kept constant (CJ = 1). The slug injection times (ts) for CH4 and 

SF6 slug were 2.45 minutes and 5 minutes, respectively. In addition, the initial 

concentration of tracer (CI) in the reservoir was kept zero. The tracer test cutoff-

time (240 min) in the field tracer experiment was used as the maximum 

simulation time. SF6 and CH4 are conservative tracers in air (subsections 2.5.1 

and 3.2.3); hence, tracer reactions, partitioning, decay, and adsorption were not 

considered.  

(6) We assumed that the ratio of transverse to longitudinal dispersivity (αT/αL) 

was 0.1 and the tortuosity of the rocks (τ) was between one and five. The 

tortuosity value of five was observed in the mud limestone cores (chapter 2).  
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The summary of the important input parameters is given in Table 4-1. For a 

detailed list of input parameters, a sample UTCHEM input file is provided in the 

Appendix. 

4.2 Model Set-up 

In this section, the set-up of the finite-difference gridblocks used to simulate the field-

scale experiments at the Pipe Creek Outcrop (Chapter 3) is discussed.  

4.2.1 Definitions 

For a complete discussion of the mathematical formulations and common terms 

used in the reservoir simulation, the reader is referred to Coats (1987). We will refer to 

the number of gridblocks and their spatial dimensions as Nx, Ny, and Nz, and Dx, Dy, and 

Dz, in the x, y, and z directions, respectively. The simulation models will be identified by 

the number of gridblocks in the following format: Nx × Ny × Nz. In addition, individual 

gridblocks were identified by i, j, and k; such that i = 1,2,3…Nx in the x direction and j = 

1,2,3…Ny in the y direction, and k = 1,2,3…Nz in the z direction. Kx, Ky, and Kz, refer to 

permeability in the x, y, and z directions, respectively. The topmost and lowest gridblocks 

corresponding to the well completions in the z direction was named k1 and k2, 

respectively. Hereon, the term simulation will refer to the collective process of model 

building (gridding) and assigning the model’s physical properties (input parameters), 

solving the model using UTCHEM and analyzing the results of the model.  
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In the field experiment, the injected concentrations of CH4 and SF6 were 200 and 

500 ppm, respectively. The initial concentrations (CI) of CH4 and SF6 in the reservoir 

were zero and approximately 3 ppm, respectively (Figs. 3-14 and 3-15). The produced 

concentrations of the tracer components in the field-experiment were converted into 

dimensionless form (CD) as follows: 

 - I
D

J I

C C
C

C C
=

−
 (4.1) 

Breakthrough curves (BTC) will refer to the plot of CD versus time predicted by 

the simulations. To reduce computation times, the breakthrough-tracer concentration 

curve of CH4 in the field experiment was primarily used for comparison with the 

simulation results. In other words, the simulations were modeled using one tracer 

component (CH4) in air. The molecular diffusion coefficient of CH4 in air and the 

injection time corresponding to the CH4 tracer-slug in the field experiment were used in 

these simulations. 

4.2.2 Model Set-up and Dimensions 

A Cartesian coordinate system was used (Fig. 4-1). The surface of the outcrop 

was used as the reference plane for the z-axis with values positive downward. The 

vertical dimension of the model was 18 ft from the surface of the outcrop to the static 

water level. In chapter 3, the solution to the diffusivity equation for two-dimensional flow 

with a line source and sink, injector and producer, in an unbounded domain was 

discussed. The isopotentials and velocity streamlines are shown in Fig. 4-2. The two 
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important observations from the streamline plot are that (1) most of the velocity 

streamlines were limited to a rectangular area with dimensions 40 by 30 ft, and (2) the 

streamlines were symmetric along the y-axis, but not along the x-axis. From these 

observations, grid dimensions of 40, 30, and 18 ft in length, width, and depth, 

respectively, were selected as the initial model. The flow rates and time scales from the 

field-scale tracer experiment were used as input parameters. The values of permeability, 

dispersivity, and porosity were assumed. Then, the sensitivity of the BTC to the lateral 

dimensions of the model was studied (Figs. 4-3, 4-4, and 4-5). The input parameters and 

gridblock dimensions are shown in Table 4-2. For consistency, the ratio of the distance 

from the left-lateral boundary to the injection well to the length of the model was 

maintained constant. As shown in Figs. 4-4 and 4-5, for the time-scales used in the field-

tracer experiment the BTC were unaffected by model dimensions larger than 50 by 40 ft. 

Hence, the 50 × 40 × 18 model was selected for further study (Fig. 4-3; top-right). 

Finally, no-flux (convective and dispersive) conditions were assumed at all the 

boundaries of the model. 

4.2.3 Well-model 

Two vertical wells (parallel to the z-axis), injection and production, were 

modeled. The distance from the left-lateral boundary to the gridblock containing the 

injection well was kept constant at 30 ft. The j-index for the injection and production 

wells was kept constant, equal to Nx/2. In the vertical direction, the gridblocks 

corresponding to 10 to 15 ft were fully completed using the Peacemans model. In chapter 
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3, we showed that the pressure drop in the wellbore was negligible. Hence, the flow rates 

and pressures (Pwf) in the simulations were reported at bottomhole conditions. The 

injection well was operated as a constant rate injector and the production well was 

controlled using a constant flow rate condition. 

It is important to recognize that Peacemans model of flow inside a gridblock was 

derived for large gridblock dimensions compared to the wellbore radius (Peaceman, 

1978). Assuming steady state and radial flow, isotropic permeability, and constant rock 

and fluid properties, the pressure equivalent radius of a well block (ro) is defined as: 

 2

ln

o wf

o

w

P Pk zq
r

S
r

π
µ

−∆
=

⎛ ⎞
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 (4.2) 

where Pwf is the flowing bottom-hole pressure, 

Po is the numerically calculated pressure of the well block equal to the 

steady-state flowing pressure of the well, 

 S  is the total skin factor, 

rw  is wellbore radius, 

q  is the flow rate measured at bottomhole conditions, 

h  is the completion interval for the well, and 

∆z  is the thickness of the completed well block. 

The productivity index of the well block is defined as: 
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The pressure equivalent radius of the gridblock of dimension D can be expressed 

as: 

 0.2or D≈  (4.4) 

In chapter 3, we showed that the total skin factor had only one component, the 

partial completion skin factor. Because the partial completion in the vertical direction 

will be modeled explicitly, the total skin factor was set at zero. In some simulations, the 

dimensions of the gridblocks containing the wellbores were smaller than the borehole 

diameter of 0.67 ft. Note that we treated the dimensions of the open-hole as the wellbore 

radius (Figs. 3-1 and 3-2). In addition, the completion intervals for the injection and 

production wells were 5.75 and 5.67 ft thick, respectively. Hence, the wellbore radii were 

modified to reflect the actual productivity indexes. In the ideal case, uniform gridblock 

dimensions larger than the wellbore radius could be used in the simulations. The ideal 

productivity index for the wells can be calculated as:  
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 (4.5) 

The calculated productivity index for cases with small gridblock sizes, with Np 

completed well blocks of equal thickness ∆z, can be expressed as: 
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From Eqs. (4-4) and (4-5), the modified wellbore radius for cases with small 

gridblock sizes can be calculated as follows: 
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A summary of the calculated wellbore radii is shown in Table 4-3. However, it is 

important to recognize the limitations of Peacemans model. The radial flow assumption 

used to derive Eq. (4.1) is not valid for cases with limited entry to flow at the wellbore or, 

in our case, partially completed wells.          

4.2.4 Grid Set-up and Numerical Dispersion Control 

Controlling numerical diffusion in finite-difference approximations is important 

(Lantz, 1971). The time steps in the simulations were selected automatically based on the 

relative changes in tracer concentration. In addition, a grid refinement study was 

performed on the base model to determine the number of gridblocks required to yield an 

acceptable level of accuracy.  

Three levels of refinement in the horizontal plane and one in the vertical plane 

were conducted (Figs. 4-6, 4-7, 4-8, and 4-9). The model set-up is described in Table 4-4. 

The input parameters from the previous subsection were used in this study. First, the one 
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foot gridblock dimensions in the coarse model (50 × 40 × 18) were refined to 0.5 ft, 100 

× 80 × 18 (Fig. 4-8). Then, it was determined that the entire length of this model did not 

require refinement. The 100 × 80 × 18 model was coarsened to the 55 × 80 × 18 model 

(Fig. 4-6). Next, the gridblocks were refined in the horizontal and vertical directions to 

the 105 × 160 × 18 (Fig. 4-7) and the 55 × 80 × 36 model (Fig. 4-9), respectively. 

The BTC for the different models are shown in Fig. 4-10. Clearly, the one-foot 

gridblock dimensions of the 50 × 40 × 18 model were too coarse. The breakthrough-

tracer concentration curve predicted by the 55 × 80 × 18 model provided the desired level 

of accuracy. Subsequently refined gridblocks in the horizontal and vertical planes did not 

change the predicted BTC (Fig. 4-11). Hence, the 55 × 80 × 18 model was selected for 

estimating permeability and dispersivity in the field-scale experiments. 

4.3 Field-scale Permeability 

The 55 × 80 × 18 simulation model was used to determine field-scale permeability. A 

steady-state flow rate of 2,160 ft3/D and bottomhole pressures of 15.7 and 13.7 psia in the 

injection and production wells, respectively, were observed in the field-scale experiment. 

By trial and error, a permeability of 525 md yielded a match to these observed conditions 

in the field-scale experiment. 

A homogeneous and isotropic permeability was used in the model (section 4.1). It 

can be argued that the core-scale measurements indicated that the vugs were strongly 

connected in the vertical direction and it may be appropriate to use a KV/KH ratio greater 

than one. However, our field-scale experiments were weakly affected by vertical 
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permeability (section 3.6). In addition, the field-tracer experiment did not show any 

indications of a strongly connected network of vugs (further discussion in subsection 

4.5.2). Besides, the measurements of core-scale KV were conducted at approximately 13 

cm scale. The dimensions of the z-direction gridblocks in our simulation model is 30 cm. 

It is difficult to predict if the touching vug network observed at the core-scale extends to 

a 30 cm scale. In theory, we could model a heterogeneous permeability field with 

different values of KV/KH in all layers, but the match obtained using a heterogeneous 

permeability field will be non-unique and cannot be easily upscaled to large reservoir-

scale models. Hence, we concluded that the permeability of 525 md provided the best 

estimate of field-scale permeability. 

4.4 Field-scale Dispersion 

In this section, the 55 × 80 × 18 simulation model is used to determine field-scale 

longitudinal dispersivity. 

4.4.1 Sensitivity of Breakthrough-Tracer Concentration Curves 

Prior to determining the dispersivity of the field-scale experiment, we studied the 

sensitivity of the BTC predicted by the simulations to porosity, dispersivity, and 

tortuosity. Effectively, we studied the individual effects of porosity, dispersivity, and 

tortuosity on the longitudinal dispersion coefficient under the conditions observed during 

the field-scale tracer experiment (Eq. 1.9). In addition, by changing the tortuosity and the 

ratio of transverse to longitudinal dispersivity we determined the contribution of 
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molecular diffusion to overall dispersion in the field-scale tracer experiment. The 

common set of input parameters is given in Table 4-5. 

(1) Porosity: At the same flow rates, the porosity of the model affects the 

interstitial velocities and thereby the first arrival times and the dispersion of the 

BTC, as shown in Fig. 4-12. Clearly, as the porosity of the model increased, the 

first arrival time of tracer was delayed. In addition, the dispersion of the BTC 

increased with increasing porosity.  

(2) Longitudinal Dispersivity: For the same velocity field, the fist arrival 

times of the BTC were very sensitive to the dispersivity of the model (Fig. 4-13). 

The higher dispersivity models showed earlier peak concentration arrival time and 

the magnitude of the peak concentration decreased with increasing dispersivity.   

(3) Tortuosity and Transverse Dispersivity: Our simulations show that BTC 

were not very sensitive to the tortuosity and transverse dispersivity (Figs. 4-14 

and 4-15). The maximum value of produced tracer concentration is sensitive to 

values of τ < 3. In addition, for large values of transverse dispersivity, arrival time 

and the magnitude of the peak concentration decreased with increasing transverse 

dispersivity (Fig. 4-15).  

4.4.2 Dispersion Regime 

In chapter 2 (subsection 2.5.2), we pointed out that molecular diffusion of binary 

gas mixtures can be a few orders of magnitude higher compared to liquid mixtures (e.g. 

Dm = 0.109 cm2/s for SF6 in air compared to Dm = 3.5 × 10-7 cm2/s for reservoir brine). 
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However, our simulation results (subsection 4.4.1) show that under the conditions 

observed during the field tracer-experiment the BTC was not sensitive to molecular 

diffusion. Hence, we concluded that the hydrodynamic dispersion in the field-scale tracer 

experiment is dominated by convective spreading. We believe that the interwell travel 

times in the field tracer experiment are not long enough to cause any significant mixing 

in the transverse direction.  

4.4.3 Determining Field-scale Dispersivity 

In this subsection, we estimate the longitudinal dispersivity of the field-scale 

tracer experiment. Three independent parameters (first arrival time of tracer, peak-

concentration value, and peak-concentration arrival time) of the breakthrough-tracer 

concentration curve for CH4 in the field-scale tracer experiment were matched to the 

breakthrough-tracer concentration curve from simulations. Assuming a tortuosity value of 

one, trial and error methods were used to vary the porosity and dispersivity of the model. 

An effective porosity of 0.125 and a longitudinal dispersivity of 0.4 ft (12.2 cm) were 

inferred from the match (Fig. 4-16). Similarly, a longitudinal dispersivity of 0.45 ft (13.7 

cm) was determined for tortuosity value of five. The effective porosity remained 

unchanged. 

Then, the model was modified to include two tracer components: CH4 and SF6. 

The tracer injection times were adjusted for the observed conditions at the field 

experiment. The BTC for the two-tracer simulation model predict the BTC observed in 

the field tracer experiment (Fig. 4-17).  
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4.5 Analysis of Tracer Breakthrough Curves 

4.5.1 Tracer Swept Volumes 

The tracer swept volume can be defined as the portion of the reservoir in the 

interwell region between a particular injector and producer contacted by the tracer (Jin et 

al., 1995). In chapter 3, we calculated the mean residence times and swept volumes of the 

field-scale tracer experiment using the method of moments (Eqs. 1-21, 1-23, and 1-24). 

The mean residence times and swept volumes of the SF6 and CH4 tracers were 51 and 69 

minutes and 43 and 81 ft3, respectively. 57% of the injected CH4 was recovered 

compared to 79% recovery for SF6. The fractions of tracer recovered should be consistent 

because it indicates that the tracers follow the same streamlines (Deeds et al. 1999).  

Now, the background concentrations SF6 were approximately 3 ppm at zero time 

(Fig. 3-14). This is important because the method of moments assumes that the 

background concentration of tracer in the subsurface is zero or below the detection limits 

(Asakawa, 2005). Let us compare the BTC of SF6 in the field-tracer experiment assuming 

CI = 0 and CI = 3 ppm with the BTC predicted by the simulation match (Fig. 4-18). CI = 3 

ppm provides an excellent match to the simulation BTC in the first 75 minutes. Then, the 

tail in the SF6 tracer concentrations for CI = 3 ppm reduced to zero at 150 minutes. CI = 0 

ppm shows a relatively long tail above the detection limit of SF6 and matched the tail 

predicted by the simulation. Perhaps the contributions of CI disappeared after 150 

minutes. Hence, we concluded that the effects of SF6 background concentrations on the 

BTC could not be easily distinguished. 
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The BTC predicted by the simulation was analyzed using the method of moments. 

At the tracer-test cutoff time of 240 minutes, mean residence time of 55 minutes, tracer 

swept volume of 50 ft3 and recovery of 60% were calculated. On extrapolating the tail in 

the concentration data, mean residence time of 90 minutes, tracer swept volume of 95 ft3 

and recovery of 70% were calculated. These results indicate that the swept volume of 

CH4-tracer in the field-experiment was under predicted. The swept volume of SF6-tracer 

seems more accurate, but the effects of background SF6 concentrations in the field-

experiment are difficult to interpret.    

4.5.2 Tracer Travel Times 

In subsection 3.3.7.3, we showed that two-dimensional streamline theory could be 

used to predict tracer breakthrough times. Average porosity of 0.17 in the cores extracted 

from the same depth as the reservoir 5.75 ft thick and the interwell distance of 5 ft and a 

were used to predict a tracer breakthrough time of 17 minutes (Eq. 4.8). In subsections 

4.4.1 and 4.4.2, we showed that dispersion in the field-scale tracer experiment was 

dominated by convective spreading. Hence, it is justified to estimate the breakthrough 

time in the field tracer-experiment as the arrival time of the peak concentration value 

corresponding to center of the tracer-slug. From Fig. 3-16, T = 17 min was observed for 

both tracers in the field tracer-experiment. This demonstrates that the tracer travel time 

along the shortest streamline between the injection and production wells in the field-scale 

tracer experiment is comparable to a uniform porous media with the same porosity as the 

touching vug rocks.    
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The three important observations related to tracer travel times in the field-scale 

tracer experiment can be summarized as follows: 

(1) The increase in the tracer concentrations to the peak value and the tails in 

the concentration data were similar to uniform porous media (Fig. 3-17). In 

particular, early concentration breakthrough indicative of a fast-flowing network 

of connected vugs was not observed. 

(2) The BTC in the field-scale tracer experiment are predicted precisely by a 

three-dimensional simulation model with homogeneous and isotropic porosity and 

permeability, and a single value of dispersivity (Figs. 4-16 and 4-17).   

(3) The arrival time of the center of the injected tracer slug (peak 

concentration) can be predicted by the breakthrough time of the shortest 

streamline between the injection and production well. 

Hence, we concluded that the field-scale tracer travel times were not indicative of 

a strongly connected flowing network of vugs. 

4.6 Discussion of Dispersivity Results 

The numerical simulation study indicated that the field-scale longitudinal dispersivity 

was estimated to be between 12.2 and 13.7 cm. In addition, the type-curve match of the 

BTC in the field-experiment was obtained for a longitudinal dispersivity of 15 cm. The 

average longitudinal dispersivity values of touching-vug carbonate rocks in this study 

were compared to available measurements of dispersivity, as shown in Fig. 4-19.  
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We found that the hydrodynamic dispersion in the field-scale tracer experiment is 

dominated by convective spreading. We believe that the interwell travel times in the field 

tracer experiment are not long enough to cause any significant mixing in the transverse 

direction. This result is significant because the value of dispersivity is independent of the 

higher molecular diffusion in gas tracers used in this study. We believe this value of 

dispersivity can be used to predict dispersion at larger scales. Note that dispersivity is 

scale-dependent and this value should be upscaled with caution. 

Another remarkable observation is that the core-scale and field-scale dispersivity 

values are equal. It is our opinion that this observation is coincidental. In addition, in 

chapter 2 we showed that the 1D-CDE is not valid for the touching-vug cores. Moreover, 

dispersivity is scale-dependent and the same value of dispersivity at two different scales 

is purely coincidental. 

4.7 Summary 

In section 4.1, the assumptions used in the setup of the numerical model were detailed. 

Then, the selection of the model dimensions, the gridblock setup, and the well model, as 

well as the grid refinement study were described in section 4.2. The field-scale 

permeability was determined in section 4.3. The dispersion in the field-scale tracer 

experiment was studied in detail in section 4.4. Finally, the tracer swept volumes and 

travel times were analyzed in sections 4.5 and 4.6.  

In chapter 2, flow and transport experiments were conducted on core samples 

extracted from the Pipe Creek Outcrop (core-scale). Then, the results of the field-scale, 
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steady state, single-phase, airflow and conservative gas-tracer experiments were 

described in chapter 3. The tracer-concentration profile in the field-scale experiment 

indicated that the center of the tracer slug at the field-scale traveled with the average fluid 

velocity and the spread of the tracer around the center of the slug can be described by 

Fick’s law. However, exact analytical solutions that explain the three-dimensional (3-D) 

flow field in the field experiments are not available. The important results from this 

chapter are summarized: 

(1) In this chapter, we used 3-D numerical simulation to determine the 

permeability and dispersivity of large touching vug carbonate rocks that can be 

used in the gridblocks (megascopic scale) of large reservoir-scale studies 

(gigascopic scale). 

(2) UTCHEM, a three-dimensional, multi-component, finite-difference 

simulator was used to simulate flow and tracer transport. Our results indicated 

that a simulation grid of dimensions 50, 40, and 18 ft in length, width, and depth, 

respectively, was adequate to capture the flow-field in the field-experiment. The 

gridblock sizes were adequately refined to control numerical dispersion effects.  

(3) The observed steady-state flow rates and pressures in the field-scale 

experiment indicated that flow behavior in the field-scale could be modeled with a 

permeability of 525 md. In chapter 3, the single-well pressure transient test 

indicated a permeability of 160 md.  
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(4) The sensitivity of the breakthrough-concentration curves to porosity, 

dispersivity, and molecular diffusion in two-well tracer tests was studied. Our 

simulation results showed that under the conditions observed during the field 

tracer-experiment, the BTC was not sensitive to molecular diffusion. The 

hydrodynamic dispersion in the field-scale tracer experiment is dominated by 

convective spreading. 

(5) The limiting values of tortuosity used in the simulations were 1 and 5. 

Longitudinal dispersivity values of 12 to 14 cm accurately predicted the BTC in 

the field-scale tracer experiment. In chapter 3, the type-curve match of the tracer 

concentration curves indicated field-scale longitudinal dispersivity is 15 cm. 

(6) Analyzing the BTC predicted by the simulation using the method 

moments indicated that the swept volume of CH4-tracer in the field-experiment 

was under predicted. The swept volume of SF6-tracer seems more accurate, but 

the effects of background SF6 concentrations in the field-experiment are difficult 

to interpret.   

(7) Tracer travel times in the field-scale tracer experiment showed conclusive 

evidence that a connected path of vugs did not extend past a few feet. 
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TABLE 4-1: INPUT PARAMETERS IN UTCHEM ENGLISH UNIT 
CONVENTIONS. 

Parameter Value 
µ (cp) 0.018 
ρ (psi/ft) 0.00053 

 SF6 CH4

Dm (ft2/D) 10.13  19.53 
ts (D) 0.00347 0.0017 
αT/αL 0.1 

Pi (psia) 14.7 
CI (volume fraction) 0 
CJ (volume fraction) 1 

 Min Max 
τ 1 5 

Simulation time (D) 0 0.17 
Courant number 0.04 0.4 

  

TABLE 4-2: MODEL SET-UP AND INPUT PARAMETERS USED TO STUDY 
BOUNDARY EFFECTS.  

Model  40 × 30 50 × 40 60 × 50 70 × 60 
Nx 40 50 60 70 
Ny 30 40 50 60 
Nz 18 18 18 18 

Dx = Dy = Dz (ft) 1 1 1 1 
Injector (i, j) 24,15 30,20 36,25 42,30 

Producer (i, j) 29,15 35,20 41,25 47,30 

Input parameter Value 
αL (ft) 0.35 

φ 0.13 
qinj = qprod (ft3/D) 2160 

k1, k2 (upper and lower bound on layers in which well is 
completed) 11,15 

143 



 
 

TABLE 4-3: SUMMARY OF THE CALCULATED WELLBORE RADII FOR 
DIFFERENT GRIDBLOCK DIMENSIONS. 

Parameter  Ideal well Injection Well Production Well 

D (ft) 2 1 0.5 0.25 1 0.5 0.25 

ro(ft) 0.396 0.198 0.099 0.049 0.198 0.099 0.049 

rw(ft) 0.330 0.169 0.084 0.042 0.169 0.084 0.042 
 

TABLE 4-4: MODEL SET-UP AND INPUT PARAMETERS USED IN THE GRID 
REFINEMENT STUDY. 

Model  50 × 40 × 18 55 × 80 × 18 55 × 80 × 36 105 × 160 × 18 100 × 80 × 18

As shown in Fig. 4-4 Fig. 4-7 Fig. 4-10 Fig. 4-8 Fig. 4-9 

Nx 50 55 55 105 100 

Ny 40 80 80 160 80 

Nz 18 18 36 18 18 

Dx
a(ft) 5 5 5 

Dx
b(ft) 1 0.5 0.5 0.25 0.5 

Dy (ft) 1 0.5 0.5 0.25 0.5 

Dz (ft) 1 1 0.5 1 1 

Injector (i,j) 30, 20 35, 40 35, 40 45, 80 60, 40 

Producer (i,j) 35, 20 45, 40 45, 40 65, 80 70, 40 

k1, k2 11, 15 11, 15 21, 30 11, 15 11, 15 
a x-dimension of gridblocks i = 1 to 5 

b x-dimension of gridblocks i = 5 to Nx
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TABLE 4-5: COMMON SET OF INPUT PARAMETERS USED TO CONDUCT 
THE SENSITIVITY STUDY. 

Input parameter Value 
Nx × Ny × Nz 55 × 80 × 18 
Injector (i, j) 35, 40 

Producer (i, j) 45, 40 
k1, k2 11, 15 
αL (ft) 0.25 
αT (ft) 0.025 

Dm (ft2/D) 19.53 
φ 0.125 

qinj = qprod (ft3/D) 2160 
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Fig. 4-1: Description of the coordinate system used in UTCHEM is shown. 
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Fig. 4-2: Isopotentials and velocity streamlines for two-well, equal strength, line 
source, and sink in an unbounded domain. 
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Fig. 4-3: Gridblock set-ups in the xy plane used to study the effect of lateral 
boundaries on breakthrough-tracer concentration data (BTC). 
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Fig. 4-4: BTC for the models with increasing areal extent. 
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Fig. 4-5: BTC for the models with increasing areal extent. The BTC were unaffected 
by an areal extent greater than 50 × 40 ft.  
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Fig. 4-6: Grid refinement study: level 1 refinements in the xy plane. 
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Fig. 4-7: Grid refinement study: level 2 refinements in the xy plane. 
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Fig. 4-8: Grid refinement study: level 3 refinements in the xy plane. 
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Fig. 4-9: Grid refinement study: level 2 refinements in the xy plane. 
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Fig. 4-10: BTC of the grid refinement study with decreasing grid block sizes for the 
model 50 ft long, 40 ft wide, and 18 ft deep.  
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Fig. 4-11: The BTC converged beyond the second level of refinement in the 
horizontal plane and the base level of refinement in the vertical plane. 
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Fig. 4-12: Sensitivity of BTC in two-well equal strength tracer tests to porosity of the 
model. 
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Fig. 4-13: Sensitivity of BTC in two-well equal strength tracer tests to longitudinal 
dispersivity of the model. 
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Fig. 4-14: Sensitivity of BTC in two-well equal strength tracer tests to the tortuosity 
(molecular diffusion) of the model. 
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Fig. 4-15: Sensitivity of BTC in two-well equal strength tracer tests to transverse 
dispersivity of the model. 

156 



 

0.0001

0.001

0.01

0.1

1 10 100 1000
t, min

C
D

φ = 0.125, αL = 12.2 cm

Simulation match

CH4 field 
experiment

 
Fig. 4-16: Log-log plot of predicted BTC using numerical simulation (τ=1) vs. actual 
data from field experiment for CH4. 
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Fig. 4-17: Plot of predicted BTC using numerical simulation (τ=1) vs. actual data 
from field experiment. 
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Fig. 4-18: Comparison of BTC of SF6 in the field-tracer experiment assuming CI = 0 
and CI = 3 ppm with the BTC predicted by the simulation match.  
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Fig. 4-19: Comparison of longitudinal dispersivity versus scale of observation and 
the tracer experiment from this study. Data shown in the figure is from Hulin and 
Plona (1989), Rigord et al. (1990), Gelhar et al. (1992), Mahadevan et al. (2003), and 
Zhou et al. (2007).  
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Chapter 5: Summary, Discussions and Conclusions 

In chapters 2 and 3, we reported on the flow and transport experiments at the 

core- and field-scales. In chapter 4, we presented our analysis of the results from the 

field-scale experiments. In this chapter, we discuss the results of these experiments. Then 

we will present our conclusions, and discuss the significance of this study. Finally, we 

make recommendations for future work.  

5.1 Summary 

This study is concerned with large-touching-vug (centimeter-scale), Middle 

Cretaceous (Albian) carbonate rocks from an exposed rudist (caprinid) reef buildup at the 

Pipe Creek Outcrop in Central Texas. The two scales of investigation in this study were: 

(1) Core-scale: Four 6 cm in diameter by 12 cm long cores (Fig. 5-1a). (2) Field-scale: 1- 

to 2-meter-radius well tests were conducted (Fig. 5-1b). Zhang (2005) studied three 

subsamples (bench-scale) of a roughly cylindrical, with dimensions of 25 cm in diameter 

and 36 cm in length outcrop-sample (Fig. 5-1c). Note that the outcrop-sample is from a 

different depositional cycle compared to the core- and field- scales.  

The bench-scale samples showed a wide range of permeability values ranging 

from 10 md to 100 darcies. The vertical permeability at the core-scale varied from 1.5 to 
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3.4 darcies. The average horizontal permeability at the core-scale was approximately one 

darcy. The field-scale permeability was estimated to be between 150 to 550 md from 

steady state airflow and pressure transient tests. The permeability of the carbonate matrix 

is estimated to be 10 md.  

The high values of vertical permeability in bench-scale samples A and C, and the 

core-scale are indicative of a flowing network of touching-vugs (a network of connected 

path of vugs). Zhang (2005) used experimental data, CT scan data computations and 

numerical simulations to show that the connected networks of vugs have narrow mm-

scale throats that constrict flow. The permeabilities of these vuggy rocks are controlled 

by these narrow throats. Thereby, it can be inferred that the comparatively lower values 

of vertical permeability at the core-scale suggest multiple or narrower throats. Vertical 

permeability was greater than the horizontal at the core-scale. This suggested that the 

connected vugs are preferentially oriented in the vertical direction. A very low 

permeability of 10 md was measured in sample B (bench-scale) caused by modern 

sediment accumulating at the narrow necks of connected vug paths. 

Conservative tracer experiments were conducted on sample C at the bench-scale 

and in the vertical direction at the core-scale. The tracer concentration profiles showed 

early breakthrough and a long tail in the tracer concentrations characterized by multiple 

plateaus in concentrations. The tracer experiments confirmed that the high permeability 

values observed in the bench- and core-scale samples were caused by flowing-touching-

vugs.  
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The tracer-concentration profile in the field-scale experiment indicated that the 

center of the tracer slug at the field-scale traveled with the average fluid velocity and the 

spread of the tracer around the center of the pulse (or slug) can be described by Fick’s 

law. In particular, early concentration breakthrough indicative of a fast-flowing network 

of connected vugs was not observed. In addition, the field-scale tracer travel times were 

not indicative of a connected flowing network of vugs. Rather, the travel times were 

comparable to a uniform porous medium of the same porosity. 

The variation in measured average permeabilities with the scale of measurement 

in this study is shown in Fig. 5-2. Clearly, the permeability of sample B does not follow 

the overall trend. However, it helped determine the nature of the vug network observed in 

the field-experiment. Note that the measured field-scale permeability was in the hundreds 

of millidarcy range. The contribution of vugs to overall permeability is apparent. This 

confirmed that our observations in the field-scale experiment were not caused by modern 

sediment accumulation.  

5.2 Discussions 

The high values of vertical permeability in bench-scale samples A and C and the 

core-scale are indicative of a flowing network of touching vugs (a network of connected 

path of vugs). The tracer experiments confirmed that the high permeability values 

observed in the bench- and core-scale samples were caused by flowing-touching-vugs. 

The breakthrough-tracer-concentration curves in the field-scale tracer experiment did not 

show any early breakthrough or multiple plateaus in the tail of the tracer concentrations. 
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Note that the long tails in the tracer concentrations have been attributed to the streamline 

pattern in two-well tracer tests (Welty and Gelhar 1994). In fact, we used numerical 

simulation to show that the travel times were comparable to a uniform porous medium. 

More importantly, it does appear that a continuum approximation is valid at the 101 ft 

scale. 

The natural question is why vug connections dominate the behavior at bench- and 

core-scale, but not at the field scale. One clue may be the value of the bench- and core-

scale permeabilities. The vugs exposed at the surfaces of the rudist rocks are often greater 

than 10-2 ft (Fig. 1a). In the absence of narrow throats, the permeabilities of the connected 

networks of these vugs would be many factors of ten larger than 1 to 102 darcies 

measured at the 10-1 ft scale. Zhang et al. (2005) explained this by invoking narrow mm-

scale throats that constrict flow from one vug to the next. This argument is supported by 

analysis of high-resolution CT scan, and by numerical simulations of the flow and 

transport experiments. The carbonate matrix value of permeability (10-2 darcy) measured 

in sample B (bench-scale) was caused by modern sediment accumulating at the narrow 

necks of connected vug paths.  

Recall that the measured field-scale permeability was 5×10-1 darcy which is 

greater than 10-2 darcy in carbonate matrix and less than 1 to 102 darcies in smaller scale 

rocks containing connected paths of vugs. To explain this intermediate value, we 

hypothesize that at the field scale (0.5-1 ×101 ft) flow constrictions are encountered in 

every connected vug networks. The flow constrictions could be narrow throats or 

carbonate matrix plugs, or accumulated sediments blocking the narrow throats. Our 
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experiments and analysis cannot distinguish between these alternatives. However, 

constrictions analogous to these also occur in the smaller-scale samples, through which 

tracer transport was distinctly non-classical. We must therefore invoke another 

mechanism to explain the classical tracer response in the field-scale experiment. One 

possibility is that these constricted connected vug networks are extremely tortuous at the 

field scale, causing longer tracer residence times comparable to classical matrix transport. 

Perhaps the combined effect of constricted and tortuous flow paths caused permeability 

to decrease to the lower end of the range of values measured at the 10-1 ft scale. If our 

hypothesis is valid, the effects of the flow constrictions will amplify over larger scale 

causing the permeability of these rocks to decrease with increasing scale. Experiments at 

the 102 ft scale are currently underway to determine the effect of larger sampling scale on 

permeability measurements. 

5.3 Conclusions 

Fluid flow tests and tracer experiments were successfully conducted at three 

different scales on rocks from the Pipe Creek Outcrop in Central Texas. The studied 

rocks exhibited large centimeter to decimeter scale vugs and can be considered 

representative of Middle Cretaceous caprinid reef buildups. We introduce an integrated, 

multiscale, experimental approach to understanding fluid flow in carbonate rocks with 

interconnected networks of vugs too large to be adequately characterized in core samples 

alone. Three significant conclusions of this study are as follows: 
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1. At laboratory scales, the large-touching-vug carbonate rocks showed a dominant 

flowing-touching-vug network independent of the porous matrix. The single continuum 

assumption is invalid in carbonate rocks with a connected-flowing-network of vugs. 

Laboratory-scale data such as measurements of permeability and dispersivity in such 

vuggy rocks are not indicative of field-scale fluid-flow; thus, such data should be 

upscaled with caution. 

2. In our measurements, vug connectivity and multi-scale effects associated with 

vug connectivity decreased with increasing scale. Approximately 5 ft can be considered 

the representative scale for the large touching vug carbonate rocks at the Pipe Creek 

Outcrop. A permeability of 500 md and longitudinal dispersivity of 0.5 ft can be used to 

predict flow and transport in larger reservoir-scale models.  

3. The magnitudes of core-, bench- and field-scale permeabilities and dispersivities 

are far from both the upper and the lower bounds imposed by the components (vugs and 

matrix) of the rudist rocks. This is a remarkable observation, and in this geologic setting, 

it suggests that the accumulation of sediment in constrictions between vugs is self-

limiting. It also suggests that the transition reported here, from connected-vug-network to 

tortuous-constricted-connected-vug network, is inevitable in such rocks. However, a 

theoretical framework for predicting the length scale at which the transition occurs and 

for estimating the values of the transport coefficients above that scale is not yet available.  
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5.4 Significance of Results 

Many of the world's oil fields, gas fields, and aquifers are found in carbonate strata. Flow 

of hydrocarbons and water through such rocks depends strongly on the spatial 

distribution and connectivity of the vugs. Enhanced oil recovery processes such as 

enriched gas drives depend on the amount of hydrodynamic dispersion of such rocks 

(Solano et al., 2001). In the gas-storage industry, the mixing of miscible gases is of 

interest because in some cases large quantities of rich gas mixtures are maintained in 

contact with natural gas (Legatski and Katz, 1967). Accurate measurements of 

permeability and dispersivity are necessary to build predictive reservoir-scale models. 

Our field-scale results can be used as building blocks (gridblock properties) in touching-

vug reservoirs. Another important conclusion from this study is that laboratory-scale 

measurements in large-touching-vug carbonates can be inaccurate in predicting reservoir-

scale flow.  

The Edwards Aquifer is one of the most prolific aquifers in the world and is the 

only source of water for the City of San Antonio, Texas and three neighboring counties. 

The aquifer contains vuggy rock facies similar to those in our study. Groundwater 

remediation of aquifers often requires a good understanding of the transport properties of 

carbonate rocks. Soil venting operations are effective in cleaning up volatile organic 

compounds in the unsaturated zone. This technique requires knowledge of the subsurface 

characteristics, especially airflow dispersion, which are inferred from gas-tracer 
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experiments (Olchewski, 1995). Our results show that two-well tracer tests are an 

excellent tool to determine airflow dispersion of unsaturated zones.  

5.5 Future Work 

Three additional wells with larger interwell spacing have been drilled at the Pipe Creek 

Outcrop. These wells will determine the effect of larger sampling scale on permeability 

measurements (Zahm, personal communication).   

The core-scale horizontal permeability measurements in this study were 

inconclusive regarding the nature of the vug pore system. High-resolution CT-scan 

images are available for the core samples. A detailed CT image visualization study would 

provide more insight and confirm our conclusion that the vugs were preferentially in the 

vertical direction. 

This study was limited to single-phase flow; we did not address topics related to 

multiphase flow. An efficient physical or numerical method to determine relative 

permeability and capillary pressure behavior should be evaluated.  
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Fig. 5-1: A comparison of the three different length scales in this study is shown. (a) 
6 cm diameter by 12 cm long cores (core-scale), (b) the 1- to 10-meter-radius well 
tests (field-scale), and (c) 25 cm diameter by 36 cm high touching-vug outcrop-
sample from the Pipe Creek Outcrop. The outcrop-sample was subdivided into 
three bench-scale samples, A, B and C, as shown. 
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Fig. 5-2: Permeability measurements of rudist reef rock samples from the Pipe 
Creek Outcrop versus scale of measurement (bench-scale data from Zhang, 2005). 
The average values of permeability at each scales is shown. 
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Appendix: Sample UTCHEM Input File 

CC******************************************************************* 
CC                                                                  * 
CC    BRIEF DESCRIPTION OF DATA SET : UTCHEM (VERSION 9.0)          * 
CC                                                                  * 
CC******************************************************************* 
CC                                                                  * 
CC  PIPE CREEK DOUBLET TRACER                                       * 
CC                                                                  * 
CC  LENGTH (FT) : 50               PROCESS : TRACER                * 
CC  THICKNESS (FT) : 18              INJ. RATE (FT3/DAY) : 2160       * 
CC  WIDTH (FT) : 40                COORDINATES : CARTESIAN         * 
CC  GRID BLOCKS : 55x80x18                                           * 
CC  DATE : 01/01/2007                                                  * 
CC                                                                  * 
CC******************************************************************* 
CC 
CC******************************************************************* 
CC                                                                  * 
CC    RESERVOIR DESCRIPTION                                         * 
CC                                                                  * 
CC******************************************************************* 
CC 
CC Run number 
*---- RUNNO 
032803 
CC 
CC Title and run description 
*---- title(i) 
3d TRACER TEST 
USING  UTCHEM VERSION  9.0  
IDISPC=3 
CC 
CC SIMULATION FLAGS 
*---- IMODE IMES IDISPC ICWM ICAP IREACT IBIO ICOORD ITREAC ITC  IGAS  IENG  
        1    3     3     0    0     0     0     1      0     0    0     0  
CC 
CC no. of gridblocks,flag specifies constant or variable grid size,unit 
*---- NX    NY    NZ  IDXYZ  IUNIT 
      55     80    18     2      0  
CC 
CC GRID SIZE OF BLOCK IN X DIRECTION  
*---- DX(I), FOR I=1 TO NX 
 5.0       5.0      5.0       5.0      5.0      0.5      0.5       0.5      0.5     0.5  
 0.5       0.5      0.5       0.5      0.5      0.5      0.5       0.5      0.5     0.5  
 0.5       0.5      0.5       0.5      0.5      0.5      0.5       0.5      0.5     0.5  
 0.5       0.5      0.5       0.5      0.5      0.5      0.5       0.5      0.5     0.5  
 0.5       0.5      0.5       0.5      0.5      0.5      0.5       0.5      0.5     0.5  
     0.5       0.5      0.5       0.5      0.5 
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CC 
CC GRID SIZE OF BLOCK IN Y DIRECTION 
*---- DY(I), FOR I=1 TO NY 
     0.5       0.5      0.5       0.5      0.5      0.5      0.5       0.5      0.5     0.5  
 0.5       0.5      0.5       0.5      0.5      0.5      0.5       0.5      0.5     0.5  
 0.5       0.5      0.5       0.5      0.5      0.5      0.5       0.5      0.5     0.5  
 0.5       0.5      0.5       0.5      0.5      0.5      0.5       0.5      0.5     0.5  
 0.5       0.5      0.5       0.5      0.5      0.5      0.5       0.5      0.5     0.5  
 0.5       0.5      0.5       0.5      0.5      0.5      0.5       0.5      0.5     0.5  
 0.5       0.5      0.5       0.5      0.5      0.5      0.5       0.5      0.5     0.5  
 0.5       0.5      0.5       0.5      0.5      0.5      0.5       0.5      0.5     0.5  
CC 
CC GRID SIZE OF BLOCK IN Z DIRECTION  
*----DZ(I), FOR I=1 TO NZ 
          1.0       1.0      1.0       1.0      1.0      1.0      1.0       1.0      1.0     1.0      
          1.0       1.0      1.0       1.0      1.0      1.0      1.0       1.0           
CC 
CC total no. of components,no. of tracers,no. of gel components 
*----n    no    ntw    nta    ngc    ng    noth  
     10    0      2      0      0     0      0  
CC 
CC Name of the components 
*----spname(i) for i=1 to n 
Water  
Oil  
Surf.  
Polymer  
Chloride  
Calcium  
Alcohol 1  
Alcohol 2  
SF6 
CH4 
CC 
CC flag indicating if the component is included in calculations or not 
*----icf(kc) for kc=1,n  
      1  0  0  0  0  0  0  0  1  1 
CC 
CC******************************************************************* 
CC                                                                  * 
CC    OUTPUT OPTIONS                                                * 
CC                                                                  * 
CC******************************************************************* 
CC 
CC 
CC FLAG TO WRITE TO UNIT 3,FLAG FOR PV OR DAYS TO PRINT OR TO STOP THE RUN 
*---- ICUMTM  ISTOP  IOUTGMS 
        0       0       0  
CC 
CC FLAG INDICATING IF THE PROFILE OF KCTH COMPONENT SHOULD BE WRITTEN 
*---- IPRFLG(KC),KC=1,N 
        0  0  0  0  0  0  0  0  1 1  
CC 
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CC FLAG FOR PRES.,SAT.,TOTAL CONC.,TRACER CONC.,CAP.,GEL, ALKALINE PROFILES 
*---- IPPRES IPSAT IPCTOT IPBIO IPCAP IPGEL IPALK IPTEMP IPOBS 
        0      0      1      0     0     0     0     0      0  
CC 
CC FLAG FOR WRITING SEVERAL PROPERTIES TO UNIT 4 (Prof)  
*---- ICKL IVIS IPER ICNM ICSE IHYSTP IFOAMP INONEQ 
       0    0    0    0    0    0    0    0  
CC 
CC FLAG  for variables to PROF output file 
*---- IADS IVEL IRKF IPHSE 
       0    0    0    0  
CC 
CC******************************************************************* 
CC                                                                  * 
CC    RESERVOIR PROPERTIES                                          * 
CC                                                                  * 
CC******************************************************************* 
CC 
CC 
CC MAX. SIMULATION TIME ( DAYS) 
*---- TMAX  
      0.166  
CC 
CC ROCK COMPRESSIBILITY (1/PSI), STAND. PRESSURE(PSIA) 
*---- COMPR                PSTAND 
        0                   14.7  
CC 
CC FLAGS INDICATING CONSTANT OR VARIABLE POROSITY, X,Y,AND Z PERMEABILITY 
*---- IPOR1  IPERMX IPERMY IPERMZ IMOD 
        0      0      0      0     0  
CC 
CC CONSTANT POROSITY FOR WHOLE RESERVOIR  
*---- PORC1 
       0.125  
CC 
CC CONSTANT X-PERMEABILITY FOR WHOLE RESERVOIR  
*---- PERMXC 
        475  
CC 
CC CONSTANT Y-PERMEABILITY FOR WHOLE RESERVOIR  
*---- PERMYC 
        475  
CC 
CC CONSTANT Z-PERMEABILITY FOR WHOLE RESERVOIR  
*---- PERMZC  
        475  
CC 
CC FLAG FOR CONSTANT OR VARIABLE DEPTH, PRESSURE, WATER 
SATURATION,INITIAL AQUEOUS PHASE cOMPOSITIONS 
*----IDEPTH  IPRESS  ISWI  ICWI 
       0       0      0     -1  
CC 
CC CONSTANT DEPTH (FT)  
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*---- D111 
       0  
CC 
CC CONSTANT PRESSURE (PSIA)  
*---- PRESS1 
       14.7  
CC 
CC CONSTANT INITIAL WATER SATURATION  
*---- SWI 
      1  
CC 
CC BRINE SALINITY AND DIVALENT CATION CONCENTRATION (MEQ/ML) 
*---- C50       C60 
       0         0  
CC 
CC******************************************************************* 
CC                                                                  * 
CC    PHYSICAL PROPERTY DATA                                        * 
CC                                                                  * 
CC******************************************************************* 
CC 
CC 
CC OIL CONC. AT PLAIT POINT FOR TYPE II(+)AND TYPE II(-), CMC 
*---- c2plc  c2prc   epsme   ihand  
        0      1     0.0001     0  
CC 
CC flag indicating type of phase behavior parameters 
*---- ifghbn   
        0  
CC SLOPE AND INTERCEPT OF BINODAL CURVE AT ZERO, OPT., AND 2XOPT SALINITY 
CC FOR ALCOHOL 1 
*---- hbns70   hbnc70   hbns71   hbnc71   hbns72   hbnc72   
        0.131    0.1       0.191     0.026     0.363     0.028  
CC SLOPE AND INTERCEPT OF BINODAL CURVE AT ZERO, OPT., AND 2XOPT SALINITY 
CC FOR ALCOHOL 2 
*---- hbns80  hbnc80  hbns81  hbnc81  hbns82  hbnc82   
        0       0       0       0       0       0  
CC 
CC LOWER AND UPPER EFFECTIVE SALINITY FOR ALCOHOL 1 AND ALCOHOL 2 
*---- csel7   cseu7   csel8   cseu8 
       0.177    0.344     0       0  
CC 
CC THE CSE SLOPE PARAMETER FOR CALCIUM AND ALCOHOL 1 AND ALCOHOL 2 
*---- beta6    beta7    beta8  
        0.8       -2       0  
CC 
CC FLAG FOR ALCOHOL PART. MODEL AND PARTITION COEFFICIENTS 
*---- ialc   opsk7o   opsk7s   opsk8o   opsk8s  
        1      0        0        0        0  
CC 
CC NO. OF ITERATIONS, AND TOLERANCE 
*---- nalmax     epsalc  
        20       0.0001  
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CC 
CC ALCOHOL 1 PARTITIONING PARAMETERS IF IALC=1 
*---- akwc7     akws7    akm7     ak7      pt7    
       4.671    1.79      48     35.31    0.222  
CC 
CC ALCOHOL 2 PARTITIONING PARAMETERS IF IALC=1 
*---- akwc8     akws8    akm8    ak8     pt8   
        0         0        0      0       0  
CC 
CC ift model flag 
*----  ift    
        0  
CC 
CC INTERFACIAL TENSION PARAMETERS 
*----  g11     g12     g13     g21     g22      g23  
       13    -14.8    0.007     13     -14.5     0.01  
CC 
CC LOG10 OF OIL/WATER INTERFACIAL TENSION  
*---- xiftw 
       1.3  
CC 
CC ORGANIC MASS TRANSFER FLAG 
*---- imass icor 
        0       0  
CC 
CC CAPILLARY DESATURATION PARAMETERS FOR PHASE 1, 2, AND 3 
*---- itrap      t11      t22      t33 
        0        1865    59074    364.2  
CC 
CC  FLAG FOR RELATIVE PERMEABILITY AND CAPILLARY PRESSURE MODEL 
*---- iperm 
        0  
CC 
CC FLAG FOR CONSTANT OR VARIABLE REL. PERM. PARAMETERS 
*---- isrw    iprw    iew  
        0      0       0  
CC 
CC CONSTANT RES. SATURATION OF PHASES 1,2,AND 3 AT LOW CAPILLARY NO. 
*---- s1rwc    s2rwc     s3rwc  
       0      0      0  
CC 
CC CONSTANT ENDPOINT REL. PERM. OF PHASES 1,2,AND 3 AT LOW CAPILLARY NO. 
*---- p1rwc     p2rwc    p3rwc 
       1       1      1  
CC 
CC CONSTANT REL. PERM. EXPONENT OF PHASES 1,2,AND 3 AT LOW CAPILLARY NO. 
*---- e1wc     e2wc     e3wc  
       2       2       2  
CC 
CC WATER AND OIL VISCOSITY , RESERVOIR TEMPERATURE 
*---- VIS1    VIS2   TSTAND 
       0.018      1      0  
CC 
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CC COMPOSITIONAL PHASE VISCOSITY PARAMETERS 
*----   ALPHAV1   ALPHAV2   ALPHAV3   ALPHAV4  ALPHAV5 
          4         5         0         0.9       0.7  
CC 
CC PARAMETERS TO CALCULATE POLYMER VISCOSITY AT ZERO SHEAR RATE 
*---- AP1      AP2      AP3 
       0      0     0  
CC 
CC PARAMETER TO COMPUTE CSEP,MIN. CSEP, AND SLOPE OF LOG VIS. VS. LOG CSEP  
*---- BETAP    CSE1     SSLOPE 
       10      0.01      0  
CC 
CC PARAMETER FOR SHEAR RATE DEPENDENCE OF POLYMER VISCOSITY 
*---- GAMMAC   GAMHF   POWN 
       0       13      1.645  
CC 
CC CC FLAG FOR POLYMER PARTITIONING, PERM. REDUCTION PARAMETERS 
*---- IPOLYM    EPHI3    EPHI4    BRK     CRK 
        0         1       1      0    0  
CC 
CC SPECIFIC WEIGHT FOR COMPONENTS 1,2,3,7,8 ,Coeffient of oil and GRAVITY FLAG 
*---- DEN1     DEN2    DEN23     DEN3    DEN7    DEN8    IDEN  
      0.00053     0.3491     0.3491     0.2    0.346    0        1  
CC 
CC FLAG FOR CHOICE OF UNITS ( 0:BOTTOMHOLE CONDITION , 1: STOCK TANK) 
*----- ISTB 
        0  
CC 
CC COMPRESSIBILITY FOR VOL. OCCUPYING COMPONENTS 1,2,3,7,AND 8  
*---- COMPC(1)  COMPC(2)  COMPC(3)  COMPC(7)  COMPC(8) 
         0        0         0         0         0  
CC 
CC CONSTANT OR VARIABLE PC PARAM., WATER-WET OR OIL-WET PC CURVE FLAG  
*---- ICPC    IEPC   IOW  
       0       0      0  
CC 
CC CAPILLARY PRESSURE PARAMETER, CPC0  
*---- CPC0  
       0  
CC 
CC CAPILLARY PRESSURE PARAMETER, EPC0  
*---- EPC0 
       2  
CC 
CC MOLECULAR DIFFUSION COEF. KCTH COMPONENT IN PHASE 1  
*---- D(KC,1),KC=1,N 
         0        0        0        0        0        0        0        0        2.026  3.906  
CC 
CC MOLECULAR DIFFUSION COEF. KCTH COMPONENT IN PHASE 2  
*---- D(KC,2),KC=1,N 
         0        0        0        0        0        0        0        0        0  0  
CC 
CC MOLECULAR DIFFUSION COEF. KCTH COMPONENT IN PHASE 3  
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*---- D(KC,3),KC=1,N 
         0        0        0        0        0        0        0        0        0  0  
CC 
CC LONGITUDINAL AND TRANSVERSE DISPERSIVITY OF PHASE 1 
*---- ALPHAL(1)     ALPHAT(1) 
         0.5           0.05  
CC 
CC LONGITUDINAL AND TRANSVERSE DISPERSIVITY OF PHASE 2 
*---- ALPHAL(2)     ALPHAT(2) 
         0           0  
CC 
CC LONGITUDINAL AND TRANSVERSE DISPERSIVITY OF PHASE 3 
*---- ALPHAL(3)     ALPHAT(3) 
         0           0  
CC 
CC flag to specify organic adsorption calculation 
*---- iadso 
        0  
CC 
CC SURFACTANT AND POLYMER ADSORPTION PARAMETERS 
*---- AD31    AD32   B3D    AD41   AD42   B4D   IADK  IADS1   FADS   REFK 
      1      0.60    1000    0     0     100     0     0      0      0  
CC 
CC PARAMETERS FOR CATION EXCHANGE OF CLAY AND SURFACTANT 
*---- QV      XKC     XKS     EQW 
      0    0.5     0.2      419  
CC 
CC TRACER PARTITIONING COEFFICIENT  
*---- TK(I),I=1,NTW + NTA 
          0.0059   0.037  
CC 
CC TRACER PARTITION COEFFICIENT SALINITY PARAMETER (1/MEQ/ML) 
*---- TKS(I)  ,I=1 TO NTW   C5INI 
      0           0     0 
CC 
CC RADIOACTIVE DECAY COEFFICIENT  
*---- RDC(I),I=1,NTW + NTA 
          0   0     
CC 
CC TRACER ADSORPTION PARAMETER  
*---- RET(I),I=1,NTW + NTA 
          0    0  
CC 
CC******************************************************************* 
CC                                                                  * 
CC    WELL DATA                                                     * 
CC                                                                  * 
CC******************************************************************* 
CC 
CC 
CC FLAG FOR SPECIFIED BOUNDARY AND ZONE IS MODELED 
*---- IBOUND     IZONE 
        0      0  

 176



 
CC 
CC TOTAL NUMBER OF WELLS, WELL RADIUS FLAG, FLAG FOR TIME OR COURANT NO. 
*---- NWELL   IRO    ITIME    NWREL 
        2      2       1        2  
CC 
CC WELL ID,LOCATIONS,AND FLAG FOR SPECIFYING WELL TYPE, WELL RADIUS, SKIN 
*---- IDW    IW    JW    IFLAG    RW     SWELL   IDIR   IFIRST   ILAST   IPRF  
       1     15     40       1      0.019       0       3      11      15      0        
CC 
CC WELL NAME 
*----  WELNAM 
I 
CC 
CC ICHEK , MAX. AND MIN. ALLOWABLE BOTTOMHOLE PRESSURE AND RATE 
*---- ICHEK     PWFMIN     PWFMAX    QTMIN    QTMAX 
        0          0         5000      0        1000  
CC 
CC WELL ID,LOCATIONS,AND FLAG FOR SPECIFYING WELL TYPE, WELL RADIUS, SKIN 
*---- IDW    IW    JW    IFLAG    RW     SWELL   IDIR   IFIRST   ILAST   IPRF  
       2     25     40       2      0.019       0       3      11      15      0 
CC 
CC WELL NAME 
*----  WELNAM 
P 
CC 
CC ICHEK , MAX. AND MIN. ALLOWABLE BOTTOMHOLE PRESSURE AND RATE 
*---- ICHEK     PWFMIN     PWFMAX    QTMIN    QTMAX 
        0          0         5000      0        50000  
CC 
CC  ID,INJ. RATE AND INJ. COMP. FOR RATE CONS. WELLS FOR EACH PHASE (L=1,3) 
*----  ID     QI(M,L)     C(M,KC,L) 
       1      2160      1      0      0      0      0      0      0      0      1   1  
       1      0         0      0      0      0      0      0      0      0      0   0 
       1      0         0      0      0      0      0      0      0      0      0   0 
CC 
CC ID, BOTTOM HOLE PRESSURE FOR PRESSURE CONSTRAINT WELL (IFLAG=2 OR 3) 
*----  ID    PWF 
       2      13.7  
CC 
CC CUM. INJ. TIME , AND INTERVALS (PV OR DAY) FOR WRITING TO OUTPUT FILES 
*---- TINJ     CUMPR1     CUMHI1     WRHPV     WRPRF      RSTC  
       0.0017      0.000347        0.001        0.0001      0.001       25  
CC   
CC THE INI. TIME STEP,CONC. TOLERANCE,MAX.,MIN. time steps 
*----  DT     DELC(I)              CNMAX            CNMIN  
       0.0001          0      0      0      0      0      0      0      0      0.01      0.01     0.4         0.04  
CC 
CC FLAG FOR INDICATING BOUNDARY CHANGE 
*---- IBMOD 
        0  
CC 
CC IRO, ITIME, NEW FLAGS FOR ALL THE WELLS 
*----  IRO    ITIME     IFLAG   
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        2       1        1      2  
CC 
CC NUMBER OF WELLS CHANGES IN LOCATION OR SKIN OR PWF 
*----  NWEL1 
         0  
CC 
CC NUMBER OF WELLS WITH RATE CHANGES, ID 
*---- NWEL2     ID  
        1        1  
CC 
CC ID,INJ. RATE AND INJ. COMP. FOR RATE CONS. WELLS FOR EACH PHASE (L=1,3) 
*----  ID      QI(M,L)      C(M,KC,L)   
       1         2160       1      0      0      0      0      0      0      0      1  0  
       1         0          0      0      0      0      0      0      0      0      0  0  
       1         0          0      0      0      0      0      0      0      0      0  0  
CC 
CC CUM. INJ. TIME , AND INTERVALS (PV) FOR WRITING TO OUTPUT FILES 
*---- TINJ      CUMPR1      CUMHI1      WRHPV      WRPRF     RSTC 
       0.00347       0.1         0.1         0.001       0.01        150  
CC   
CC THE INI. TIME STEP,CONC. TOLERANCE,MAX.,MIN. time steps 
*----  DT     DELC(I)              CNMAX            CNMIN  
       0.0001          0      0      0      0      0      0      0      0      0.01      0.01     0.4         0.04  
CC   
CC FLAG FOR INDICATING BOUNDARY CHANGE 
*---- IBMOD 
        0  
CC 
CC IRO, ITIME, NEW FLAGS FOR ALL THE WELLS 
*----  IRO    ITIME     IFLAG   
        2       1        1      2  
CC 
CC NUMBER OF WELLS CHANGES IN LOCATION OR SKIN OR PWF 
*----  NWEL1 
         0  
CC 
CC NUMBER OF WELLS WITH RATE CHANGES, ID 
*---- NWEL2     ID  
        1        1  
CC 
CC ID,INJ. RATE AND INJ. COMP. FOR RATE CONS. WELLS FOR EACH PHASE (L=1,3) 
*----  ID      QI(M,L)      C(M,KC,L)   
       1         2160       1      0      0      0      0      0      0      0      0  0  
       1         0          0      0      0      0      0      0      0      0      0  0  
       1         0          0      0      0      0      0      0      0      0      0  0  
CC 
CC CUM. INJ. TIME , AND INTERVALS (PV) FOR WRITING TO OUTPUT FILES 
*---- TINJ      CUMPR1      CUMHI1      WRHPV      WRPRF     RSTC 
       0.2       0.1         0.1         0.001       0.01        150  
CC   
CC THE INI. TIME STEP,CONC. TOLERANCE,MAX.,MIN. time steps 
*----  DT     DELC(I)              CNMAX            CNMIN  
       0.0001          0      0      0      0      0      0      0      0      0.01      0.01     0.4         0.04
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