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ABSTRACT 

A need exists for simulators that can model the movement of dense nonaqueous 

phase liquids (DNAPLs). The objective of this study was to explore the usage of a 

powerful black oil simulator, namely ECLIPSE-100, to model D N A P L migration and 

recovery in saturated porous media. ECLIPSE was quantitatively validated against a 

waterflooding experiment of a DNAPL-saturated core reported in the literature. Results 

from ECLIPSE were also compared to published results from two other simulators. 

ECLIPSE was then used to perform a parametric study. Sensitivities were 

performed on the calculation mode, the grid discretization, and the model size to 

investigate numerical artifacts. Sensitivities were also performed on D N A P L and porous 

media properties, well configurations and constraints to compare with expected 

behaviour. In addition, preliminary simulations into the effect of permeability barriers 

were conducted. Both primary and secondary recovery simulations were performed. 
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NOMENCLATURE 

Dimensions and typical units are presented in brackets. [-] denotes a dimensionless 
parameter. 

A 2 2 
cross-sectional area normal to flow [L ; m ] 

u = fractional flow of water, or watercut [-] 

8 
2 2 

gravitational acceleration constant [L/T ; m/s ] 
h height of liquid [L; m] 

AH = hydraulic head for water [L; m] 

k absolute or intrinsic permeability [L ; mD (milliDarcy)] 

k0

 = effective organic phase permeability [L 2 ; mD (milliDarcy)] 

kw

 = relative permeability to organic phase [-] 

k° endpoint organic phase relative permeability [m ] 

krw = relative permeability to water phase [-] 

k" endpoint water relative permeability [m2] 

kw — effective water phase permeability [L ; mD (milliDarcy)] 

kx absolute permeability in x-direction [L 2 ; mD (milliDarcy)] 

ky — absolute permeability in y-direction [L ; mD (milliDarcy)] 

kz — absolute permeability in z-direction [L 2 ; mD (milliDarcy)] 

K hydraulic conductivity [L/T; m/s] 

I length along bed with dip angle [L; m] 

Al change in length along bed with dip angle [L; m] 

m = van Genuchten curve fitting parameter [-] 

n0 a curve fitting parameter for the organic phase [-] 

nw a curve fitting parameter for the water phase [-] 

M mobility [ L 3 T / M ; mD/cP] 

AP = pressure drop across sample length of porous medium [M/LT ; Pa] 

Pc = capillary pressure [M/LT 2 ; Pa] 

Pec ~ characteristic capillary pressure [M/LT ; Pa] 
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PcD •- dimensionless displacement pressure [M/LT 2 ; Pa] 

Pd ~-- displacement pressure [M/LT ; Pa] 

Pe : entry pressure [M/LT 2 ; Pa] 

Po = : pressure of organic phase [M/LT 2 ; Pa] 

PW = : pressure of wetting phase [M/LT 2 ; Pa] 

q ; volumetric flow rate [L 3 /T; m3/s] 

qco = : critical organic phase production rate [L 3 /T; m3/s] 

qo organic phase volumetric flow rate [L 3 /T; m3/s] 

qw 
water phase volumetric flow rate[L /T; m /s] 

Q Darcy velocity [L/T; m/s] 

se effective saturation [-] 

Sgr = residual gas saturation [-] 

So organic phase saturation [-] 

Sor = organic phase residual saturation [-] 

S m = maximum water phase saturation [-] 

Sw = water phase saturation [-] 

Swir — irreducible water phase saturation [-] 

U = velocity through capillary tube [L/T; m/s] 

ut - total fluid velocity [L/T; m/s] 

V = interstitial velocity [L/T; m/s] 

Ajc = length of porous medium sample [L; m] 

z vertical coordinate [L; m] 

Greek 

a = fitting parameter exponent [-] 

ad angle of the formation dip to the horizontal [-] 

9 contact angle [-] 

9A = advancing contact angle [-] 

pi = fluid viscosity [M/LT; cP (centipoise)] 

Ho = organic phase viscosity [M/LT; cP (centipoise)] 
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water phase viscosity [M/LT; cP (centipoise)] 

X Brooks-Corey pore size distribution index [-] 

Ap = density difference between organic liquid and water [M/L ; kg/m3] 

Po 
3 3 

organic phase density [M/L ; kg/m ] 
Pw = water phase density [M/L 3 ; kg/m3] 

a = interfacial tension between organic liquid and water [M/T ; dynes/cm] 

porosity [-] 

a dimensionless geometric factor [-] 

Abbreviations 

1,1,1-TCA = 1,1,1-trichloroethane 

1,2-DCA = 1,2-dichloroethane 

B T E X = benzene, toluene, ethylbenzene and xylene 

C B Z = chlorobenzene 

C H C = chlorinated hydrocarbon 

CTET = carbon tetrachloride 

D C M = methylene chloride 

D N A P L = dense nonaqueous phase liquid 

IMPES = implicit pressure, explicit saturation 

L N A P L = light nonaqueous phase liquid 

M C L = maximum concentration limit 

N A P L = nonaqueous phase liquid 

PCB = polychlorinated biphenyls 

P C E = tetrachloroethylene (perchloroethylene) 

P V T = pressure volume temperature 

SS = simultaneous solution 

T C E = trichloroethylene 

T C M = chloroform 

U S E P A = United States Environmental Protection Agency 
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CHAPTER 1 INTRODUCTION 

Groundwater contamination by manufactured dense organic compounds is now 

recognized as a major problem in industrialized countries. Many of the compounds pose 

serious health risks and persist for years in the environment. In areas where groundwater 

is used for drinking water, these concerns are paramount. 

Many organic compounds are immiscible with water. They are termed non

aqueous phase liquids (NAPLs). Some, such as gasoline and crude oil, are lighter than 

water while others, such as tetrachloroethylene (PCE), are denser than water. These 

"lighter-than-water" and "denser-than-water" compounds and are termed L N A P L s and 

D N A P L s respectively. Their subsurface behaviour is similar in some respects but differs 

in very important ways. Most importantly, L N A P L will reside mainly above the water 

table, while D N A P L will generally sink below the water table. This makes D N A P L s 

difficult to locate in the subsurface. With their low solubilities, subsurface D N A P L s act 

as long-term sources of groundwater contamination. 

A N A P L in the vadose zone, that part of the subsurface above the water table, 

may partially evaporate into soil gas, dissolve in pore water, sorb onto soil grains, or 

biodegrade (Anderson, 1988). A residual N A P L volume will also remain in the pore 

spaces along the N A P L ' s migration path. If a sufficient N A P L volume is available, the 

N A P L will also reach the capillary fringe, that region above the water table where 

capillary forces suck water up into pores. 

As illustrated in Figure 1-1, L N A P L wil l mound and spread out along the 

capillary fringe, tending to flow in the direction of the hydraulic gradient and in zones of 

higher permeability (van Dam, 1967). The capillary fringe will become depressed under 

the L N A P L mound and can even disappear so that the L N A P L rests directly on the water 

table (Abdul, 1988). A large enough mound of L N A P L will depress the water table 

(Sabatini et al, 1992). Water table fluctuations and lateral movement of the L N A P L 

pool can leave residual L N A P L below the water table. Occasionally, the volatile (light) 

components of a crude oil spill will evaporate so much over time that the remaining oil 
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components become dense enough to sink below the water table (Environment 

Canada, Environmental Technology Advancement Directorate, http://www.etcentre.org/  

spills/oil_intr.htm). 

Ground surface 

^ LH phase 
Unsaturated zone 

Capillary fringe 

LH components 
dissolved in water Saturated 

zone 

Figure 1-1 Subsurface distribution of a L N A P L spill. L H refers to light hydrocarbon 
(from Rubin and Mechrez, 1989). 

D N A P L wil l mound slightly at the capillary fringe until it overcomes the 

capillary pressure holding the water to the soil grains. It will then continue in a 

downward direction through the saturated zone along the paths of highest permeability 

until it reaches residual saturation or encounters an impermeable barrier. Upon 

encountering an impermeable barrier, it will pool on top and then spread laterally. 

Groundwater flow generally has limited influence on D N A P L movement, but has more 

effect on dissolved plumes. Figure 1-2 illustrates a typical groundwater contamination 

scenario where a D N A P L spill on the ground surface has penetrated down to an aquitard 

(a water-confining formation below an aquifer) and pooled in a depression. 

http://www.etcentre.org/
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Figure 1-2 A typical D N A P L groundwater contamination scenario (from Kueper and 
Frind, 1991a). 

NAPLs can partially evaporate into soil gas and cause vapor plumes. 

Volatilization can occur from NAPLs dissolved in water or from a N A P L body. Most 

chlorinated hydrocarbon D N A P L s evaporate quickly. Volatilized D N A P L s in the 

vadose zone can enter groundwater by migrating and ultimately condensing, or by 

dissolving in the groundwater. NAPLs can also partially dissolve in the saturated zone 

water, creating dissolved chemical plumes that spread in the direction of groundwater 

flow, as shown in Figure 1-1 and Figure 1-2. Maximum D N A P L concentration levels 

found in such plumes in the field usually are only a few percent of solubility levels, 

although solubility levels have been attained in laboratory experiments reported in the 

literature (Anderson, 1988). It is believed that heterogeneous field conditions cause the 

difference. 

Anderson's (1988) simulation studies indicate that to achieve D N A P L 

concentrations of only a few percent of solubility levels and to have these concentrations 

persist for many years, as is observed in the field, then the contaminant source is likely a 



4 

number of small scattered pools on top of impermeable barriers. Thick fingers of 

contaminant at residual saturations gave concentration levels that were too high, while 

thin fingers at residual saturation were completely removed after only a few years. 

Even with field D N A P L concentrations at only a few percent or less of solubility 

levels, these concentrations are often still orders of magnitude higher than safe drinking 

water concentrations. Table 1-1 compares the solubility of some common D N A P L s to 

their United States Safe Drinking Water Act Maximum Concentration Limits (MCLs). 

With just over half (51.7%) of the United States population deriving its drinking water 

from groundwater sources (Solley et al, 1993), it is clear that D N A P L contamination of 

groundwater is a large potential problem. 

Table 1-1 Comparison of Some Common D N A P L Solubilities to Their M C L s . 

DNAPL Abbr. Solubility (mg/L) M C L (mg/L)a 

Carbon tetrachloride CTET 785 0.005 

Chlorobenzene C B Z 500 0.1 

Chloroform T C M 8,200 0.1 

1,2-Dichloroethane 1,2-DCA 8,690 0.005 

Methylene chloride D C M 20,000 0.005 

Tetrachloroethylene P C E 150b 0.005 

1,1,1 -Trichloroethane 1,1,1-TCA 4,400 0.2 

Trichloroethylene T C E l,100 b 0.005 

Sources: Cohen and Mercer, 1993; Kueper et al, 1992; Pankow and Cherry, 1996; 
and Verschueren, 1983 
A l l data are at 20°C unless otherwise indicated. 
a United States Safe Drinking Water Act (1986) Maximum Concentration Limits 
(MCLs) 
b Data at 25 °C 
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The main types of D N A P L s are halogenated solvents, including chlorinated 

hydrocarbons (CHCs) and halogenated benzenes, polychlorinated biphenyls (PCBs), and 

coal tar and creosote. Halogenated solvents are the most extensive D N A P L pollutants 

because of their properties and widespread use. Chlorinated hydrocarbons in particular 

are the most prevalent halogenated solvent, with about 29 billion pounds produced in the 

United States during 1990 (Cohen and Mercer, 1993). The Unites States Environmental 

Protection Agency (USEPA) reports that thirteen of the twenty organic compounds 

found most often at Superfund sites are DNAPLs or DNAPL-related compounds, ten of 

which are chlorinated solvents. The Superfund program was established in 1980 by the 

United States Congress to clean up abandoned hazardous waste sites. 

Halogenated solvents are halocarbons with at least one hydrogen atom replaced 

with a halogen such as chlorine, bromine or fluorine. They have many uses including 

chemical and equipment manufacturing, vapor degreasing, dry cleaning, and production 

of insecticides and herbicides. Large-scale production of chlorinated solvents began 

about mid-1900, although most were synthesized before 1900 (Cohen and Mercer, 

1993). Unsafe handling and disposal practices were the norm for decades. For example, 

chemical safety data sheets distributed by the Manufacturing Chemists Association in 

the 1950s and 1960s stated that residue of trichloroethylene (TCE), tetrachloroethylene 

(PCE), and 1,1,1-trichloroethane (1,1,1-TCA) could be poured on dry soil and allowed to 

evaporate (Pankow and Cherry, 1996). The results of a U S E P A survey of leachates at 

abandoned dumpsites caused them to prohibit land disposal of liquid and solid wastes 

containing chlorinated hydrocarbons (Anderson, 1988). 

PCBs were widely used as dielectric fluids in electrical transformers and 

capacitors although they had a variety of other uses. Their molecular structure is very 

stable with chlorine atoms replacing some of the hydrogen atoms in biphenyl (double 

benzene ring) molecules. Production of PCBs in the United States virtually ended in 

1977 because of environmental concerns, but many sites have PCB contamination from 

earlier years. 

Coal tar and creosote are used in wood treatment plants, roofing tars and road 

tars. Coal tar was mainly produced as a byproduct in manufactured gas plants, which 
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obtained light-end hydrocarbons for lighting and heating by processing oil and coal, 

and operated from about 1820 to 1950. It is still produced as a byproduct of steel coking 

operations. It is a complex mixture of monocyclic and polycyclic aromatic 

hydrocarbons (PAHs) such as naphthalene and phenanthrene, with lesser amounts of tar 

acids, heterocyclic aromatic compounds, and B T E X (benzene, toluene, ethylbenzene, 

and xylene). Unlike most of the other coal tar components, the B T E X compounds are 

actually less dense than water. Creosote is a blend of coal tar distillates. One of the 

worst contaminated sites in Canada is that of a former wood treating plant in Calgary 

where large amounts of creosote were spilled over many years. The creosote, which is 

more viscous than water, slowly seeped down through the subsurface to an impermeable 

layer, and then migrated horizontally until it reached the riverbed of the Bow River, 

Calgary's main river. A layer of creosote was recently found at the bottom of deep pools 

in the Bow River (Southern Alberta Institute of Technology, 

http://progdev.sait.ab.ca/pwen220/27111616/body.htm). 

The health hazards of D N A P L s are diverse. At high concentrations, many 

D N A P L s are acutely toxic and exhibit obvious health effects. For instance, neurotoxic 

compounds, such as most solvents, act as central nervous system depressants - dizziness, 

confusion, and nausea at low concentrations; and convulsions, coma and death at high 

concentrations (Hume and Ho, 1994). However, for typical concentrations found in 

groundwater, the effects are likely to be chronic and less obvious. Many DNAPLs , 

especially chlorinated aromatic hydrocarbons such as PCBs, are lipophilic in nature and 

therefore accumulate in fatty tissue and increase their bioconcentration. They can cause 

organ damage, cancer, and reproductive problems. Body organs most frequently 

damaged by D N A P L s are the liver and kidney. D N A P L s classified as carcinogens 

include but are not limited to T C E , PCE, chloroform (TCM) and carbon tetrachloride 

(CTET); the B T E X compounds are also carcinogens. PCBs and several D N A P L 

pesticides (e.g. chlordane, malathion) and phthalates (e.g. butyl benzyl phthalate, di-n-

butyl phthalate, diethyl phthalate) are listed as pollutants with reproductive and 

endocrine-disrupting effects (http://www.osf-facts.org/basics/chemlist.htm). 

http://progdev.sait.ab.ca/pwen220/271
http://www.osf-facts.org/basics/chemlist.htm
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The derived compounds or metabolites of D N A P L components are also of 

health concern because the metabolites of many solvents can cause more severe 

toxicological effects than their parent chemicals (Hume and Ho, 1994). They can also 

exhibit different health effects than their parent compounds. For example, derived 

compounds of B T E X and dibenzene structures can cause liver damage, changes in 

detoxifying enzymes, and interference in reproductive behavior, but are usually not 

carcinogenic like their parent compounds. 

Because D N A P L s can migrate deep into the subsurface, it is usually difficult to 

find them. When contamination is suspected in an area, often the first conceptual 

models are derived from interpretation of aerial photos, soil gas analyses, surface 

geophysical surveys, and historical records if available. These first studies aid in the 

design of a drilling or excavation program designed to locate the D N A P L pools, areas of 

residual D N A P L saturation, and the extent of contaminated groundwater plumes. 

Sampling of contaminants wil l determine major components at a site, for usually there is 

a mix of different compounds. 

The ideal goal of any remediation program is to remove the subsurface D N A P L 

pools and zones of residual D N A P L saturation, for these sustain a contaminant plume in 

the groundwater. Where the D N A P L pools/residual zones either have not been located, 

or attempts at remediation have been unsuccessful, then perpetual hydraulic containment 

may be required if D N A P L concentration exceeds drinking water standards (Mackay and 

Cherry, 1989). Even after a site is considered to be successfully remediated, a two- to 

five-year post-operation monitoring program may be needed to ensure that residual 

desorption and/or dissolution do not increase contamination levels (Mercer et ai, 1990). 

Simulating possible remediation scenarios for a contaminated site can be 

invaluable in aiding the design of a remediation program. Simulations can be done at 

much lower expense than field trials. In many jurisdictions, field trials involving 

hazardous contaminants are illegal. Simulators may also be used to predict in a general 

sense where D N A P L s may have migrated after their release. For simulations of both 

D N A P L migration and remediation, results improve steadily as more subsurface data is 

incorporated into the model. 
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The main goal of this thesis is to use a black oil simulator to describe various 

D N A P L migration and remediation scenarios below the water table. Black oil 

simulators were developed for use by the petroleum industry and can describe 

subsurface flow of two immiscible liquids, as occurs with D N A P L s in the saturated 

zone. Abrióla (1988) compares black oil reservoir simulators to similar models 

developed to describe multiphase flow of organic chemicals: both types incorporate 

immiscible flow equations and relations describing capillarity. The black oil simulator 

chosen for use in this study is ECLIPSE because it is widely used. In addition, 

researchers have used it to simulate D N A P L migration experiments (H0st-Madsen, 

1989; H0st-Madsen and Jensen, 1992; Butts, 1996). More details about the results of 

these simulations are presented in Section 2.5, while more information on the 

capabilities of ECLIPSE is presented in Section 3.2. 
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CHAPTER 2 BACKGROUND 

2.1 INTRODUCTION 

Awareness of the problem of DNAPL-contaminated sites began in the 1970s and 

grew in the 1980s, generating interest and spawning research. Since the late 1980s and 

early 1990s, there has been much research focused on understanding subsurface D N A P L 

behaviour and investigating potential remediation strategies. Contemporaneously, 

models able to describe contaminant flow in the subsurface were developed. 

Although these models generally work for their intended purposes, they may not 

be as powerful as commercial black oil simulators that have been in existence for 

decades and have had numerous enhancements made to their capabilities. The basic 

flow equations used in a typical black oil simulator are the same as those used in some of 

the models developed for N A P L s ; therefore, a black oil simulator should be applicable 

to the problem of D N A P L flow in groundwater. Some of the enhancements made to the 

black oil simulator used in this study, ECLIPSE, are detailed in the next chapter. 

This chapter initially provides a very basic description of the typical flow 

equations used to solve multiphase flow in black oil simulators. Relevant properties for 

DNAPL/water systems are then discussed briefly, with some experimental and field 

results from the literature included for quantification and illustration. Finally, a 

description of black oil models plus a brief overview of numerical models developed to 

describe N A P L migration and remediation are provided, so that a general understanding 

of how black oil models relate to these other models can be gained. 

2.2 EQUATIONS OF F L O W THROUGH POROUS MEDIA 

Darcy's law describes the flow of a fluid through a porous medium, and is 

expressed as follows for horizontal flow: 

kA AP (2-1) 

where q = volumetric flow rate 

k = intrinsic permeability, 



10 

A = cross-sectional area normal to flow, 

ju = viscosity of the fluid, 

A P = pressure drop across the porous medium sample length, and 

Ax = length of the porous medium sample (horizontal). 

For two immiscible fluids flowing through a porous medium simultaneously, 

Darcy's law can be extended to multiphase flow. The multiphase version of Darcy's law 

can also be derived from momentum balance equations. The inclusion of the gravity 

term in Darcy's law leads to the following equations for flow of the water and organic 

phases respectively: 

k,A 

q0 = 
kA 

fdP, Ì + gpwsmad 

dx J 

(Mo • 1 
ox ^ 

(2-2) 

(2-3) 

where qw = water volumetric flow rate, 

kw effective permeability to water, 

water viscosity, 

P w = pressure in the water phase, 

8 = gravitational constant, 

Pw - water density, 

O-d = angle of the formation dip to the horizontal 

q<> = organic phase volumetric flow rate, 

ko = effective permeability to the organic phase, 

Mo = organic phase viscosity, 

Po = pressure in the organic phase, and 

Po = organic phase density. 

Solution of the multiphase flow equations involves the use of the constitutive 

relations, which are relations of capillary pressure to saturation and relative permeability 

to saturation. Capillary pressure is equal to the difference between the organic phase 
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pressure and the water phase pressure in water-wet systems (most D N A P L s are non-

wetting with respect to water (Feenstra et al, 1996)): 

where Pc is the capillary pressure. Saturation is discussed further in Section 2.3.3, while 

more information on constitutive relations is given in Section 2.3.4. 

2.3 POROUS MEDIA AND DNAPL PROPERTIES 

2.3.1 Intrinsic and Relative Permeability 

The intrinsic or absolute permeability of a porous medium is the measure of ease 

with which any fluid can flow through if the fluid completely saturates the medium, 

provided there is no interaction between the fluid and solid. It has dimensions of length 

squared. Permeability is calculated from Darcy's law by using experimentally 

determined values of the other parameters in Darcy's law. 

The permeability of clastic sediments is affected by their grain sizes and grain 

size distribution, grain shape and orientation, and the degree of cementation (van Dam, 

1967). There have been no equations developed to directly calculate permeability based 

on all these rock properties because of the number of variables involved and the 

difficulty in determining their values. Permeability of fractured media is mainly 

determined by the fractures, found in brittle clayey soils, bedrock, and limestone. 

When two fluids exist in a porous medium, they wil l mutually interfere with each 

other's flow. Thus, their effective permeabilities will depend on their saturations and 

will be less than the intrinsic permeability; the sum of their effective permeabilities 

should also be less than the intrinsic permeability. The ratio of effective permeability to 

intrinsic permeability is called the relative permeability, which ranges from zero to one. 

The relative permeabilities for water and organic liquid are expressed as: 

(2-4) 

(2-5) 

(2-6) 
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where & m and kro are the relative permeabilities to the water and organic phases 

respectively. Further discussion of relative permeability as a function of saturation is 

included in Section 2.3.4. 

2.3.2 Density and Viscosity 

Literature reports of D N A P L experimental studies include some using pure 

halogenated solvents with many known properties such as density and viscosity. In the 

subsurface, these properties may be different if the D N A P L undergoes in-situ 

weathering or includes spent or off-specification chemicals. In addition, subsurface 

D N A P L s are frequently mixtures of a variety of chemicals. PCB oils, creosote and coal 

tar are by nature complex mixtures with varying properties, so samples of the actual 

product must be tested to determine its properties. 

Cohen and Mercer (1993) report that the specific gravities of most D N A P L s 

range from 1.01 to 1.65 with those for halogenated solvents increasing with the degree 

of halogenation. Specific gravities of PCBs range from about 1.18 to 1.62, and 

viscosities from about 12 to 1900 cp. Density and viscosity of PCBs are proportional to 

the number of chlorine atoms in the molecule. Coal tar and creosote are both slightly 

denser than water, typically having specific gravities of 1.01 to 1.18. Like PCBs, they 

are much more viscous than water, with viscosities usually ranging from 10 to 70 cp. 

Table 2-1 lists the density and viscosity of some common D N A P L s . 

Table 2-1 Density and Viscosity of Some Common DNAPLs . 

DNAPL Density (g/cm3) Viscosity (cP) 

Chlorobenzene3 1.11 0.8 

Tetrachloroethylenea 1.63 0.9 

1,1,1 -Trichloroethane2 1.35 0.84 

Trichloroethylene3 1.46 0.57 

Polychlorinated biphenylsb 1.18-1.62 12-1900 

Coal tar and creosoteb 1.01-1.18 10-70 
a Pankow and Cherry, 1996 (data are at 25°C) 
b Cohen and Mercer, 1993 
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2.3.3 Saturation and Residual Saturation 

Saturations of fluids are related to their wettabilities. A non-wetting fluid tends 

to occupy the centers of pores and exists in an insular state as disconnected singlets, 

multi-pore globules and ganglia at residual saturation, when it is unable to flow. At 

saturations of the non-wetting fluid greater than residual, the non-wetting fluid will be 

continuous and thus able to flow. 

The wetting fluid will occupy the smallest corners of pores and will also exist as 

a film between the non-wetting fluid and the rock matrix if its saturation is high enough. 

Irreducible wetting fluid is present in a pendular state as discrete lenses or pendular rings 

around grain-to-grain contacts. At intermediate saturations of the wetting fluid, it is 

present in a funicular state where the rings of the wetting fluid have coalesced. Figure 

2-1 illustrates the pendular and funicular saturation states where water is the wetting 

fluid. Capillary trapping usually controls residual and irreducible saturations. The 

irreducible wetting fluid saturation is generally higher than residual non-wetting fluid 

saturation. 

Figure 2-1 Illustration of (a) pendular saturation, and (b) funicular saturation, where 
water is the wetting fluid (from Leverett, 1941). 

2.3.4 Capillary Pressure and Relative Permeability as Functions of Saturation 

Capillary pressure is a strong path-dependent function of saturation and plots of 

these two parameters reveal hysteresis (differences) between the drainage and imbibition 
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curves, as illustrated in Figure 2-2. Drainage occurs when the wetting phase is 

displaced out of a porous medium by a non-wetting phase, and imbibition occurs when a 

non-wetting phase is displaced by a wetting phase. Hysteresis is mainly caused by wider 

pore size distributions and differences between advancing and receding contact angles. 

Figure 2-2 also shows one form of scanning curves that may occur after the system has 

already undergone a complete drainage cycle. Scanning curves that occur when the 

system has not undergone a complete drainage cycle are described in later in this section. 

Capillary pressure curves are useful for obtaining much information about the 

porous medium. For instance, capillary pressure-saturation curves are well suited to 

determining irreducible wetting fluid saturation as shown in Figure 2-2. The curves also 

indicate a threshold or displacement pressure that the non-wetting fluid must 

overcome before it can displace the wetting fluid out of the porous medium. In addition, 

the slope of the drainage capillary pressure-saturation curve provides an indication of the 

range of pore sizes: a flatter curve indicates more uniform pore sizes. The trapped non-

wetting saturation at a given capillary pressure may be calculated by subtracting the 

wetting phase saturation on the imbibition curve from that on the drainage curve. 

In addition to the displacement pressure P¿, capillary pressure curves also exhibit 

an entry pressure Pe, as illustrated in Figure 2-3. The entry pressure is the pressure at 

which the organic fluid becomes continuous macroscopically and can flow through the 

porous medium, and is determined as the capillary pressure at the inflection point. The 

inflection point corresponds to the maximum water saturation Sm attained during 

imbibition, or Sm = 1 - Sor, where Sor is the organic phase residual saturation. The 

displacement pressure is determined at a water saturation of unity by drawing a tangent 

to the measured capillary pressure curve at the inflection point and extending it to Sw = 1, 

where Sw is the wetting phase saturation. The values of P¿ and Pe are typically very 

similar. 

Relative permeability is also a strong function of saturation and is viewed with 

the wetting fluid saturation on a plot. A typical relative permeability plot of oil and 

water is shown in Figure 2-4, which illustrates the insular, funicular and pendular 

saturation regions described in Section 2.3.3. Typical relative permeability curves for 
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two-phase chlorinated hydrocarbon and water systems (Schwille, 1988) are shown in 

Figure 2-5. Schwille's figure shows that at the irreducible water saturation, the relative 

permeability to C H C is still high, but that at residual C H C saturation the relative 

permeability to water is low. This result is explainable by irreducible water (the wetting 

fluid) existing in the smallest pores and throats while leaving the large ones open to 

C H C flow, but residual C H C existing in the centers of the largest pores and greatly 

impeding water flow. 

Relative permeability curves are frequently used as a qualitative indication of the 

wettability of the system under study. Some researchers use the water saturation at the 

crossover point of the organic phase and water relative permeability curves: a water 

saturation greater than 50% indicates the system is water-wet. Others use the ratio of the 

water to organic phase endpoints, where endpoints for the water and organic phase are 

defined as their relative permeabilities at the organic phase residual saturation and 

irreducible water saturation respectively: a ratio less than one indicates a water-wet 

system. Schwille's relative permeability plot shown in Figure 2-5 indicates a water-wet 

system using either of these methods. 

l O O * ShH 80 60 40 20 p 
- 6 0 I 1 rt 1 1 I 1 

Figure 2-2 Capillary pressure-saturation curves for the wetting phase in two-phase 
flow through a porous medium (from Fetter, 1999). 
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Pc 

Figure 2-3 Capillary pressure-saturation curve illustrating displacement pressure and 
entry pressure (from Corey, 1986). 

k O I L WATER / 

, t , \ * / r 
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0 % — — WATER SATURATION 100 % 
1 0 0 % OIL SATURATION 4 0% 

Figure 2-4 Typical oil-water relative permeability curves (from van Dam, 1967). 

A further relationship exists between the maximum saturation of a nonwetting 

liquid and its subsequent residual saturation, as was observed by Pickell et al. (1966). 

The amount of capillary-trapped organic liquid increases with originally higher flow 

rates of invading organic liquid: higher flow rates cause smaller pores to be invaded in 

addition to the larger pores. A greater range of pore sizes initially contacted by the 
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nonwetting fluid results in a greater range of pore sizes in which the nonwetting fluid 

is trapped when water re-imbibes back into the smaller pores, and hence a higher 

residual saturation. These relationships are depicted as scanning curves on plots of 

relative permeability and saturation. 

Figure 2-5 Typical relative permeability curves for C H C and water (from Schwille, 
1988). 

This dependency of the scanning residual organic phase saturation (where the 

organic phase is nonwetting), S*or, on the highest organic phase saturation attained, 

S™x, is depicted in Figure 2-6. When the water phase reaches irreducible saturation Sw¡r 

during primary drainage, subsequent imbibition to the highest water saturation will cause 

the organic phase to reach its residual saturation Sor, which is the maximum organic 

phase residual saturation that can be attained. In the case where the system has already 

undergone a complete drainage displacement, then the scanning curves for capillary 

pressure may be more of the form depicted in Figure 2-2. 
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Figure 2-6 Scanning Pc and krn curves illustrating hysteresis of Snc (modified from 

Similar models for krw can be created, but many authors have implied that this 

may be neglected. For instance, Craig (1971) concluded that for strongly water-wet 

systems, the water relative permeability is a function only of its own saturation and 

simply retraces its relative permeability curve. Az iz and Settari (1979) stated that the 

dependence of km on the residual nonwetting phase saturation is typically much smaller 

than for krn and did not discuss it further. Bear (1972) concluded that relative 

permeability for both the nonwetting and wetting phases may be approximated as 

functions only of saturation for practical purposes. 

Various authors have proposed empirical mathematical relationships to fit 

experimental data for capillary pressure-saturation curves and relative permeability-

saturation curves. Relations used in this study are described in the following paragraphs. 

Brooks and Corey (1966) analyzed drainage data for consolidated rock cores and 

developed empirical relationships for both capillary pressure and relative permeability. 

Their capillary pressure curve relation uses the experimentally determined displacement 

pressure plus two curve-fitting parameters and can be expressed as 

Aziz and Settari, 1979). 

(2-7) 

where P, = capillary pressure, 

P¿ = displacement pressure, 
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A = the pore size distribution index, and 

Se = the effective saturation. 

The effective saturation is defined as: 

Se = S w - S w i r (2-8) 

where Sw = water phase saturation, 

Sm = maximum water phase saturation, and 

Swir = irreducible water phase saturation. 

The value of Sw¡r used in determining Se is either used as measured or adjusted to obtain 

a best fit. The Brooks-Corey relative permeability relations are: 

k m = S ? + u ) u (2-9) 

^ = ( l - 5 j ( l - 5 e

( 2 + A ) u ) (2-10) 

Their relations were derived using a relationship between relative permeability and the 

capillary pressure-saturation curve developed by Burdine (1953). 

van Genuchten (1978) presented a model that uses the experimentally determined 

saturated and residual values of soil moisture in the vadose zone plus a fitting parameter 

to generate capillary pressure-saturation curves: 

pc=pCc{sr-i)~m (2-11) 

where Pcc = characteristic capillary pressure, and 

m = a curve fitting parameter determined from the pore-size distribution. 

He used Maulem's (1976) relation between capillary pressure and relative permeability 

to derive a water relative permeability saturation relation: 

^ = 5 / [ l - ^ - 5 ; ) " ] (2-12) 

Note that van Genuchten's (1978) capillary pressure relation generates a curve from a 

capillary pressure of zero, while the Brooks-Corey curve begins at displacement 

pressure. 



2.4 MODELS 

This section gives an overview of multiphase flow modeling, focusing on two-

phase immiscible flow. The purpose is to provide a general understanding of how black 

oil models are related to other models. Models developed specifically for D N A P L s are 

included, as well as some developed for organic contaminants in general; models from 

the petroleum industry are also mentioned. Comprehensive reviews of multiphase flow 

modeling from a contaminant perspective can be found in Pinder and Abrióla (1986), 

Abrióla (1988), Mercer and Cohen (1990), and Kueper and Frind (1992); consideration 

from the oil industry perspective is in Crichlow (1977), Peaceman (1977), and Aziz and 

Settari (1979). 

2.4.1 History 

Muskat (1937, 1949) wrote the first two books on the mechanics of fluid flow in 

porous media. The books were written from an oil industry perspective. Buckley and 

Leverett (1942) formulated the one-dimensional problem and equations for displacement 

of oil by water. They used the fractional flow concept, which Leverett (1941) 

introduced, and assumed incompressible fluids and negligible capillary effects, or 

piston-like flow. 

van Dam (1967) is believed to be the first to treat subsurface organic contaminant 

migration as a multiphase flow problem. His model is valid only for L N A P L s . He 

stressed the importance of capillary forces, but also stated that they could be neglected 

(piston-like flow) in an isotropic homogeneous medium when flow occurs in the 

presence of a constant fluid saturation. Although piston-like flow may adequately 

describe this type of flow, or even high rate flow through coarse-grained media, it 

generally is not appropriate and thus will not be discussed further in this section. 

Two-dimensional two-phase immiscible flow models were presented by Osborne 

and Sykes (1986) and Kueper and Frind (1991a). Osborne and Sykes (1986) simulated 

the two-dimensional vertical migration of an organic solvent from the Hyde Park 

Landfill, near Niagara Falls in the United States. The landfill was used by Hooker 

Chemical Company to dispose of chemical waste and is underlain by a fractured 
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dolomitic aquifer. Osborne and Sykes (1986) utilized a finite element model called 

Waterloo Simulator for Two-phase Immiscible Flow (WSTLF) to perform the 

simulations. The simulator used a Newton-Raphson iterative scheme and the method of 

weighted residuals in the solution. It also employed upstream weighting of spatial terms 

to lessen numerical problems caused by hyperbolic equations. 

Osborne and Sykes (1986) were the first to perform model validation: they 

compared their results to those from a one-dimensional finite difference two-phase flow 

simulator (Little, 1983) since they could not find field data. They found reasonable 

agreement between their simulation and Little's (1983) simulation. Osborne and Sykes 

(1986) described two types of boundary conditions: (1) Dirichlet, in which pressures in 

the two phases are prescribed, and (2) Neumann, in which the fluxes of the two phases 

are prescribed. They reported good agreement between the two models; however, 

simulation results using best estimate data underpredicted the D N A P L saturation. 

They qualitatively compared their Hyde Park simulation results to the observed 

depth and extent of D N A P L migration at the site and found that their model did not 

adequately predict either. Considering that they did not have site-specific capillary 

pressure and relative permeability curves or much data about the fractures at the site, 

their result is not surprising. Results from sensitivity analyses led Osborne and Sykes 

(1986) to conclude that a field experiment should be designed to obtain permeability 

related data, including anisotropy and location and orientation of heterogeneities, 

because predicted migration was sensitive to these parameters. 

Kueper and Frind (1991a) developed a two-dimensional two-phase immiscible 

flow model to describe D N A P L migration in the saturated zone. A block-centered finite 

difference scheme using Newton-Raphson iteration was used to solve the equations fully 

implicitly (see Section 2.4.3 for a brief definition of fully implicit solutions). Their 

model is formulated based on the two primary unknowns of water saturation and water 

pressure because these variables are continuous across their solution domain (the 

saturated zone); usage of different sets of variables in numerical solutions is discussed in 

Aziz and Settari (1979). The model of Kueper and Frind (1991a) is limited to the 

saturated zone because the wetting fluid must be continuous and only two phases (water 
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and D N A P L ) are incorporated. Also incorporated into their solution is the use of 

either Dirichlet or Neumann boundary conditions, as in Osborne and Sykes (1986). 

Kueper and Frind (1991a) incorporated the constitutive relations of capillary pressure 

and relative permeability through either of two methods: using a table of their values, or 

calculating their values from mathematical relationships such as the Brooks-Corey 

(1966) model or van Genuchten (1978) model (see Section 2.3.4 for a description of 

these models). 

Kueper and Frind (1991a) validated their model by comparing it to both an exact 

analytical solution by McWhorter and Sunada (1990), and a laboratory experiment 

(Keuper et al, 1989). In both cases they found excellent agreement. The solution by 

McWhorter and Sunada (1990) is for unsteady flow of two immiscible fluids through a 

one-dimensional horizontal column containing homogeneous porous media. It includes 

relative permeability and capillarity and allows the use of either a Brooks-Corey (1966) 

or van Genuchten (1978)/Maulem (1976) model for capillary pressure and relative 

permeability relations. It is based on the work of McWhorter (1971) who showed that 

fractional flow, defined as the ratio of wetting phase flux to total flux, is a function of 

only wetting fluid saturation S w when the total flux is proportional to the inverse square 

root of time, f . McWhorter and Sunada (1990) also included solutions for 

countercurrent displacement and radial flow in their paper. The laboratory experiment 

of Kueper et al (1989) against which the model of Keuper and Frind (1991a) was 

verified was conducted in a two-dimensional, heterogeneous sand pack in a parallel plate 

cell. It involved the infiltration of P C E into the sand pack, which included discrete 

lenses of four different types of sand. The only calibration parameter in the simulator 

match was P C E source saturation. The migration predicted by the simulator matched the 

observed migration of the experiment; however, since the experiment did not measure 

saturations, these results are somewhat qualitative. 

Kueper and Frind (1991b) then utilized the model to examine the effects of 

changing fluid and spill parameters on D N A P L infiltration in two scenarios: (1) a single 

discrete lens of different permeability existing in an otherwise homogeneous matrix, and 

(2) a random permeability field that is spatially correlated. They found that lowering the 
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interfacial tension caused more vertical migration and less lateral migration because 

gravitational forces dominated over capillary forces. Similar flow results were observed 

when the P C E source saturation was increased, but for different reasons: the higher 

saturation gave the P C E a higher capillary pressure and thus it could more easily 

penetrate lenses of lower permeability. Opposite flow effects, i.e. greater lateral 

spreading and reduced vertical migration, were observed when the density of the 

D N A P L was reduced because the capillary forces dominated over the gravitational 

forces. They conclude that in the field, permeability variations will cause some lateral 

spreading as the D N A P L migrates downward. 

A three-phase flow model for two-dimensional flow in a vertical plane was 

presented by Faust (1985). The flow equations are based on simplifications of those 

used in the petroleum industry: the air phase is assumed to be at atmospheric pressure so 

there is one less phase equation to solve, and the density and viscosity are assumed to be 

independent of pressure. The model is formulated in terms of water saturation and 

N A P L pressure. A block-centered finite difference method was used to solve the 

equations. Faust (1985) verified the model against the one-dimensional analytical 

solution of piston-like flow given by Buckley and Leverett (1942). 

2.4.2 Three-Dimensional Immiscible Flow Models 

Faust et al. (1989), Letniowski and Forsyth (1991), and Huyakorn et al. (1994) 

presented three-phase three-dimensional models. The models of Faust et al. (1989) and 

Letniowski and Forsyth (1991) are only two-phase flow models because the third phase 

(gas) must be static; the model of Huyakorn et al. (1994) has three mobile phases. 

Gerhard (1995) presented a two-phase three-dimensional flow model that, unlike the 

others mentioned, includes capillary pressure hysteresis. The models of Faust et al. 

(1989) and Gerhard (1995) are discussed briefly below. 

Faust et al. (1989) extended the two-dimensional model of Faust (1985) 

described in Section 2.4.1. The solution of their finite difference model involves solving 

for the water saturation and nonwetting fluid pressure. They introduced a modified slice 

successive overrelaxation technique that was designed to use parallel-vector architecture 
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available in some types of computers. The technique was embedded within the 

Newton-Raphson iteration. The model was validated using the same problems as in 

Faust (1985) with matching results. The model was then used to illustrate applications 

in one, two and three dimensions. The three-dimensional application illustrated the 

migration of D N A P L in groundwater based on conditions at the S-Area Landfill, a 

chemical waste dump in Niagara Falls, New York. Two-dimensional simulations of the 

same scenario were performed to determine if they could adequately describe the 

problem. It was concluded that the two-dimensional models were not capable of 

simulating the three-dimensional aspects of the problem. 

The three-dimensional model of Gerhard (1995) was developed specifically to 

simulate the migration of D N A P L in the saturated zone, so it is limited to two phases. It 

is an extension of the two-dimensional model of Kueper and Frind (1991a,b) described 

in Section 2.4.1. Gerhard's (1995) model includes capillary pressure hysteresis 

incorporating a range of potential non-wetting phase residual saturations that could arise 

after rewetting depending on the previous non-wetting fluid maximum saturations 

reached. Gerhard (1995) verified his model against the analytical solution of 

McWhorter and Sunada (1990) (described in Section 2.4.1) and compared it to the 

numerical model of Kueper and Frind (1991a). 

After model validation, Gerhard (1995) performed three sensitivity studies. The 

first studied the effect of the "initial-residual function," a parameter characterizing the 

capillary pressure hysteresis model, on D N A P L movement in a homogeneous porous 

medium. He concluded that a model without incorporation of capillary hysteresis would 

not be able to reproduce the results. The second study simulated the infiltration of 

D N A P L into a heterogeneous medium until D N A P L movement ceased. It was observed 

that after termination of the D N A P L source, D N A P L continued to migrate laterally and 

vertically. The last study compared results of two- and three-dimensional simulations. 

It was found that, for a given D N A P L volume, the two-dimensional model predicted a 

lesser rate of D N A P L infiltration but more extensive lateral and vertical migration than 

the three-dimensional model. Additionally, the two-dimensional model predicted that 



25 

invasion of a lower-permeability lens would occur, while the three-dimensional 

model did not. 

The same simulator was used by Gerhard et al. (1998) to conduct a series of 

simulations to evaluate waterflood designs for remediation of an aquifer contaminated 

with a viscous D N A P L . These simulations employed a two-dimensional model to 

evaluate, per unit length, the potential of different horizontal well configurations to 

remediate the contaminated aquifer. More information about their model and 

comparative simulations performed in this study using E C L I P S E are in Section 4.3. 

2.4.3 Black Oil Models 

The typical petroleum industry black oil simulator is a three-dimensional, three-

phase flow model of unsteady flow that includes a transition zone to account for 

capillarity. The three phases are aqueous, oleic, and gaseous. The flow equations are 

derived from the species mass balance equations utilizing multiphase extensions of 

Darcy's law for the fluid fluxes and are simplified with the following assumptions: no 

interphase partitioning (including sorption) occurs except for gas in stock tank oil (but 

not vice versa); flow is isothermal; and no chemical reactions occur. They are then 

solved in conjunction with the constitutive relations for capillary pressure and relative 

permeability. Finite difference methods are used to solve the equations. The equations 

are not solved explicitly (one equation and one unknown) because the time step sizes in 

this type of solution are too small to be practical, i.e. fractions of a second. Therefore, 

the equations are usually solved fully implicitly as a matrix of equations with larger time 

steps (simultaneous solution SS), or sometimes with a combination of IMplicit Pressure 

and Explicit Saturation (IMPES) for smaller time steps. The fully implicit solution is 

completely stable, while IMPES can be unstable, but is less dispersive and sometimes 

faster. Generally, fully implicit is recommended for difficult problems and IMPES for 

easy problems, i.e. a regular grid system and small time steps. 

The black oil model used in this study, ECLIPSE, generally follows the typical 

black oil model described above, but has many more capabilities through 

implementation of empirical treatments - for example, the Todd-Longstaff treatment for 
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miscible floods. More information on the capabilities of E C L I P S E are included in 

Section 3.2. 

2.4.4 Compositional Simulators 

The main difference between a black oil simulator and a multi-component 

compositional simulator is that a black oil simulator assumes that saturated hydrocarbon 

fluid properties are functions of pressure only and disregards compositional dependence 

of these properties, while a compositional model is concerned with mass transfer 

between phases and equilibrium partitioning. Following are two examples of 

compositional simulators used for modeling D N A P L behaviour. 

Abrióla and Pinder (1985a,b) presented a two-dimensional multiphase 

multicomponent model that includes dissolution and volatilization through the 

incorporation of equilibrium partitioning. Finite difference methods were used to solve 

the systems of equations in their model. Pinder and Abrióla (1986) used the model to 

simulate T C E migration in a contamination scenario. They used Lin's (1982) relative 

permeability and capillary pressure curves since no field data were available, and 

presented their results in saturation and concentration distribution plots. They observed 

that capillary forces normally have large effects in soil and groundwater because these 

systems are usually water-wet and flow is usually gravity-driven. They concluded that 

there is a general need for better simulators resulting from the need for: better field data; 

more complete equations that incorporate, for example, hysteresis (although they noted 

that the petroleum industry had already done so); and improved numerical solutions. 

The University of Texas Chemical Flood Simulator (UTCFfEM) is a three-

dimensional compositional multiphase flow finite difference simulator. It was originally 

developed to model enhanced oil recovery by surfactant flooding but has been adapted 

and used to model cosolvent flooding for D N A P L remediation (Falta and Roeder, 1998). 

Falta and Roeder (1998) investigated the remediation of chlorinated solvent 

contamination using density-modified cosolvent flooding by performing numerical 

simulations with U T C H E M . Cosolvent flooding uses miscible solvents to mobilize or 

dissolve trapped NAPLs . D N A P L s are often trapped at the bottom of depressions and 
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may be difficult to contact with a less dense solvent that would tend to override the 

D N A P L pool. The cosolvent flooding solution used by Falta and Roeder (1998) 

consisted of water, tert-butanol alcohol as the miscible cosolvent, and sucrose for the 

density-modifying agent. They chose sucrose because it is dense, inexpensive, nontoxic 

and almost completely soluble in water. Initially, density and viscosity for various phase 

compositions were obtained from preliminary laboratory experiments and compared to 

simulated results. Comparisons were generally good across the composition range. The 

D N A P L (they used PCE) in some cases became an L N A P L because sugar influenced the 

tert-butanol partitioning into the N A P L phase ("salting out"). 

Falta and Roeder (1998) simulated the remediation of a simple confined two-

dimensional homogeneous aquifer containing a zone of P C E at a saturation of 0.05. The 

cosolvent flooding solution was injected at a constant rate in a well along the entire left 

side of the model, while fluids were produced from a constant potential well along the 

entire right side. When the cosolvent contacted the PCE, N A P L phase swelling occurred 

because the tert-butanol partitioned preferentially into the PCE. The P C E D N A P L was 

transformed into an L N A P L and mobilized, eventually being swept from the model. The 

cosolvent had a tendency to underride the N A P L and thus prevent significant downward 

N A P L movement. It was concluded that density-modified cosolvent flooding is a 

promising technique for remediation and that simulation is a useful tool for designing 

and understanding these floods. 

2.5 ECLIPSE USAGE IN T H E LITERATURE 

2.5.1 Modeling of LNAPLs 

ECLIPSE has been used to model L N A P L contamination and remediation (H0st-

Madsen, 1989; H0st-Madsen and Jensen, 1992; Butts, 1996; Aikman and Kantzas, 

2000). H0st-Madsen (1989) and H0st-Madsen and Jensen (1992) have validated 

ECLIPSE against a controlled L N A P L experiment. 

H0st-Madsen (1989) used ECLIPSE to predict field-scale L N A P L contamination 

of aquifers. ECLIPSE was quantitatively validated against a controlled 2-D experiment 
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of constant-rate L N A P L infiltration into a sandbox containing both saturated and 

unsaturated zones (also described in H0st-Madsen and Jensen, 1992). Dual-gamma 

attenuation was used to measure saturations during the experiment. Separate 

experiments had measured the two-phase constitutive relations for the selected L N A P L s 

and sand types. The authors used van Genuchten's model (1978) to fit the capillary 

pressure curves, and Maulem's corresponding model (1976) (see Section 2.3.4 for 

descriptions of these two models) to fit the two-phase relative permeability data. As is 

common, they considered the three-phase water and air relative permeability curves to 

be the same as the two-phase curves by assuming that air and water relative 

permeabilities depend only upon their own saturations. They generated the three-phase 

oil relative permeability curve using Stone's model (1973) for three-phase systems. 

Experimental and simulated results showed reasonable agreement, and thus the authors 

concluded that ECLIPSE was suitable for simulations of oil contamination. They also 

concluded that better agreement could have been attained with better data from more 

accurate experimental techniques, plus refinement of the simulator model by including, 

for example, anisotropy and hysteresis. 

2.5.2 Modeling of DNAPLs 

Both H0st-Madsen (1989) and Butts (1996) used ECLIPSE for modeling 

D N A P L flow behaviour. H0st-Madsen (1989) qualitatively validated ECLIPSE against 

a D N A P L experiment conducted by Kueper et al. (1989). Butts (1996) also qualitatively 

validated ECLIPSE against two D N A P L flow experiments that he conducted; however, 

he also observed some discrepancies. 

H0st-Madsen (1989) used ECLIPSE to model an experiment of PCE migration in 

heterogeneous porous media performed by Kueper et al. (1989). This same experiment 

has been used to validate other simulators (see Section 2.4.1 and Section 2.4.2). Figure 

2-7 illustrates the positions of the discrete lenses of four different sands packed in the 

parallel-plate cell of the two-dimensional experiment. Kueper et al. (1989) determined 

the intrinsic permeability and the static drainage PCE-water capillary pressure-saturation 

curves for each of the four sands, observing that finer sands caused higher capillary 
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pressures, and fit their curves using the Brooks-Corey capillary pressure-saturation 

model. The P C E was introduced at the top of the cell into sand 1 and was observed to 

flow laterally above fine-grained lenses of sands 3 and 4, and then continue flowing 

downward when the edges of the lenses were reached. The D N A P L pool on top of the 

lens of sand 2 reached sufficient saturation that it was subsequently able to overcome the 

entry pressure and invade the fine-grained lens. Even after invading the fine-grained 

lens, significant lateral D N A P L movement occurred in the coarse-grained sand above 

because of its greater absolute and relative permeabilities. The D N A P L began to finger 

during the earliest stage of the experiment, but the heterogeneities, which were the same 

order of magnitude as the distortion sizes, controlled the migration. At the last reported 

time in the experiment of 313 seconds, D N A P L had migrated in sands 1 and 2, but had 

not invaded sands 3 and 4. During the experiment, pictures of the P C E migration in the 

cell were taken at various time intervals. The P C E had been dyed red for better 

observation, but no saturations were measured. 

H0st-Madsen (1989) used van Genuchten's (1978) model to fit the capillary 

pressure-saturation curves determined by Kueper et al. (1989), and Maulem's (1976) 

model to predict the relative permeability-saturation curves, which were not measured 

(see Section 2.3.4 for a description of these fitting models). 
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Figure 2-7 Illustration of lenses of four different sands in the flow flume of a P C E 
migration experiment (from Kueper et al., 1989). 
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Results of the H0st-Madsen (1989) simulations indicate good qualitative 

matching of the experimental results. Figure 2-8 illustrates both the experimentally 

observed and simulated migration at 313 seconds, with the simulated results additionally 

showing lines of constant D N A P L saturation. H0st-Madsen (1989) concluded that the 

simulated spreading of P C E was slightly faster than the experimental spreading, and 

speculated that an overestimation of relative permeabilities was responsible. However, 

the main effects of the heterogeneity were simulated successfully. 
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Figure 2-8 Illustration of PCE migration at 313 seconds in the experiment of Kueper 
et al. (top) and simulated results (bottom) (from H0st-Madsen, 1989). 

Butts (1996) used ECLIPSE to model two 1,1,1-TCA contamination and 

migration experiments that were performed in the said study. The experiments were 

conducted in two-dimensional flow flumes with the intent to provide quantitative data 

for testing numerical models. Thus the density, viscosity and interfacial tensions were 
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measured for the experimental liquids, and the permeability and capillary pressure 

saturation functions for each of the sands were measured. The 1,1,1-TCA had been dyed 

red for better observation (the properties of the dyed 1,1,1-TCA were also reported). In 

addition, a grid was applied to the side of the flow flume to aid the visual tracking of the 

D N A P L migration, and a video recording was made. The dual gamma attenuation 

technique was used to measure fluid saturations, but the results were unreliable because 

of instrument drift. 

The flow flume in each experiment was packed with alternating layers of coarse 

and fine sands that were partially saturated with water. The first experiment had thick 

20 cm layers overlain by 30 cm of the coarse sand, while the other had thin 5 cm layers 

overlain by 30 cm of the fine sand. The air-water capillary pressure-saturation curve 

measured for each sand type was scaled and used to predict the air-TCA and TCA-water 

capillary pressure-saturation curves as well as the relative permeability-saturation 

curves. Comparison of the predicted curves to the measured saturation functions showed 

the predicted curves to be accurate. 

The 1,1,1-TCA was injected through a tube embedded in the sand pack near the 

surface. Two injection rates were applied in each experiment, with the first injection 

rate higher than the second. Higher injection rates were applied in Experiment 1 

compared to Experiment 2. 

The simulation of Experiment 1 agreed well with the experimental results. Both 

the depth and width of the simulated plume were accurate. The only discrepancy 

occurred at the surface of the sand pack: ECLIPSE showed D N A P L saturation but none 

was observed in the experiment. Butts postulated that the difference was caused either 

by too coarse a grid in the simulation, or the extra tamping of the sand around the 

injection tube. If the ECLIPSE grid was too coarse, the results may have been 

inaccurate, or numerical dispersion may have occurred. The extra tamping of the sand 

around the injection tube may have caused an upward flow barrier in the experiment. 

The simulation of Experiment 2 had mixed results. The depth and maximum 

width of the simulated plume were accurate. However, there were three major 

differences between the simulation and experimental results. Firstly, the experiment 
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showed D N A P L migrating preferentially to one side, but this asymmetry was not 

predicted in the simulation. Butts (1996) believes that the preferential migration was 

caused by local variations in the sand pack. The second major difference occurred at the 

surface of the sand pack, where ECLIPSE predicted D N A P L but the experiment showed 

none. As in the first experiment, the sand had been tamped extra carefully around the 

injection tube and may have caused a barrier to upward flow. Unlike the first 

experiment, however, a fine simulation grid was used, suggesting that simulator 

discretization was not the cause of the discrepancy in either simulation. The third 

difference involved fingering, which was observed in the second coarse sand layer of the 

experiment but was not predicted by the simulator. Two reasons that the simulator did 

not predict finger flow were that the grid spacing used was much larger than finger 

width, and there was no mechanism to trigger finger growth. A simulation conducted 

where the grid size was set to one half of finger width, and various capillary pressure-

saturation curves were used, resulted in "perturbations" but no well-defined fingers. 

However, such a fine grid is not practical in field applications. 

Butts (1996) also conducted L N A P L experiments, in particular examining finger 

flow in more detail. He concluded that "despite the complex and unpredictable nature of 

flow on the local scale, particularly fingering in the coarse layers, the overall plume 

shape and development are similar to those found in a homogeneous soil" (Butts, 1996). 

His conclusion together with the results of his simulations for both D N A P L experiments, 

namely accurate predication of plume depth and width, support the use of ECLIPSE to 

predict the general migration of a D N A P L , while recognizing that asymmetrical 

migration and fingering may not be predicted. 

2.6 OBJECTIVES 

Although water resource models able to describe D N A P L flow exist, these may 

not be as powerful as black oil simulators that have been in existence for decades and 

have had numerous enhancements made to their capabilities. Unlike the water resource 

models based on immiscible flow that are described in previous sections, ECLIPSE can 

model three-dimensional three-phase flow including capillary pressure hysteresis. Some 
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of the other advanced capabilities of ECLIPSE are summarized in Section 3.2.2, and 

include: choice of corner-point or block-centered grids, modeling relative permeability 

hysteresis, tracer tracking, the ability to model fractured formations, extensive well 

controls, a miscible flood option, a solvent option and a surfactant option. 

Powerful simulators that can model D N A P L flow are needed to aid in the design 

of remediation programs. Using simulators, a greater range of remediation techniques 

can be investigated than would be practical in field trials. Moreover, simulations cost 

less than field trials. 

Initial simulations in this study using ECLIPSE are for the purpose of validating 

it for use in modeling D N A P L flow. Validation is important because it shows that the 

simulator is capable of modeling D N A P L flow and the main processes involved. 

Validation is normally performed by modeling a controlled experiment; ECLIPSE is 

therefore used to simulate a D N A P L experiment published in the literature. Since real 

data is limited, simulation results from ECLIPSE are also compared to results from 

water resource models published in the literature. A match of results between simulators 

would indicate that ECLIPSE is obtaining similar solutions for D N A P L flow as the 

water resource models. 

When using a black oil simulator to model water resource problems, validation is 

also important because a perception exists by some that most black oil models are not 

suitable for modeling contamination and remediation of aquifers. For example, 

Kuppusamy et al. (1987) states: "...substantial differences in specific conditions (e.g. 

displacing pressure, geometry) pertinent to the petroleum reservoir and water resources 

problems generally precludes cross-application of numerical codes between these 

fields." 

Differences between conventional petroleum industry problems and water 

resource problems mainly involve boundary conditions and pressures. For instance, an 

oil reservoir will typically be trapped at high pressure within no-flow boundaries; if an 

aquifer exists, it too would be at high pressure. On the other hand, water resource 

problems are often in shallow conditions where pressure is continuous from the 

atmosphere and therefore never reaches the magnitude found in petroleum reservoirs. 
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Boundary conditions at these shallow depths are also typically different from the no-

flow petroleum boundaries; often they are modeled using constant flux or constant 

pressure. However, the pressure differences between water resource problems and 

petroleum reservoir problems should not cause a problem because the fluid and 

formation compressibilities can be specified in ECLIPSE and because the 

compressibility effects are calculated based on changes in pressure, which would be low. 

The boundary conditions may need to be modeled differently in ECLIPSE though, 

depending on what options are available. 

After simulator validation, a parametric study using ECLIPSE is performed to 

investigate simulator performance and to offer predictions of various remediation 

scenarios, including primary and secondary recovery. Throughout the simulations, 

capabilities and deficiencies of ECLIPSE in modeling boundary conditions will be 

identified. Results of simulations performed in this study are presented in Chapter 4. 
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CHAPTER 3 SIMULATOR USAGE 

3.1 INTRODUCTION 

This chapter gives a brief overview of ECLIPSE and describes several aspects of 

simulation. Topics in ECLIPSE that are touched upon include: its numerical solutions; 

data needed in input files; data generated in output files and its analysis; and potential 

capabilities as they relate to the simulation of D N A P L contamination and remediation. 

Also discussed is ECLIPSE usage in the literature. Methods of generating some of the 

necessary input data are referenced, such as relative permeability-saturation curves. 

Ancillary computer programs are discussed as they relate to the analysis of results. 

Several general aspects of simulation used while performing the simulations are 

also discussed here because they warrant more attention than could be given in the 

following chapters. These include element of symmetry models, modeling of aquifers, 

and a description of the computer hardware platform. Knowledge of these aspects is 

necessary for understanding the results of the simulations. 

3.2 ECLIPSE DESCRIPTION 

ECLIPSE is a commercial black oil simulator that was developed for use by the 

petroleum industry for modeling oil and gas reservoirs. It is similar to the typical black 

oil model described in Section 2.4.3. Information in this section has been adapted from 

ECLIPSE'S user manuals and technical description (Schlumberger, 1999a,b,c). 

3.2.1 Aspects of Numerical Solutions 

ECLIPSE is a finite difference simulator written in Fortran 77. It uses the 

Newton technique to numerically solve the non-linear equations. At each Newton 

iteration, the arising linear equations are solved by a modified Orthomin method. The 

equations are solved fully implicitly by default, but can be solved using the IMPES 

method instead (see Section 2.4.3 for definitions of these methods). IMPES can be used 

throughout an entire simulation, or both the fully implicit and IMPES methods can be 

used at different times in the same run. 



ECLIPSE uses two tests to ensure convergence of Newton's method, both 

involving residuals. The first test is determining if material balance errors are less than 

1.0 x 10" , which is considered to be the maximum acceptable limit. For each 

component after each Newton iteration, the material balance errors are obtained by 

summing the residuals from solution of the non-linear residual equations over all cells in 

the simulator model and comparing them to the net mass accumulation within the 

reservoir less the net influx through the wells. The second test of convergence involves 

computing the maximum saturation normalized residual for each component and 

ensuring that the resulting convergence numbers are all less than 0.001. The maximum 

saturation normalized residual for a component is calculated by dividing the component 

residual for each cell by its pore volume and taking the maximum absolute value over all 

cells. Note that the convergence values given are ECLIPSE defaults, but can be 

modified by the user. For simulations performed in this study, the defaults were used. 

3.2.2 ECLIPSE Capabilities 

ECLIPSE has many capabilities that could be useful for various models of 

D N A P L contamination and remediation. Most capabilities mentioned in this section are 

available in ECLIPSE 100 (basic ECLIPSE), although some are only available through 

E C L I P S E 200 (extended ECLIPSE). Most capabilities mentioned were not applicable to 

the models used in this study and hence were not used. 

ECLIPSE is capable of simulating the movement of one, two or three phases in 

one, two or three dimensions. It can use the conventional Cartesian or radial block-

centered grids or a corner-point grid. A corner-point grid is useful for modeling 

complex geometries, such as those for highly faulted formations. Coarse and local grid 

refinements are permitted, including a radial grid around a well in an otherwise 

Cartesian system. Ancillary computer programs are available and recommended for 

construction of complex grids to decrease user time and errors. 

ECLIPSE uses the constitutive relations of capillary pressure-saturation and 

relative permeability-saturation to solve the flow equations. Different sets of these 

relations can be used for different regions within the model. In addition, relative 
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permeability curves can be specified separately for the x and z directions to 

incorporate directional relative permeabilities. ECLIPSE can utilize both capillary 

pressure and relative permeability curves with hysteresis and can model three-phase 

hysteresis. Modelling of hysteresis in oil-wet systems is also possible. 

Other capabilities of ECLIPSE include: nine-point options; tracer tracking; and 

the modeling of molecular diffusion, fractured formations, and flowing aquifers. Two 

nine-point schemes are available in ECLIPSE, one to reduce grid orientation effects and 

the other to reduce errors arising from grid non-orthogonality. Nine-point schemes 

account for crossflow between grid blocks located diagonally to each other and reduce 

associated numerical dispersion. The conventional three-dimensional scheme is seven-

point, and is normally sufficient when a model's three axes can be aligned with the 

principal directions of flow. Tracer tracking follows the movement of a fluid element 

and is useful for understanding flow patterns. Molecular diffusion allows diffusion of 

oil in gas and vice versa (but not water). Fractured formations can be modeled by 

ECLIPSE 'S dual porosity option combined with either single or dual permeability, 

wherein a matrix cell and a fracture cell characterize each grid block. Single 

permeability exists when flow from matrix blocks goes only to the fracture system, 

while dual permeability exists when flow can also occur directly between matrix blocks. 

A n aquifer can be modeled with the numerical aquifer model or one of three types of 

analytical aquifer models. 

ECLIPSE has extensive well modeling facilities, including horizontal wells and 

hierarchical well groups. Wells can be controlled by production or injection rates either 

individually or as a group. Additional individual well constraints include pressure 

controls, or those imposed by economics, for example the production ratio of water to 

organic fluid. 

ECLIPSE has the capability to model three-component (oil, solvent gas and 

water) miscible floods by implementation of the empirical mixing parameter method 

presented in Todd and Longstaff (1972). The oil and solvent gas are considered to be 

completely miscible, resulting in one hydrocarbon phase. The density and viscosity of 

the hydrocarbon phase are calculated from those of the individual components. The 
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effects of dispersion between the oil and solvent gas are modeled by the Todd-

Longstaff model, which uses an empirical parameter corresponding to the size of the 

dispersed zone in each cell: the parameter has a value of zero for negligible dispersion, 

unity for complete mixing in each cell, and fractions for intermediate dispersion 

(incomplete mixing). Modeling a miscible flood in a black oil simulator by using the 

above empirical treatment is much simpler and less costly than using a compositional 

simulator. 

The previous capabilities are available in ECLIPSE 100. Additional options are 

available in ECLIPSE 200, some of which are: environmental tracers, solvent option 

and surfactant option. The environmental tracer option is an extension of the basic tracer 

tracking option. Two physical processes are currently modeled in the environmental 

tracer option: tracer adsorption and tracer decay. For complex mixtures of 

contaminants, up to fifty individual contaminants (tracers) can be tracked. 

The solvent option is a four-component (oil, water, gas, solvent) extension of the 

miscible flood model described above. The user has three controls to describe the 

miscibility: the Todd-Longstaff mixing parameter described above; a table of miscibility 

versus solvent saturation; and a table of miscibility versus pressure. 

The surfactant option models surfactant-enhanced waterfloods where interfacial 

tension and thus capillary pressure between the organic and water phases are reduced, 

resulting in lower residual organic phase saturations. The model includes adsorption of 

surfactant onto the solid, and the effects of the surfactant on water viscosity. The lower 

residual saturation and modified relative permeability curves are treated as functions of 

the capillary number. 

In conclusion, ECLIPSE has many capabilities that could be used for simulating 

D N A P L migration and remediation. The question is one of applicability, since many 

capabilities were designed for L N A P L s . A l l ECLIPSE capabilities used in this study 

were found to work well with D N A P L s , but most advanced capabilities were not 

investigated. The ones used are discussed in Chapter 4. 
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3.2.3 ECLIPSE Data Input 

Data was input into seven major sections within each ECLIPSE data file: 

Runspec, Grid, Props, Regions, Solution, Summary and Schedule. The purpose for each 

section is described hereafter and the data items required in each are briefly summarized. 

The Runspec section is used to determine the storage requirements for the run. 

The user specifies the number of grid blocks in each direction, identifies which phases 

are present, chooses the units for the run (field, metric or lab) and specifies the well and 

group dimensions. Dimensions for other items such as number of tables (e.g. P V T 

tables) may also be specified here if values other than the defaults are required. In order 

to use a minimum of computer resources, ECLIPSE dimensions its arrays at run time 

after analyzing the input data. 

The Grid section is used to define the geometry of the computational grid and its 

related properties. The size of each grid block is specified. Some of the properties of 

the porous media and its structure are also specified. Structure properties specified here 

include depth, thickness and the net to gross ratio. Porous media properties include 

effective porosity and intrinsic permeability. 

The Props section is used to define the fluid properties and relations and some 

additional porous media properties. The density, viscosity and compressibility of each 

fluid are required. The compressibility of the porous media is also needed. The 

constitutive relations are input as tables of capillary pressure-saturation values and 

relative permeability-saturation values. D N A P L is defined herein as a "dead oi l" 

(containing no dissolved gas) and hence the dead oil P V T model is used. It is reasonable 

to treat D N A P L as a dead oil because volatilization is not a factor since only the D N A P L 

and water phases are modeled, and both diffusion and redissolution occur in such small 

amounts that for practical purposes fluid flow is not impacted. The formation volume 

factor is essentially unity. 

The Regions section may be used if more than one region is to be defined within 

the simulation model. Regions may be defined for a number of purposes, some of which 

are: saturation functions; P V T properties; equilibration; and reporting of fluids in place. 
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The Solution section is used to define the initial state of every grid block in 

the reservoir. Equilibration data such as datum depth and pressure and the oil-water 

contact level are specified so that ECLIPSE can calculate the initial conditions. 

Alternatively, the user may manually specify the initial saturations and pressures for 

every grid block. 

The Summary section is used to define the variables that are to be written to 

summary files after each time step. These summary files may be used in conjunction 

with ancillary post-processing programs to view and plot the data. 

The Schedule section is used to define the operations to be simulated and the 

time steps. Well completion data is input. Well control methods and data are also 

specified, such as production and injection rates or pressure limits. 

3.2.4 ECLIPSE Output Data and Its Evaluation 

E C L I P S E can generate many types of output files; those used frequently are 

briefly described here. 

The print file contains an echo of the input data plus a summary of results at each 

time step. It is useful initially for checking the accuracy of the input data and integrity 

of the data file. The print file can be searched for six key words to aid the checking: 

error, warning, message, comment, problem and bug. An error indicates a data error, 

usually either missing data or incorrect/inconsistent input data. Warnings indicate 

possible data errors and are issued for such things as switching well control method if 

the initial well control specification has been violated, and interestingly, when the oil 

density is greater than the water density (a new "feature" included in the 2000 release). 

Messages are informational in nature and indicate that no correction is needed. 

Comments are also informational and indicate that there is probably no data error. 

Problems indicate calculation difficulties such as convergence failure, for which the user 

needs to decrease the size of the time steps and/or grid blocks, increase the allowable 

number of iterations, or otherwise adjust the convergence controls. Bug indicates a 

possible programming error. The print file is also useful for checking more detailed 

results at each time step. 
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The summary file contains results for user-specified variables at each time 

step and is very useful for history matching and generating time-dependent plots. It can 

be saved in Microsoft ® Excel format or viewed with a text editor. Restart files are 

generated if the user specifies certain keywords in the input data file, and then can be 

used in other simulations. For instance, restart files of contamination scenarios are 

generated, and used with many different remediation scenarios without having to re-run 

the contamination every time. 

3.2.5 Ancillary Programs 

The two ancillary programs used most frequently were Floviz and Graf. Floviz is 

a complex 3-D visualization program that graphically depicts the three-dimensional 

reservoir at each time step, showing whatever variable the user chooses. Graf is an old 

simple and quick program used to plot variables. Although Graf was used to quickly see 

relationships between variables, graphs shown in this study were generated using Excel 

because of more direct control and more aesthetically pleasing results. 

3.3 ASPECTS OF SIMULATION 

3.3.1 Element of Symmetry Model 

Element of symmetry models are symmetrical portions of a complete model, 

analogous to mirror images. They are typically used for one or two reasons. The first 

reason is to reduce the number of grid blocks and hence the computation time for a 

complete model. The second reason is to investigate both the numerical behaviour of the 

simulator and fluid flow while using a model that requires less computation time than, 

for example, a complete field model. Results from an element of symmetry model are 

often used to help predict results from a full-scale and more complex model. 

An element of symmetry model is valid if it is cut along no-flow lines in the 

complete model, and mirrors exactly the other side(s) of the model. Used in this study 

and detailed in Section 4.5 is a quarter element of symmetry model, an example of which 

is depicted in Figure 3-1. The quarter element of symmetry depicted represents one 
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quarter of a 5-spot waterflood pattern common in the oil industry, and employs a 

diagonal grid, discussed in the next section. 
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Figure 3-1 Quarter element of symmetry within a 5-spot waterflood pattern using an 
equal diagonal grid. 

In addition, the use of symmetry is employed in two other models in this study. 

The model of Faust et al. (1989) had half-symmetry utilized for simulations, both in the 

simulations in that paper, plus the ECLIPSE simulations in this study. A quarter element 

of symmetry study was completed to plot the effects of performing sensitivity studies on 

various parameters, and ultimately to aid in the simulations of the field model. Finally, 

the field model used in this study had both quarter and half symmetry used, depending 

on locations of permeability barriers and/or wells. 

3.3.2 Grid Discretization Types 

In the block-centered grids used in this study, several types of grid discretization 

are possible. These include diagonal grids or parallel grids, and equal grids or variable 

grids. Grid blocks in a diagonal grid are diagonal to the main direction(s) of fluid flow, 

while those in a parallel grid are parallel to the main direction(s) of fluid flow. A 

diagonal grid is shown in Figure 3-1, while a parallel grid is illustrated in Figure 3-2. 
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Parallel grids tend to predict channeling from the injection to production wells and 

hence more rapid breakthrough, where breakthrough is defined as the time at which a 

fluid injected at an injection well reaches a production well. 
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Figure 3-2 Example of an equal parallel grid. 

A variable grid is defined as a grid in which the blocks are not equal sizes. 

Variable grids are designed with smaller grid block sizes in regions of high pressure 

gradients and rapidly changing fluid flow characteristics, such as around a wellbore, 

while larger sizes are used in the rest of the model. As shown in Section 4.2, Faust et al. 

(1989) used a variable grid. Variable grids were also used in this study when 

performing sensitivities on the Faust et al. (1989) model using ECLIPSE. 

3.3.3 Computer Hardware Platform 

The computers used for most of the simulations performed in this study were HP 

Pavilion 8595Cs. They each had an Intel® Pentium® III Processor with a speed of 733 

megahertz, and 128 megabytes of S D R A M . The operating system was Windows 98, 

which can use up to 128 M B of R A M but will not support more. 

The last group of simulations was performed with a different operating system: 

Windows NT 4.0. The workstations were upgraded to 512 M B R A M since Windows 

NT can support more than 128 M B . The maximum paging file size was set at 1.5 G B . 
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3.4 CONCLUSION 

Usage of E C L I P S E has been described in this chapter, as well as certain aspects 

of simulation. ECLIPSE is a finite difference simulator originally developed for use by 

the petroleum industry. It can simulate the movement of one, two or three phases in one, 

two or three dimensions. It uses constitutive relations of capillary pressure-water 

saturation and relative permeability-water saturation provided by the user and can also 

model hysteresis. ECLIPSE has many basic and advanced capabilities that could be 

useful for simulating D N A P L migration and remediation. It also has ancillary programs 

for setting up input data files for simulation, and also for analyzing simulation results. 

Finally, ECLIPSE has already been successfully used in the literature to model L N A P L s 

and D N A P L s . 

Certain aspects of simulation were described. The element of symmetry model is 

useful for reduced computation time as a result of its reduced number of grid blocks, 

both in its capabilities for describing part of a field model, or simply valuable in itself for 

analyzing the simulator's numerical behaviour and fluid flow predictions. Grid 

discretization in the block-centered type grids used in this study can be equal or variable 

in size, and parallel or diagonal to the main direction of fluid flow. The type of grid 

discretization used wil l affect simulation results. Lastly, the computer hardware 

platform used for the simulations was briefly described. 
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CHAPTER 4 SIMULATIONS PERFORMED IN ECLIPSE 

4.1 INTRODUCTION 

This chapter describes the simulations performed in ECLIPSE for each model 

used in this study and discusses the results. The initial simulations were performed to 

validate ECLIPSE and to compare it with water resource models. ECLIPSE was then 

used to perform a parametric study by simulating series of sensitivities on selected 

variables. 

Validation of a simulator is necessary before it can be used for predictive 

purposes; validation shows that the simulator is capable of correctly modeling the 

physical processes involved. It is preferable to validate a simulator against controlled 

experiments or analytical solutions. It is also possible to validate a simulator against 

field data, but this is difficult because typically there are many unknowns. Often real 

data is limited, so comparisons to other simulators can also be made to demonstrate that 

results are similar. 

In this chapter, ECLIPSE is first used to model three simulations using water 

resource models that are presented in the literature. The first comparison simulation is 

for a three-dimensional model of D N A P L migration performed by Faust et al. (1989); 

some sensitivities were also performed using this model. The other two comparison 

simulations are for two-dimensional models of primary D N A P L recovery presented in 

Gerhard et al. (1998). 

ECLIPSE was then quantitatively validated using experimental data presented in 

the literature by Oolman et al. (1995). The experiment involved the waterflooding of a 

contaminated D N A P L core. Unfortunately, no more suitable experimental data that 

could be used to quantitatively validate ECLIPSE was found in the literature. However, 

as described in Section 2.5.2, an additional validation of ECLIPSE exists: H0st-Madsen 

(1989) qualitatively validated ECLIPSE against a two-dimensional D N A P L migration 

experiment conducted by Kueper et al. (1989). 
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The final part of this chapter presents the parametric study. Two models were 

used while conducting the parametric study, a quarter element of symmetry model and a 

field aquifer depression model. The quarter element of symmetry model was used 

primarily to investigate ECLIPSE performance. The field aquifer depression model was 

used to investigate the performance of different scenarios for D N A P L recovery. Both 

primary and secondary recovery simulations were performed for each model. 

4.2 COMPARISON T O MIGRATION MODEL OF FAUST ETAL. (1989) 

ECLIPSE was used to simulate the three-dimensional D N A P L migration model 

of Faust et al. (1989) for comparative purposes. Faust et al. (1989) presented a three-

dimensional, two-phase flow finite difference simulator, described in Section 2.4.2. 

Included in their paper is a three-dimensional simulation of D N A P L migration at the S-

Area landfill near Niagara Falls in the United States. The same simulation was 

conducted in this study using ECLIPSE; results are compared to those from the 

simulations of Faust et al. (1989). Additional simulations were conducted in ECLIPSE 

by changing the model slightly to investigate the effects of varying bedrock dip angle, 

groundwater flow rate, D N A P L properties, and capillary pressure-saturation curves. 

As described in Faust et al. (1989), the model consists of 100,000 kg/year of 

D N A P L leakage from the S-Area landfill into the underlying Lockport Dolomite aquifer, 

which is in turn underlain by the confining Rochester Shale. The 35-meter thick aquifer 

dips toward the Canadian border and has a hydraulic gradient of 0.0067 m/m in the 

opposite direction. The model is approximately 3000 meters long by 300 meters deep; 

the hydraulic gradient acts parallel to the 3000-meter length. The grid blocks in 

ECLIPSE were set to be the same sizes as those used by Faust et al. (1989). The 35-

meter thick aquifer is modeled in four layers, with the top layer having porosity and 

permeability ten times greater than the three underlying layers; in each layer, horizontal 

permeability is one hundred times greater than vertical permeability. In the upper layer, 

the porosity is 10%, the horizontal permeability is 10334 mD and the vertical 

permeability is 103.3 mD. The D N A P L density is 1500 kg/m 3 and its viscosity is the 

same as that for water. Faust et al. (1989) supplied all necessary simulation data in their 
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paper, including: fluid properties; aquifer properties and dimensions; and capillary 

pressure- and relative permeability-water saturation curves for the upper and lower 

layers separately. 

One problem in the given data is the bedrock dip angle: the Faust et al. (1989) 

paper erroneously gives two values for the bedrock dip, 5.68 m/km (0.3°) and 3.5° 

(61.16 m/km), and it is not clear which is correct. An attempt to contact the main author 

for clarification was unsuccessful. A regional map was also checked, and it showed an 

approximate dip of 0.1° for the top of the Rochester Shale. It is therefore thought that 

the 0.3° dip is probably correct. 

In both ECLIPSE and Faust et al. (1989), the top and bottom of the aquifer were 

modeled as no-flow boundaries, as were the sides parallel to the 3000-meter length. 

However, in Faust et al. (1989), the sides perpendicular to the 3000-meter length were 

modeled using steady-state pressures, while in ECLIPSE, the constant flux aquifer 

option (mentioned in Section 3.2.2) was applied to these sides. Boundary conditions in 

ECLIPSE could not be modeled the same as in Faust et al's (1989) model because 

ECLIPSE automatically assumes no-flow boundaries, and does not provide a suitable 

option to use constant pressure boundaries. The constant flux aquifer allows an 

unchanging water flux but not a D N A P L flux across the boundaries. The fact that the 

water flux remains constant results in a pressure increase in the modeled region when 

using ECLIPSE; however, because the pore volume of the field is large compared to the 

volume of D N A P L injected, the pressure increase is small and is not believed to have 

affected the results noticeably. To quantify, the pore volume of the field is 

approximately 700,000 m 3 while the total volume of D N A P L added over the 30-year 

period is about 1000 m 3 . 

For modeling in ECLIPSE, the given hydraulic gradient of 0.0067 m/m was 

converted to a groundwater flux for use in ECLIPSE'S constant flux aquifer option. The 

following form of Darcy's law was utilized: 

AH 
(4-1) 

Al 

where K = hydraulic conductivity, 
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AH = hydraulic head for water, and 

Al = change in length along bed with dip angle. 

The hydraulic conductivity K is defined as 

K = (4-2) 
K 

The ratio AHI Al is termed the hydraulic gradient, and it incorporates both the pressure 

head and elevation head. Usage of these equations results in a groundwater flux of 

5.8xl0" 2 m 3/day/m 2 (21.1 m/year) in the upper layer and 5.8xl0" 3 m 3/day/m 2 (2.1 m/year) 

in the lower layers. 

Both in the Faust et al. (1989) and ECLIPSE simulations, symmetry was used to 

model only half the aquifer. Therefore the D N A P L leakage rate was modeled at 50,000 

kg/year. This rate was held constant for 30.8 years, after which landfill containment was 

assumed and the D N A P L source was terminated. Migration simulations were conducted 

for about 20 years after termination of the D N A P L source. Figure 4-1 compares the 

D N A P L saturations predicted by ECLIPSE when using a dip angle of 0.3° to those from 

Faust et al. (1989). Saturations are plotted in a vertical cross-section through the center 

of the aquifer and aligned with the direction of aquifer dip (along the 3000-meter 

length), at times of both 30.8 and 51.4 years. The D N A P L source area is indicated near 

the center of the cross-sections. 

There are several items to note about Figure 4-1 and subsequent similar figures. 

First, the vertical exaggeration is about ten. Second, the lower cutoff of D N A P L 

saturation used to produce the ECLIPSE results is 0.01% while that for the results of 

Faust et al. (1989) is not known. A n additional minor difference is that ECLIPSE 

predicted different maximum D N A P L saturations than reported in the published results: 

the simulation of Faust et al. (1989) predicted 51% while E C L I P S E predicted 53.5% for 

the 0.3° bedrock dip angle case shown in Figure 4-1. 
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SIMULATION RESULTS FROM FAUST ET AL (1989) SIMULATION RESULTS FROM ECLIPSE 

SOURCE 

Willi  
< HYDRAULIC GRADIENT BEDROCK DIP • 

I I NO DNAPL 

111 0-10¾ DNAPL 

M 1 0 - 2 0 ¾ DNAPL 

HI 2 0 - 3 0 ¾ DNAPL 

• 3 0 - 4 0 ¾ DNAPL 

• 4 0 - 5 4 ¾ DNAPL 

Figure 4-1 Comparison of ECLIPSE results using a bedrock dip of 0.3° to Faust et 
al. (1989) results of D N A P L migration. 

The ECLIPSE simulated migration results shown in Figure 4-1 are very different 

from those of Faust et al. (1989). Faust et al. 's (1989) simulation predicted D N A P L 

migration both updip and downdip of the D N A P L source. However, the ECLIPSE 

simulation predicted that, with a dip angle of 0.3°, groundwater flux would control 

migration and consequently most D N A P L flowed in the direction of groundwater flow 

(updip). Therefore an ECLIPSE simulation using the other given dip angle of 3.5° was 

performed to see if the results were any closer; Figure 4-2 presents the results. 

Similar to the simulation with the angle of 0.3°, the ECLIPSE simulation with the 

bedrock dip angle of 3.5° did not match the results of Faust et al. (1989). However, 

unlike the simulation using the smaller dip angle, ECLIPSE predicted that most D N A P L 

would flow downdip: the steeper dip controlled migration. These results show that, at 

least qualitatively, ECLIPSE is making the correct predictions. 

I I NO DNAPL 

HI 0-10¾ DNAPL 

H 1 0 - 2 0 ¾ DNAPL 

W 2 0 - 3 0 ¾ DNAPL 

• 3 0 - 4 0 ¾ DNAPL 

H 4 0 - 5 1 ¾ DNAPL 
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SIMULATION RESULTS FROM FAUST ET AL (1989) SIMULATION RESULTS FROM ECLIPSE 

SOURCE 

5 1 . 4 Y E A R S 

HYDRAULIC GRADIENT BEDROCK DIP 

I I NO DNAPL 

g ! 0-10¾ DNAPL 

H 10-20¾ DNAPL 

• 20-30¾ DNAPL 

H 30-40¾ DNAPL 

,.J 40-51¾ DNAPL 

I I NO DNAPL 

HI 0-10¾ DNAPL 

H 1 0 - 2 0 ¾ DNAPL 

W 2 0 - 3 0 ¾ DNAPL 

H 3 0 - 4 0 ¾ DNAPL 

I 4 0 - 5 4 ¾ DNAPL 

Figure 4-2 Comparison of ECLIPSE to Faust et al. (1989) simulation results for 3-D 
model of D N A P L migration with bedrock dip of 3.5°. 

There are a few possible explanations for the quantitative differences between the 

ECLIPSE and published simulations. Faust et al. (1989) may have assumed that a dip 

angle of only 0.3° would result in a negligible elevation head when converting the 

hydraulic gradient to steady-state pressures for the boundary conditions. This is not 

known but is postulated because a simulation investigating the possibility was performed 

and gave similar results; the simulation is discussed in the next paragraph. Another 

possible though improbable explanation is that the difference in boundary conditions 

between the Faust et al. (1989) and ECLIPSE models, i.e. constant pressure and constant 

flux respectively, caused differences in the results. Theoretically though, these different 

boundary conditions should give the same results since they were derived from the same 

hydraulic gradient. If the possibility of different numerical artifacts between the 



51 

boundary condition methods is considered, the results should still be similar because 

numerical artifacts would be of small magnitude. The other possible source of the 

variations between the results is the differences between their solution methods. Faust et 

al. (1989) used a mathematical model based on a simplification of those used in 

petroleum reservoir simulation (i.e. that used in ECLIPSE): he assumed the air phase 

had negligible pressure gradients, and that density and viscosity were constant. These 

are reasonable assumptions, however, and are not likely to have caused the large 

differences observed between results. No obvious explanation of the differences exists. 

If, as postulated above, Faust et al. (1989) assumed the dip angle was negligible 

when calculating the steady-state pressures, then the following equation could be used to 

convert the hydraulic gradient to a pressure gradient: 

where AP/Al is the pressure gradient. This is equivalent to using the form of Darcy's 

law in Equation (4-4) to convert the hydraulic gradient to a constant flux. 

In Equation (4-4), the pressure gradient is assumed to be related to the hydraulic gradient 

as shown in Equation (4-3) and therefore the elevation effect is accounted for separately: 

the gravity effects of the dip angle are subtracted from the pressure gradient since flow is 

occurring in the direction opposite to the bedding dip. Usage of Equation (4-4) results in 

a flux of 8.8xlCT3 m 3/day/m 2 (3.2 m/year) in the upper layer and 8.8 xlO" 4 m 3/day/m 2 (0.3 

m/year) in the lower layers. Results of ECLIPSE simulations using these fluxes are 

compared to the Faust et al. (1989) results in Figure 4-3. 

The ECLIPSE results using the new flux are much closer to those from Faust et 

al. (1989) than the previous two simulations using the initial flux. Here, D N A P L flows 

both updip and downdip of the source as it does in the published simulation. In addition, 

the extent of the contaminated zone is similar between the two cases although slightly 

smaller in ECLIPSE; however this may be due simply to the lower cutoff of 0.01% 

(4-4) 
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imposed when plotting the ECLIPSE results. Comparison of results from this 

simulation to those of the first simulation, where the dip angle was implicitly accounted 

for when calculating the constant flux, shows that even a small dip angle of 0.3° can 

have large effects on D N A P L migration. 

SIMULATION RESULTS FROM FAUST ET AL (1989) SIMULATION RESULTS FROM ECLIPSE 

51.4 YEARS 

I I NO DNAPL 

111 0-10% DNAPL 

H 10-20% DNAPL 

H 20-30% DNAPL 

IH 30-40% DNAPL 

Ü 40-51% DNAPL 

¡¡¡¡III 
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111 0-10% DNAPL 

H i 10-20% DNAPL 

JH 20-30% DNAPL 

B 30-40% DNAPL 

I 40-54% DNAPL 

Figure 4-3 Comparison of Faust et al. (1989) results to ECLIPSE simulation results 
with a bedrock dip of 0.3° and fluxes of 8.8xl0~3 and 8.8xl0" 4 m 3/day/m 2 

in the top layer and bottom layers respectively. 

Because the two initial simulations using the given dip angles did not match the 

results, additional simulations were run to find a value of bedrock dip that would give a 

closer match. Using the initial flux value, a bedrock dip angle of 1.5° in ECLIPSE was 

found to give closer results, and a comparison of these results to Faust et al.'s (1989) 

simulation results is illustrated in Figure 4-4. For the dip angle of 1.5°, ECLIPSE 

predicted both updip and downdip migration of the D N A P L , similar to the Faust et al. 
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(1989) result. Because a major variable was changed, this simulation does not 

indicate that ECLIPSE was able to match the results of Faust et al. (1989); it should be 

regarded as a sensitivity case. 

SIMULATION RESULTS FROM FAUST ET AL (1989) SIMULATION RESULTS FROM ECLIPSE 
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Figure 4-4 Comparison of Faust et al. (1989) results to ECLIPSE results using a 
bedrock dip of 1.5°. 

For better visualization of the simulated D N A P L migration results from 

ECLIPSE, three-dimensional plots of D N A P L saturations for the cases with bedrock 

dips of 0.3° and 1.5° are presented in Figure 4-5 and Figure 4-6 respectively at both 30.8 

and 51.4 years. Again, a cutoff of 0.01% D N A P L saturation was used to produce the 

plots, but this time the vertical exaggeration is less at about five. 

There were no three-dimensional plots of simulation results given in the paper by 

Faust et al. (1989), so no direct three-dimensional comparisons can be made. However, 

migration in the third dimension for the simulation of Faust et al. (1989) can be inferred 
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by examining the two-dimensional results: the saturations decrease between 30.8 and 

51.4 years but only two additional grid blocks are invaded, and these at less than 10% 

D N A P L saturation. Therefore it can be concluded that D N A P L has migrated in the third 

dimension. Examination of the three-dimensional plots of the ECLIPSE results reveals 

extensive lateral spreading in the third dimension in the bottom layer, confirming this 

conclusion. Comparison of the ECLIPSE plots at the two different times reveals that 

after termination of the D N A P L source at 30.8 years, no lateral migration occurred in the 

top three layers, similar to the results of Faust et al. (1989). Rather, the D N A P L 

saturation in these layers decreased as the D N A P L drained downwards to the bottom 

layer. It is also apparent that the high concentrations of D N A P L centered in the bottom 

layer decreased as the D N A P L flowed laterally in the third dimension. 

DNAPL Saturation at 30 8 Years, Base Case DNAPL Saturation at 51.4 Years, Base Case 

0.00000 0.12tt5 0.25909 0.98064 0.51819 

Figure 4-5 ECLIPSE prediction (bedrock dip of 0.3°) of three-dimensional D N A P L 
migration using the Faust et al. (1989) model (base case). 
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DNAPL Saturation al 30.8 Years DINAPL Saturation at 51.4 Vears 

DJ >. 

O.ODOOD 0.13008 0.26018 0.30026 0.32035 

Figure 4-6 E C L I P S E prediction (bedrock dip of 1.5°) of three-dimensional D N A P L 
migration using the Faust et al. (1989) model. 

Several sets of additional simulations of the D N A P L migration model were 

performed in E C L I P S E to investigate the effect of modifying parameters other than 

bedrock dip angle. The first set involved determining sensitivity to different 

groundwater flow rates. The second and third sets of simulations investigated the effects 

of varying D N A P L density and viscosity respectively. The final set investigated 

capillary pressure effects in more detail by first excluding it, then including it with 

hysteresis. For all sensitivities, an aquifer dip angle of 0.3° and groundwater fluxes of 

5.79xl0"2 m 3/day/m 2 in the top layer and 5.79xl0"3 m 3/day/m 2 in the bottom layers 

respectively were used (the case shown in Figure 4-1). 

Sensitivity of D N A P L migration to groundwater flux was evaluated through 

three additional cases. The first case evaluated the effect of stagnant groundwater, 

where the flux was zero. The second case used a groundwater flux of 1/10 that in the 

base case, and the third case used a groundwater flux 10 times that in the base case. 

Results of the simulation with a groundwater flux of zero are shown in Figure 4-7 at 

times of 30.8 and 51.4 years. The aquifer dip is exerting a controlling influence on the 

D N A P L migration, with most of the D N A P L migrating down dip. In the base case 
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simulation where the hydraulic gradient was 0.0067 m/m in the direction opposite to 

the dip, the groundwater flux was large enough so that the dip had little influence. 

The results of the second case, where a groundwater flux 1/10 of that in the base 

case was used, are illustrated in Figure 4-8. Here, neither the groundwater flux nor the 

aquifer dip angle dominates the D N A P L flow, so that migration occurs both updip and 

downdip of the source. These results are very similar to those obtained in Faust et al.'s 

(1989) simulation. The third case, where a groundwater flux 10 times that in the base 

case was used, has its results shown in Figure 4-9. In this case, the groundwater flux is 

so dominant that no downdip D N A P L migration occurs at all, and D N A P L migration 

toward the aquitard was slowed. Instead, all D N A P L is swept in the direction of 

groundwater flow. The high groundwater flow rate also dispersed the D N A P L , resulting 

in a maximum D N A P L saturation in any grid block of 30.5%. The maximum 

concentrations occurred in the middle layers of grid blocks, not the bottom one as seen 

in the other cases. In all the other cases, the maximum saturation obtained was more 

than 50%, similar to that obtained in the simulation of Faust et al. (1989). 

Simulation of Faust et al Model at 30.8 Years, Zero Groundwater Flow Rate Simulation at 51.4 Years, Zero Groundwater Flow Rate 

OilSat 

0.00000 0.13397 0.20793 0.40190 0.53587 

Figure 4-7 ECLIPSE prediction of three-dimensional D N A P L migration with no 
groundwater flux and a bedrock dip of 0.3°. 
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DNAPL Saturation at30.8Years, 1/1 Oth ofAquiferFlux DNAPL Saturation a151.4 Years, 1/1 Otti ofAqurferFlux 
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0.00000 0.13413 0.26020 0.40230 0. 

Figure 4-8 ECLIPSE prediction of three-dimensional D N A P L migration with 1/10 
groundwater flux and a bedrock dip of 0.3°. 

DNAPL Saturation at 30.8 Years, 10 times Aquifer Flux DNAPL Saturation at 51.4 Years, 10 times Aquifer Flux 
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0 00000 0 07014 0.15227 0.22841 0.30465 

Figure 4-9 E C L I P S E prediction of three-dimensional D N A P L migration with 10 
times groundwater flux and a bedrock dip of 0.3°. 

Some interesting conclusions can be drawn from the groundwater flux sensitivity 

cases. In the absence of a groundwater flow rate, even a bedrock dip that is nearly 

horizontal, i.e. 0.3°, can control the direction of D N A P L migration. In addition, a 

slightly larger dip angle (3.5°) exerted a controlling influence on D N A P L migration at 
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typical groundwater flow velocities, causing the D N A P L to flow downdip. A high 

groundwater flux caused all D N A P L to flow updip at the dip angle of 0.3°, and also 

caused dispersion so that the maximum D N A P L saturation reached was much less than 

that in the other cases. 

The second set of simulations examined the effect of varying D N A P L density. In 

the base case, D N A P L density was 1500 kg/m 3. Two additional cases were run, one 

with a low D N A P L density of 1100 kg/m , and the other with a medium D N A P L density 

of 1300 kg/m 3. The low-density case is illustrated in Figure 4-10. Compared to the base 

case, the D N A P L has been more fully swept downstream by the groundwater flow. In 

addition, the maximum D N A P L saturation obtained was 40.2%, more than 10% lower 

than that obtained in the base case. This indicates that, similar to the high groundwater 

flux case, the less dense D N A P L has been more widely dispersed. Also similar to that 

case, the maximum saturations occurred in the middle layers of grid blocks and not the 

lowest layer. 

DNAPL Saturation at 30.8 Years, Low Density DNAPL Saturation at 51 4 Years, Low Density 

Oil Sat 

0 00000 0.10051 0.20101 0.30152 0.40202 

Figure 4-10 ECLIPSE prediction of three-dimensional D N A P L migration with 
D N A P L density of 1100 kg/m 3 and a bedrock dip of 0.3°. 
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DNAPL Saturation at 30.8 Years, Medium Density DNAPL Saturation at 51.4 Years, Medium Density 

0.00000 0.12628 0.26256 0.37885 D.50513 

Figure 4-11 ECLIPSE prediction of three-dimensional D N A P L migration with 
D N A P L density of 1300 kg/m 3 and a bedrock dip of 0.3°. 

The simulation results for the case with a medium D N A P L density are illustrated 

in Figure 4-11. As would be expected, D N A P L migration is between the low-density 

and base cases. The medium-density D N A P L migrated vertically more than in the low-

density case, but less than in the base case. It spread less in the upper layers compared 

to the low-density case, but more than in the base case. The maximum saturation 

attained in any grid block was 50.5%, slightly less than in the base case but about 10% 

more than in the low-density case. 

The third set of simulations investigated the effect of varying D N A P L viscosity. 

For the base case, the D N A P L viscosity was the same as for water, i.e. 1 cP. Two 

additional cases were conducted, one with a D N A P L viscosity of 0.6 cP and the other 

with a D N A P L viscosity of 10 cP. In the low viscosity case, illustrated in Figure 4-12, 

more D N A P L flowed into the bottom layer and spread further than in the base case. The 

maximum saturation attained was 50.5%, about 3% lower than in the base case. In the 

high viscosity case, illustrated in Figure 4-13, the D N A P L was confined to a smaller 

region around the source area. The maximum saturation attained was 56.7%, about 3% 

higher than in the base case. The shape of the contaminated region in the low viscosity 
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case can be compared to the corner of a pyramid, while the shape in the high viscosity 

case is more similar to a rectangle. 

The final set of simulations investigated the effect of the capillary pressure-water 

saturation relation. In the base case, a relation without hysteresis was used. The 

additional cases considered D N A P L migration while neglecting capillary pressure 

altogether, and D N A P L migration with capillary pressure including hysteresis. Results 

of the case neglecting capillary pressure, shown in Figure 4-14, are noticeably different 

from the base case shown in Figure 4-5. Compared to the base case simulation, less 

spreading takes place in the upper layers and more flow occurs updip. These results 

suggest that neglecting capillary pressure-saturation curves can underpredict the full 

extent of D N A P L contamination in the upper portions of an aquifer. 

DNAPL Saturation at 30.8 Years, Low Viscosity DNAPL Saturation at 51 4 Years, Low Viscosity 

D .00000 0.12628 0.25257 0.37885 0.50514 

Figure 4-12 ECLIPSE prediction of three-dimensional D N A P L migration with 
D N A P L viscosity of 0.6 cP and a bedrock dip of 0.3°. 



DNAPL Saturation at 30.8 Years, High Viscosity DNAPL Saturation at 51.4 Years, High Viscosity 
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DNAPL Saturation at 30 8 Years Neglecting Capillary Pressure DNAPL Saturation at 51.4 Years, Neglecting Capillary Pressure 
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DNAPL Saturation at 30.8 Years, Including Pc Hysteresis DNAPL Saturation at 51 4 Years, Including Pc Hysteresis 

"HI 

0OOOOO 0.12965 0 25930 0 38895 0 51800 

Figure 4-15 ECLIPSE prediction of three-dimensional D N A P L migration, including 
capillary pressure hysteresis. 

The results of the simulation including capillary pressure hysteresis are shown in 

Figure 4-15. Results are very similar to the base case. The only appreciable difference 

is that slightly less lateral spreading occurred in the top layers for the case with capillary 

pressure hysteresis than the case without (the base case). The maximum D N A P L 

saturation obtained in any grid block was 51.9%, nearly the same as the 51.7% in the 

base case. These results suggest that for the D N A P L migration in Faust et al.'s (1989) 

model, capillary pressure hysteresis may be neglected. 

In conclusion, the E C L I P S E simulations performed in this study did not match 

the simulation reported in Faust et al. (1989) when all values given in that paper were 

used in the ECLIPSE model. Closer results were obtained if it was assumed that Faust et 

al. (1989) used a simplification when calculating the steady-state pressures used at the 

boundaries. Whether or not the simplification was used, E C L I P S E was giving 

qualitatively correct results. 

Sensitivities were performed in ECLIPSE on the model of Faust et al. (1989) for 

bedrock dip angle, groundwater flow rate, D N A P L properties, and P c - S w curves. The 

results of the ECLIPSE simulations for three different values of bedrock dip illustrate the 

sensitivity of D N A P L migration to bedrock dip: for the D N A P L and aquifer properties 
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used, a bedrock dip angle difference of 3.2° changed the primary direction of D N A P L 

flow. Conclusions from the groundwater flow rate sensitivities are that in stagnant 

groundwater, the dip angle will control D N A P L migration. For each dip angle, there is a 

range of groundwater flow rates that will cause D N A P L migration both updip and 

downdip of the source. For shallow dip angles, a high groundwater flow rate controls 

D N A P L migration and can also disperse the D N A P L , causing lower maximum D N A P L 

saturations to be reached in the contaminated portion of the aquifer. Sensitivities on 

D N A P L properties revealed that lower D N A P L density, similar to high groundwater 

flow rates, results in more dispersion and lower maximum D N A P L saturations. Lower 

D N A P L viscosity also shows the same results, in addition to more downward D N A P L 

flow. A high D N A P L viscosity causes a smaller migration area and higher D N A P L 

saturations. The final group of sensitivities was performed on the capillary pressure 

water saturation curves. The base case used the capillary pressure water saturation curve 

without hysteresis. Neglecting the capillary pressure water saturation curve altogether 

resulted in less spreading of the D N A P L compared to the base case, especially in the 

upper layers. Re-instituting the capillary pressure water saturation curve and adding 

hysteresis gave results close to the base case, although there was less spreading in the 

upper layers. 

4.3 COMPARISONS TO M O D E L OF GERHARD ETAL. (1998) 

ECLIPSE was used to simulate two of the models presented in Gerhard et al. 

(1998) for comparative purposes. Gerhard et al. (1998) conducted a series of 

simulations to evaluate the influence of waterflood design on mobile D N A P L s , as 

mentioned in Section 2.4.2. The simulator used is the same one presented in Gerhard 

(1995) and is also described briefly in Section 2.4.2. The simulator was specifically 

designed for modelling immiscible flow of D N A P L and water below the water table. 

The site modeled by Gerhard et al. (1998) consists of a DNAPL-contaminated 

homogeneous silty sand confined by a flat impermeable clay underneath. The 

simulation model presented is two-dimensional, with a width of 300.5 meters, a height 

of 5 meters, and a unit depth into the third dimension. Grid block sizes are 0.5 meters 
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horizontally and 0.25 meters vertically for a total of 12,020 grid blocks. The water 

table is at the top of the model, and the water-DNAPL contact is two meters above the 

bottom over the full 200-meter length. Capillary pressure and relative permeability-

water saturation curves were generated using the Brooks-Corey model as presented in 

Section 2.3.4 in conjunction with a pore size distribution index of 2.5 and a displacement 

pressure of 350 Pa. The interfacial tension between D N A P L and water is 0.002 N/m. 

Other porous media and fluid properties are given in Table 4-1. 

Table 4-1 Values of Fluid and Matrix Properties Used in Gerhard et al.'s (1998) 
Model. 

Fluid Properties Matrix Properties 

Ground water viscosity (cP) 1 Length (m) 300.5 

D N A P L viscosity (cP) 10 Height (m) 5 

Ground water density (kg/m3) 1000 Porosity (%) 30 

D N A P L density (kg/m3) 1500 Permeability (mD) 51.64 

The two simulations presented in Gerhard et al. (1998) that were also run in 

ECLIPSE as part of this study are published as 1A and 2A in Series A . They analyze the 

effect of a single horizontal well producing at water drawdowns of 2 meters and 4 meters 

respectively. The horizontal well is located at the center of the 200-meter length and 

extends into the third dimension so that simulation results are per unit length of the 

horizontal well. The top, bottom, and 200-meter long sides of the 5-meter thick aquifer 

are modeled as zero flux boundaries, while the unit-length sides at either end maintain a 

hydrostatic wetting phase pressure distribution to allow water inflow for pressure 

support. D N A P L was not allowed to flow out the sides. 

A l l main parameter values and boundary conditions were set up in the ECLIPSE 

cases exactly as given in Gerhard et al. (1998), with one exception. Because ECLIPSE 

automatically assumes no-flow boundaries and does not have an option to control 

boundary conditions with pressure, its analytic Carter-Tracy aquifer option was applied 
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to the unit-length sides to allow water inflow for pressure support. Note that D N A P L 

is not allowed to flow out the sides. 

The Carter-Tracy aquifer was judged to be the most applicable of the three 

analytic aquifers that ECLIPSE offers: Fetkovich, constant flux, and Carter-Tracy. The 

Fetkovich aquifer model is applicable to a small aquifer where a pressure change would 

be felt uniformly over the entire aquifer; it was judged not to be a suitable substitute for 

constant pressure boundaries because an aquifer of small size would not be able to 

maintain a constant pressure. The constant flux aquifer is not suitable because it does 

not allow the water influx to vary with the pressure demands of the producing well, but 

instead holds it constant. However, the Carter-Tracy aquifer is based on a method 

whereby the water influx is a function of varying field-perimeter pressure. Two main 

parameters control the aquifer performance: a time constant with dimensions of time 

and an aquifer influx constant with dimensions of total influx per unit pressure drop. 

The user can supply tables of dimensionless time versus a dimensionless pressure 

influence function (described in Schlumberger, 1999b), or use the default tables 

provided by ECLIPSE that are for an infinite reservoir with constant terminal rate. For 

the simulations performed here, the default tables were used. More information about 

the analytic aquifer can be found in Carter and Tracy (1960). 

The ECLIPSE results of simulation 1A are compared to those of Gerhard et al. 

(1998) in Figure 4-16, where the ECLIPSE results are plotted as plain lines and the 

published results are plotted as lines with markers. Over the last 1300 days the D N A P L 

flux predicted by ECLIPSE is practically identical to that of Gerhard et al. (1998); 

however, over the first 700 days the ECLIPSE prediction of D N A P L flux is slightly less 

than that of Gerhard et al. (1998) (note that the D N A P L fluxes are plotted as negatives to 

show that they are exiting the subsurface). The biggest difference occurs at very early 

time, when ECLIPSE predicts a rapidly increasing D N A P L flux starting from zero and 

reaching a peak of slightly more than 5.Ox 10"8 m2/s, while Gerhard et al. (1998) predicts 

an initial large D N A P L flux of more than 1.5xl0"7 m2/s that rapidly decreases. The 

causes of the differences at very early time are not known but may simply be from 

different initialization methods. Gerhard et al. (1998) attribute the early time high rates 
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primarily to gravity drainage. The cause of the small difference in D N A P L flux over 

the first 700 days is the difference in the amount of water influx from the sides; after 700 

days the water outflow from the well (Drain C) fully compensates for the lower water 

influx from the sides. The water outflow from the well began to increase and 

compensate for the difference between water inflow from the sides and D N A P L outflow 

from the well when the D N A P L rate began a steady decrease, from about day 300. 

E C L I P S E predicted slightly less water influx from the sides over the entire 2000 days 

than did Gerhard et al. (1998). The obvious explanation for the different water influx 

rates from the sides are the different boundary conditions, since ECLIPSE used the 

Carter-Tracy analytic aquifer option and Gerhard et al. (1998) used constant pressures. 

It is probable that usage of Carter-Tracy tables containing values customized for the 

model of Gerhard et al. (1998) would have resulted in a closer match of the flux trends. 

Results for simulation 2A are illustrated in Figure 4-17. The same basic 

differences that exist in simulation 1A also exist in simulation 2A except that they are 

slightly more pronounced. Since the well in simulation 2A is producing at a higher 

drawdown than the well in simulation 1A (4 meter versus 2 meter drawdown), it follows 

that the water influx from the sides and its associated differences resulting from the 

different boundary conditions would also be larger. 

In conclusion, the simulations performed in Gerhard et al. (1998) were also 

performed in ECLIPSE for this study, with very close results. Therefore it can be 

concluded that ECLIPSE can be used for simulating migration and remediation of 

D N A P L . It can also be concluded that the Carter-Tracy aquifer option in ECLIPSE may 

be used when a constant pressure boundary condition is needed, as this condition is not 

available in ECLIPSE. The ECLIPSE data input file for case 1A is given in Appendix 

C. 
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Figure 4-16 Comparison of ECLIPSE and Gerhard et al (1998) results for simulation 
1A (from Gerhard et al, 1998). ECLIPSE results are shown as plain 
lines. 
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Figure 4-17 Comparison of ECLIPSE and Gerhard et al. (1998) results for simulation 
2A (from Gerhard et al, 1998). ECLIPSE results are shown as plain 
lines. 



4.4 VALIDATION USING EXPERIMENT BY O O L M A N ET AL. (1995) 

E C L I P S E was used to simulate an experiment presented in Oolman et al. (1995) 

for comparative purposes. Oolman et al. (1995) conducted experiments in which six 

DNAPL-saturated cores were waterflooded as part of a field study. Only the waterflood 

of Core 6 is simulated in this study because it is the only core for which all necessary 

simulation data was presented. The ECLIPSE input data file is presented in Appendix 

A . Table 4-2 lists the measured physical properties of Core 6 and the fluids that were 

used in the experiment. A l l cores were initially frozen to preserve their integrity, and 

were subjected to a 35 psi confining pressure in a vertical column before thawing. 

Table 4-2 Properties of Fluids and Core Used in Oolman et al.'s (1995) Experiment. 

Fluid Properties Core 6 Properties 

Ground water viscosity (cP) 0.994 Length (cm) 14.0 

D N A P L viscosity (cP) 0.777 Diameter (cm) 6.35 

Ground water density (g/cm ) 0.9968 Porosity (%) 30.4 

D N A P L density (g/cm3) 1.381 Permeability (mD) 5820 

Although the cores were retrieved from below the water table, they had residual 

gas saturations: it is believed that some D N A P L drained out of the cores causing air to 

invade while they were retrieved from the borehole. Thus a D N A P L flood was 

performed on each core after its initial waterflood to obtain a higher D N A P L saturation 

more representative of that in the aquifer. A second waterflood was conducted after the 

D N A P L flood, and it is this second waterflood that is simulated. Dynamic pressure data 

were collected during the nonsteady-state waterfloods and used to generate relative 

permeability curves. Residual saturations were calculated from volumetric 

measurements of fluids produced and injected. 

Simulations of the experiment were conducted as if only D N A P L and water were 

present in the core, and the 7.4% residual gas saturation value for Core 6 was accounted 

for by subtracting it from the simulated saturation results to obtain the D N A P L 
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saturation. This approach is acceptable because the residual gas is immobile and its 

effects are incorporated into the relative permeability saturation curves that were 

measured. Oolman et al. (1995) used the following modified Brooks-Corey model to fit 

their nonsteady-state relative permeability data, plotted in Figure 4-18: 

k.=ki (l Sw S or Sgr) 

[l-S -s -s ) 
\ wir or gr / 

(4-5) 

(4-6) 

where the values for the parameters are as follows: 

k°wr = endpoint water relative permeability = 0.419, 

k°r = endpoint D N A P L relative permeability = 0.352, 

Swr = residual water saturation = 0.31, 

Sor = residual D N A P L saturation = 0.224, 

Sgr = residual gas saturation = 0.074, 

nw = curve fitting parameter for water = 3.37, and 

na = curve fitting parameter for D N A P L = 2.61. 

The residual D N A P L saturation in Figure 4-18 is about 30%, but this reduces to 22.4% 

after subtracting the residual gas saturation of 7.4%. 

j-
1 
J 0.4 

J 
S 
s 

0.2 0.4 0.6 0.8 

Water Saturation (fractional) 

Figure 4-18 Measured relative permeabilities and fitted modified Brooks-Corey 
curves for the waterflood of Core 6 (from Oolman et al., 1995). 
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The relative permeability-saturation curves calculated from the fitted modified 

Brooks-Corey model were used in the simulation. Oolman et al. (1995) did not present a 

capillary pressure-saturation curve. Given this, and considering that the injection rates 

were high enough that capillary forces would be small compared to viscous forces, the 

simulations were conducted as if the capillary pressures were zero. 

The second waterflood consisted of injecting water beginning at a rate of 3 

cm3/minute and increasing stepwise to rates of 12, 48 and 170. The residual D N A P L 

saturation at each flooding rate was tabulated, and the pore volumes of injected water 

were plotted against a normalized D N A P L recovery fraction as illustrated in Figure 

4-19. For use in the simulator history matching, the injected pore volumes were first 

converted to equivalent time steps. Table 4-3 shows the injected pore volumes, the time 

steps, and the experimental and simulated saturations at each injection rate. 

It can be seen from Table 4-3 that the simulated results are an excellent match to 

the experimental saturations: two of the simulated saturations match the experimental 

saturations exactly, while the other two differ by less than one percent. It is concluded 

that E C L I P S E has been successfully validated against a quantitative experiment. Note 

that, because the results are such a close match, it is thought that perhaps Oolman et al. 

(1985) used E C L I P S E as an aid when fitting curves to the measured relative 

permeabilities. Even if this is so, the conclusion is still valid. See Appendix B for the 

input data file. 

A n additional simulation was performed to find the residual saturation that 

ECLIPSE would obtain in the absence of limiting times at each flow rate. The minimum 
•a 

residual saturation of 22.4% was attained at the lowest flow rate of 3 cm /minute, which 

is less than the 23.3% obtained in the experiment. This indicates that simulators may 

tend to predict attainment of endpoint residual D N A P L saturation even at low flow rates 

that may not attain these saturations in an experiment: in an experiment, the rate of 

change of saturation near the endpoint value would be so miniscule that over practical 

time step sizes the saturation would appear to be constant and would be recorded as 

such. 
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Figure 4-19 D N A P L recovery fraction against water injection volume (from Oolman 
et ai, 1995). 

Table 4-3 Injected Pore Volumes and Experimental and Simulated Saturations. 

Injection 
Rate 

Cumulative 
Injection 

Incremental 
Injection 

Equivalent 
Incremental 

Time 

Experimental 
Residual 

Saturation 

Simulated 
Residual 

Saturation 

(cm /min.) (pore volumes) (hours) (%) (%) 

3 8.25 8.25 6.18 23.3 23.1 

12 10.55 2.30 0.43 22.7 22.7 

48 12.7 2.15 0.10 22.5 22.6 

170 14.8 2.10 0.028 22.4 22.4 
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4.5 QUARTER E L E M E N T OF SYMMETRY M O D E L 

Simulations were performed using a quarter element of symmetry model (see 

Section 3.3.1 for a definition of such a model) as part of a parametric study. Simulations 

using this model were conducted mainly to investigate simulator performance. 

Sensitivities were performed on ECLIPSE calculation mode, level of grid discretization, 

element of symmetry size, D N A P L properties, and porous media properties. 

Most properties of the quarter element of symmetry model are based on those of 

the DNAPL-contaminated site described in Gerhard et al. (1998). The aquifer at the site 

is five meters thick, with D N A P L pooled in the bottom two meters. Data describing the 

fluid and matrix properties are listed in Table 4-4, and they are the same as those used by 

Gerhard et al. (1998) with two exceptions. First, the D N A P L viscosity in Gerhard et al. 

(1998) was 10 cP, while here it is set at 0.6 cP in order to focus on chlorinated hydro

carbons. Second, the porous medium in Gerhard et al. (1998) was entirely homogenous, 

while here permeability anisotropy has been applied with vertical permeability set at 

1/10 the horizontal permeability. This was done since sands can have vertical 

permeability as much as several orders of magnitude less than horizontal permeability. 

Table 4-4 Fluid and Matrix Properties for Quarter Element of Symmetry Model. 

Fluid Properties Matrix Properties 

po (kg/m3) 1500 h (mD) 51.64 

Mo (cP) 0.60 0 0.30 

pw (kg/m3) 1000 Swir 0.15 

Pw (cP) 1.0 Sor 0.18 

The water table is at the surface of the element and has been modeled as a no-

flow boundary. The line-of-symmetry boundaries of the element are also modeled as 

no-flow, as is the base of the aquifer. The model has one vertical production well 

located at the intersection of the line-of-symmetry boundaries and open only to the 
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D N A P L zone. The well is controlled by having the lower limit of its bottom hole 

pressure set to one atmosphere. 

4.5.1 Primary Production 

For primary production, pressure support is provided at the outer boundaries of 

the element through use of ECLIPSE'S analytic Carter-Tracy aquifer option. As was 

seen by the simulation in Section 4.3, use of this analytic aquifer can be similar to using 

constant pressure boundaries. Without the use of such an aquifer, the hydrostatic 

pressure becomes too low for recovery to occur unless vacuum extraction is used. 

Two groups of simulations were performed for primary recovery. The first group 

of simulations mainly investigates numerical artifacts by varying simulator parameters. 

Three sets of simulations were performed in the first group by varying: 

• Grid discretization using calculation mode IMPES in a 200-meter square element 

of symmetry model. 

• Grid discretization using calculation mode SS in a 200-meter square element of 

symmetry model. 

• Element of symmetry size using calculation mode SS. 

Another property varied within the simulations include grid discretization type (equal or 

variable). For definitions of IMPES and SS calculation modes see Section 2.4.3. Table 

4-5 lists all simulations in the first group. 

The second group of simulations investigates the effects of varying D N A P L and 

matrix properties. Four sets of simulations were performed, all using the simultaneous 

solution calculation mode, and are listed in Table 4-6: 

• Varying D N A P L density using a 200 m square element of symmetry model. 

• Varying D N A P L density using a 25 m square element of symmetry model. 

• Varying D N A P L viscosity using a 25 m square element of symmetry model. 

• Varying the k/k¡, ratio using a 25 m square element of symmetry model. 



4-5 Parameters Varied for Quarter EOS Primary Recovery, First Group. 

Simulation 
Case 

Element 
Size (m) 

Size of Grid 
Discretization 

Type of Grid 
Discretization 

Calculation 
Mode 

LDSC115 200 11x11x5 Equal IMPES 

IDSC115V 200 11x11x5 Variable IMPES 

LÜSC1120 200 11x11x20 Equal IMPES 

LDSC215 200 21x21x5 Equal IMPES 

LÜSC2120 200 21x21x20 Equal IMPES 

LDSC5110 200 51X51X10 Equal IMPES 

LDSC5120 200 51x51x20 Equal IMPES 

LDSC10120 200 101x101x20 Equal IMPES 

SDSC115 200 11x11x5 Equal SS 

SDSC115V 200 11x11x5 Variable SS 

SDSC1120 200 11x11x20 Equal SS 

SDSC215 200 21x21x5 Equal s s 

SDSC2120 200 21x21x20 Equal s s 

SDSC5110 200 51x51x10 Equal s s 

SDSC5120 200 51x51x20 Equal s s 

ELEM200 200 51x51x20 Equal s s 

ELEM100 100 51x51x20 Equal s s 

E L E M 5 0 50 51x51x20 Equal s s 

ELEM25 25 51x51x20 Equal s s 

E L E M 1 0 10 21x21x20 Equal s s 

E L E M 5 5 11x11x20 Equal s s 
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Table 4-6 Properties Varied for Quarter EOS Primary Recovery, Second Group. 

Simulation 
Case 

Element Size 
(m) 

Size of Grid 
Discretization 

Property Varied 
and Value 

DENS 1100 200 51x51x10 p0= 1100 

DENS 1200 200 51x51x10 Po = 1200 

DENS 1300 200 51x51x10 Po = 1300 

DENS 1500 200 51x51x10 Po = 1500 

DENS 1700 200 51x51x10 Po = 1700 

DENS2511 25 51x51x10 Po= 1100 

DENS2512 25 51x51x10 p0 = 1200 

DENS2513 25 51x51x10 p0 = 1300 

DENS2515 25 51x51x10 Po = 1500 

DENS2517 25 51x51x10 Po = 1700 

VISC0 .6 25 51x51x10 Po = 0.6 

VISC1 25 51x51x10 Mo= 1.0 

VISC2 25 51x51x10 Po = 2.0 

VISC 5 25 51x51x10 Po = 5.0 

v i s e 10 25 51x51x10 Po = ìo.o 

KZ100 25 51x51x20 kz = 0.0l *kh 

KZ10 25 51x51x20 kz = 0.1 * kh 

K Z H A L F 25 51x51x20 kz = 0.5 * kh 

KZ1 25 51x51x20 kz=1.0*kh 

The first set of simulations in the first group investigates ECLIPSE'S numerical 

artifacts for different types of grid discretization for a 200-meter element of symmetry 

model using simulator calculation mode IMPES. The main goals were to find a suitable 

grid discretization with a good balance between minimization of numerical artifacts and 

minimization of simulation time, plus to compare results to those of the next set, which 

uses the simultaneous solution (SS) calculation mode. Results of the first set are shown 

in Figure 4-20 and Figure 4-21 for eight types of grid discretization. Figure 4-20 
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compares cumulative D N A P L production and D N A P L production rate to time, while 

Figure 4-21 compares cumulative water production and water cut to time. Water cut is 

defined as the ratio of produced water to total produced D N A P L plus water. 

It is assumed that the finest grid discretization employed, 101x101x20, provides 

the most accurate results. This particular discretization level results in 204,020 grid 

blocks each of size 2 meters long by 2 meters wide by 0.25 meters tall; the simulation 

takes twenty-two hours to run. The next finest discretization is 51x51x20, resulting in 

52,020 grid blocks and the simulation taking twenty-five minutes. Yet the results 

between the two levels of discretization are almost identical for the D N A P L production 

curves, and very close for the water production curves. The next finest level of 

discretization is 51x51x10, resulting in each grid block being 4 meters by 4 meters by 

0.5 meters and the simulation needing 9 minutes to run. Results are practically the same 

as those for the 51x51x20 level of discretization, indicating that a vertical discretization 

of 0.5 meters rather than 0.25 meters is sufficient for simulation purposes in this model. 

The 11x11x5 variable grid discretization case also gave very close results for 

D N A P L and water production. However, its D N A P L production results are not as close 

as the 51x51x10 case. Plus, there is some instability in the explicit solution of the fluid 

flow differential equations as evidenced by the large oscillations observable in the water 

cut curve. There are small oscillations in the water cut curves for some of the other 

cases, but not to the extent as for the variable grid discretization case. The instability of 

the simulation leads to the conclusion that this variable grid is not suitable for the model. 

The other cases run, namely those with equal grid block sizes and grid 

discretization sizes of 11x11x5, 11x11x20, 21x21x5 and 21x21x20, had results much 

different from those of the 101x101x20 grid. This indicates that the horizontal 

dimensions of each grid block, 20 meters and 10 meters for the 11 and 21 cases 

respectively, are too large to accurately model the fluid flow and pressures. It is 

concluded that grid block sizes no larger than 4 meters horizontally by 0.5 meters 

vertically should be used for simulations of this model. It is also concluded that models 

containing 200,000 grid blocks should not be used unless absolutely necessary, as this 

amount greatly increases simulation time. 
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(a) Cumulative DNAPL Production (m ) 
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Figure 4-20 Effect of grid discretization on D N A P L production volume and rate 
during primary recovery in a 200-meter square element of symmetry 
using IMPES calculation mode. 
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Figure 4-21 Effect of grid discretization on water production volume and rate during 
primary recovery in a 200-meter square element of symmetry using 
IMPES calculation mode. 
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The second set of simulations within the first group consists of seven of the 

same eight cases run in the first set using the IMPES calculation mode, but this time run 

using the SS calculation mode and excluding the 101x101x20 case. Results are shown 

in Figure 4-22 for D N A P L production and in Figure 4-23 for water production. The 

results of the SS cases are essentially the same as the results of the IMPES cases, except 

that the SS cases exhibit no stability problems and therefore their curves are smooth and 

without oscillations. Table 4-7 shows the similarity between selected results of the 

IMPES and SS cases for cumulative D N A P L production and cumulative water 

production. Because the SS calculation mode is completely stable, it was used for the 

remaining simulations. Note that the run times for the SS cases were comparable to 

those for the IMPES cases. 

Table 4-7 Comparison of Cumulative Production of D N A P L and Water Between 
IMPES and SS Simulation Results for Varying Discretization Cases. 

Cumulative DNAPL 
•i 

Production (m ) 

Cumulative Water 
Production (m3) 

Grid Discretization: IMPES SS % Diff IMPES SS % Diff 

11x11x5 1345.5 1353.5 -0.59 290.0 283.8 2.18 

11x11x5 Variable 1075.8 1084.5 -0.80 514.2 508.2 1.18 

11x11x20 1294.9 1294.6 0.02 260.5 260.2 0.12 

21x21x5 1151.9 1144.3 0.66 386.2 388.0 -0.46 

21x21x20 1161.3 1164.3 -0.26 350.4 350.3 0.03 

51x51x10 1129.7 1126.2 0.31 448.5 448.0 0.11 

51x51x20 1130.2 1128.4 0.16 455.0 453.8 0.26 

IMPES = IMplicit Pressure, Explicit Saturation calculation mode 
SS = Simultaneous Solution calculation mode 
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Figure 4-22 Effect of grid discretization on D N A P L production volume and rate 
during primary recovery in a 200-meter square quarter element of 
symmetry using SS calculation mode. 
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(a) Cumulative Water Production (m ) 
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Figure 4-23 Effect of grid discretization on water production volume and rate during 
primary recovery in a 200-meter square quarter element of symmetry 
using SS calculation mode. 
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The third and final set of simulations within the first group uses square 

elements with six different lengths: 5, 10, 25, 50, 100 and 200 meters. The goal is to 

investigate the effect of element of symmetry size on primary recovery of D N A P L from 

the model. A grid discretization of 51x51x20 was used for the four largest element 

sizes, while 21x21x20 was used for the 10-meter size and 1 l x l 1x20 for the 5-meter size. 

These discretization levels result in the 5, 10 and 25-meter elements having grid block 

sizes of 0.5 meters horizontally by 0.25 meters vertically. Results of the third set of 

simulations are shown in Figure 4-24. 

The cumulative fraction of D N A P L produced increases more quickly as the 

element size decreases. However, the water cut and cumulative water production also 

increase as the element size decreases. In addition to element size, these results are also 

controlled by the well configuration in this model: the well is closed to the water zone 

but open to the entire D N A P L zone (the bottom two meters); and the well is controlled 

by bottom hole pressure and not produced liquid rate. If the well was open only to the 

bottom 0.25 or 0.5 meters of the D N A P L zone, and controlled by a low liquid 

production rate, then the ratio of water produced to D N A P L produced could be lowered 

for all element sizes. In addition, the onset of water production would be delayed until 

water coned around the wellbore. 
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Figure 4-24 Effect of element of symmetry size on remediation during primary 
recovery. 
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The second group of simulations investigates sensitivities of D N A P L and 

water production during primary recovery on D N A P L and matrix properties. Four sets 

of simulations were completed in the second group. 

The first set in the second group simulates the remediation of a 200-meter square 

element with five different D N A P L densities ranging from 1100 to 1700 kg/m . Results 

are shown in Figure 4-26. The cumulative fraction of D N A P L produced increases with 

higher D N A P L densities and time. Similarly, the D N A P L production rate also increases 

for D N A P L s with higher densities. However, the cumulative water production was 

comparable for all densities: at the end of 50 years, the lowest was about 425 m for the 

1300 kg/m 3 D N A P L and the highest was about 490 m 3 for the 1700 kg/m 3 D N A P L . The 

water cut exhibited a greater variation than the cumulative water production, with the 

water cut being inversely proportional to the D N A P L density. 

These results are explainable by gravity segregation and coning theory. The 

amount of gravity segregation depends on the ratio of the viscous forces to the gravity 

forces. Gravity segregation means that the denser D N A P L s , with everything else being 

equal, will more fully and more quickly segregate beneath the water layer as the water-

D N A P L interface is lowered. This causes the denser D N A P L S to have higher D N A P L 

saturations immediately below the water table and therefore higher relative 

permeabilities of D N A P L to water in that region, enabling them to flow more easily to 

the vertical well. 

More importantly, the denser D N A P L s will have less water coning around the 

wellbore, resulting in more D N A P L and less water production. Coning theory describes 

the critical production rate, defined as the rate at which the slope of the coning interface 

becomes vertical above the well and the less dense fluid (in this case, water) is quickly 

drawn downwards to the well. The critical production rate depends in part on the 

density difference between D N A P L and water and can be expressed as (Butler, 1994): 

ft.-V^3*l (4-7) 

where qco = critical organic phase production rate, 
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Y = a dimensionless geometric factor, and 

h = height of the D N A P L pool. 

Saturation plots for two D N A P L s with densities of 1100 kg/m 3 and 1700 kg/m 3 

respectively after one year and two years of production are shown in Figure 4-25 for the 

200-meter element. Shown are the bottom two meters of the aquifer, which are open to 

the wellbore. The wellbore is in the left column of the plots; the first 40 meters away 

from the wellbore are illustrated. The plots show that, as expected, the D N A P L with a 
•J 

density of 1100 kg/m exhibits more water coning than the D N A P L with a density of 

1700 kg/m 3. It is concluded that in the model investigated, D N A P L s with larger 

densities are more quickly produced than those with smaller densities. 

DNAPL Density Equals 1100 kg/m DNAPL Density Equals 1700 kg/m 

1 Year 

•40 meters-

DNAPL Saturation Percents: 18-19.9 
20-29.9 
30-39.9 
40-49.9 

50-59.9 
60-69.9 
70-79.9 
80-85 

Vertical Exaggeration = 8 

Figure 4-25 Comparison of D N A P L saturations in the bottom four rows of grid blocks 
from the wellbore to 40 meters away for two different D N A P L s , after one 
year and two years of production respectively. 
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The second set of simulations within the second group investigates the effect 

of varying D N A P L density in a 25-meter square element of symmetry model. Like the 

200-meter square model, the 25-meter model also shows a higher cumulative fraction of 

D N A P L produced as the D N A P L density increases. Here, however, the cumulative 

fraction of D N A P L produced is much greater than in the 200-meter case because the 

original D N A P L volume in the 25-meter element is small enough so that most of it can 

be produced. For instance, for the D N A P L with a density of 1700 kg/m , the cumulative 

fraction of D N A P L produced is about 75% in the 25-meter element and about 8.5% in 

the 200-meter element. Moreover, the cumulative fraction of D N A P L produced flattens 

in later years as the water production rates increase and D N A P L rates decrease for all 

densities, rather than continuing to increase as in the 200-meter model. For the 25-meter 

element, the D N A P L production rates for the heavier D N A P L s drop off earlier than 

those for the less dense DNAPLs , corresponding to earlier leveling off of their 

cumulative fraction of D N A P L produced. Hence the D N A P L production rates for the 

denser D N A P L s cross over those for the less dense D N A P L s in the 25-meter element. 

The cumulative water production for the 25-meter element is similar to that for 

the 200-meter element in that it increases as the D N A P L density increases. The water 

cut for the 25-meter element is initially inversely proportional to the D N A P L density as 

for the 200-meter element, but later the water cuts of the denser D N A P L s cross over 

those for the less dense DNAPLs , corresponding to the leveling off of cumulative 

D N A P L production and crossover of D N A P L production rates. It is important to note 

that the early time production of the 25-meter model behaves like the production from 

the 200-meter model over the entire time; if the simulations of the 200-meter elements 

were continued for another few hundred years, their production plots would behave like 

those for the 25-meter element. As for the 200-meter case, it is concluded that D N A P L s 

with higher densities are more quickly produced than those with lower densities, for the 

same reasons of gravity segregation and coning. 

The third set of simulations within the second group investigates the effect of 

varying D N A P L viscosity in a 25-meter square element of symmetry model. Results of 

simulations using viscosities ranging from 0.6 to 10 mD are shown in Figure 4-28. The 
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cumulative fraction of D N A P L produced increases as the D N A P L viscosity 

decreases. Similar to the sensitivity results for D N A P L density in the 25-meter model, 

the D N A P L and water production rate graphs exhibit crossover. The lowest viscosity 

D N A P L s initially have the highest D N A P L production rates, but after anywhere from 10 

to 25 years, their rates decrease and cross over those of the more viscous DNAPLs . For 

the water cut curves, the crossovers begin earlier than for the D N A P L production rate 

curves. The cumulative water production is higher for the lower viscosities, similar to 

the D N A P L production. It is concluded that D N A P L s with lower viscosities are more 

quickly produced than those with higher viscosities. 

The conclusion regarding the effect of D N A P L viscosities on D N A P L production 

is to be expected based on D N A P L mobilities. Mobility M for a D N A P L is defined as 

M = k0/juo (4-8) 

where the effective permeability to the organic phase can be determined in an area of 

interest. Since the D N A P L viscosity is inversely proportional to the mobility, any 

increase in viscosity decreases mobility and results in worse production. Additionally, 

Equation (4-7) shows that coning is inversely proportional to the viscosity. Just as a 

larger density difference between D N A P L and water decreases coning and improves 

D N A P L production, so too a lower D N A P L viscosity will effect the same results. 

The fourth and final set of simulations within the second group investigates the 

effect of the anisotropy ratio on primary D N A P L recovery. Results of simulations using 

vertical permeabilities ranging from l/100 t h of the horizontal permeability to the same 

value as the horizontal permeability, where the horizontal permeability is held constant, 

are shown in Figure 4-29. The cumulative fraction of D N A P L produced is quite similar 

for all cases; this is expected because the D N A P L can flow horizontally to the 

production well and the horizontal permeability remains unchanged; the D N A P L flow is 

not particularly affected by vertical permeability. However, the cumulative water 

production is affected by vertical permeability, decreasing as the vertical permeabilities 

decrease because the ability of the water to flow downward and replenish the produced 

water is hindered. It is concluded that lower vertical permeability wil l not noticeably 

affect D N A P L production to a vertical well, but it will lower water production. 
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Figure 4-26 Effect of D N A P L density on remediation of a 200-meter square quarter 
element of symmetry during primary recovery. 
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Figure 4-27 Effect of D N A P L density on remediation of a 25-meter square quarter 
element of symmetry during primary recovery. 
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Figure 4-28 Effect of D N A P L viscosity on remediation of a 25-meter square element 
of symmetry during primary recovery. 
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Figure 4-29 Effect of anisotropy ratio on remediation of a 25-meter square quarter 
element of symmetry during primary recovery. 
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4.5.2 Secondary Recovery (Waterflooding) 

Waterflooding simulations are performed using the quarter element of symmetry 

model to evaluate sensitivities to simulator parameters and D N A P L properties, and also 

to compare results to those from primary recovery. The model is the same as that for 

primary recovery except that no aquifer is used because pressure support is provided by 

the water injection well. Waterflooding is executed by a single water injection well open 

to the D N A P L zone only and constrained by an upper bottom hole pressure limit of 5.0 

bars; it is located at the corner of the model opposite to that of the producing well. 

Similar groupings and sets of simulations were performed for the waterfloods in 

this section as were performed under primary recovery in the previous section. Two 

groups of simulations were performed for secondary recovery, with all simulations using 

calculation mode SS. The first group primarily examines numerical artifacts by varying 

simulator parameters; simulations performed are listed in Table 4-8. Two sets of 

simulations were performed in the first group by varying: 

• Grid discretization in a 200-meter square element of symmetry model, and 

• Element of symmetry size. 

The second group of simulations examines the effects of varying D N A P L 

properties; simulations performed are listed in Table 4-9. Two sets of simulations were 

performed in the second group by varying: 

• D N A P L density in a 25-meter square element of symmetry model, and 

• D N A P L viscosity in a 25-meter square element of symmetry model. 
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Table 4-8 Parameters Varied for Quarter EOS Waterflooding, First Group. 

Simulation 
Case 

Element 
Size (m) 

Size of Grid 
Discretization 

Type of Grid 
Discretization 

Calculation 
Mode 

SDSC115 200 11x11x5 Equal SS 

SDSC1120 200 11x11x20 Equal SS 

SDSC215 200 21x21x5 Equal SS 

SDSC5110 200 51x51x10 Equal SS 

SDSC5120 200 51x51x20 Equal SS 

ELEM200 200 51x51x20 Equal SS 

ELEM100 100 51x51x20 Equal SS 

E L E M 5 0 50 51x51x20 Equal s s 

E L E M 2 5 25 51x51x20 Equal s s 

E L E M 1 0 10 21x21x20 Equal s s 

E L E M 5 5 11x11x20 Equal s s 

Table 4-9 Properties Varied for Quarter EOS Waterflooding, Second Group. 

Simulation 
Case 

Element Size 
(m) 

Size of Grid 
Discretization 

Property Varied 
and Value 

DENS2511 25 51x51x10 p0= 1100 

DENS2512 25 51x51x10 p0= 1200 

DENS2513 25 51x51x10 p0= 1300 

DENS2515 25 51x51x10 p0= 1500 

DENS2517 25 51x51x10 p0= 1700 

VISC0_6 25 51x51x10 Ho = 0.6 

VISC1 25 51x51x10 / /»=1 .0 

VISC2 25 51x51x10 Ho = 2.0 

VISC5 25 51x51x10 Ho = 5.0 

VISC10 25 51x51x10 Ho = 10.0 

The first set of simulations in the first waterflooding group, illustrated in Figure 

4-30, examines variations of grid discretization for a 200-meter square element of 
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symmetry model. Generally, finer discretization results in higher cumulative D N A P L 

production; finer grid discretization also results in higher D N A P L production rates. The 

D N A P L production rate curves drop steeply during the first one to three years, after 

which they level off. Just as finer grid discretization results in higher cumulative 

D N A P L production, it also results in higher cumulative water production. The water cut 

increases steeply before leveling off, where a finer grid results in steeper increases and 

faster leveling. 

Comparison of the waterflooding results to the primary recovery results reveals 

different performance. The waterflooding cumulative D N A P L production is about three 

times higher than that obtained with primary production where only an aquifer was 

available for pressure support. However, cumulative water production is also much 

higher than that for primary recovery, where the highest cumulative after 50 years is less 

than 800 m 3 , while for waterflooding the highest and lowest are about 4600 m 3 and 1200 

m 3 respectively. The water cut level for waterflooding is about 10% higher than that for 

primary recovery. It is concluded that waterflooding will provide faster D N A P L 

recovery than that obtained with the only pressure support from an aquifer; however, the 

water cuts will also be higher. 

The second set of simulations in the first waterflooding group examines the effect 

of varying the element of symmetry size and is illustrated in Figure 4-31. A smaller 

element size results in a higher cumulative fraction of D N A P L produced and shows a 

much more rapid drop in production rates than the large element sizes over a period of 

three to four years, dropping by two or three orders of magnitude. Over a 50-year 

lifetime, the ultimate D N A P L production rate is miniscule for all sizes except the 200-

meter element because that is the only size with a sufficient original D N A P L volume to 

sustain production. For cumulative water production, a smaller size results in larger 

values because less D N A P L is produced than for the larger elements and thus more 

water invades the well. The water cut skyrockets upwards for all cases then levels off at 

50% for the 200-meter case but practically 100% for all other cases. 
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Figure 4-30 Effect of grid discretization on remediation of a 200-meter square 
element of symmetry during secondary recovery. 
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Figure 4-31 Effect of element of symmetry size on remediation of a quarter element 
of symmetry during secondary recovery. 
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The first set of simulations in the second waterflooding group, presented in 

Figure 4-32, examines the effect of varying D N A P L density in a 25-meter square 

element of symmetry model. As the D N A P L density increases, the cumulative fraction 

of D N A P L recovered increases; this trend is also observed in the primary recovery 

sensitivities of D N A P L density. Here, however, the range of cumulative fraction of 

D N A P L recovered is narrower, from 67 to 76%. The curves quickly increase and begin 

leveling off after about three years. The D N A P L production rate is very similar for all 

cases, which would be expected from the narrow range of cumulative D N A P L 

production. A l l curves of D N A P L production rate show a rapid drop off. The 

cumulative water production is virtually the same for all five D N A P L densities used, as 

is the water cut. 

Analysis of these results shows that downconing of water was not a problem in 

the waterflood. This is because the water was injected throughout the height of the 

D N A P L pool and therefore flowed laterally to the well; little vertical water flow to the 

well occurred. This is unlike the primary recovery case where much water entered the 

well by coning. These results indicate that different D N A P L densities may not 

significantly affect waterflooding results. This is supported by analysis of the fractional 

flow equation, which is used to calculate the watercut at a given point in a reservoir 

being waterflooded. Leverett (1941) used Darcy's law to obtain the following form of 

the fractional flow equation: 

—^--Apgsmad 1-

J w (4-9) 

where ut is the total fluid velocity. Examination of Equation (4-9) reveals that where the 

dip angle is zero, as it is for these simulations, the density difference does not affect the 

watercut. Practically, Equation (4-9) is used without the capillary pressure term because 

it's value is not available and would generally be insignificant. 

The second set of simulations in the second waterflooding group, illustrated in 

Figure 4-33, examines the effect of varying D N A P L viscosity. The cumulative fraction 
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of D N A P L produced increases as the D N A P L viscosity decreases. The fraction at 50 

years has a wider range than the D N A P L density sensitivities, from less than 60% to 

more than 75%. The cumulative D N A P L production curves for the less viscous 

D N A P L s show more rapid increases initially and earlier leveling off, while the more 

viscous D N A P L s exhibit gradual increases and leveling. The D N A P L production rate 

curves fall quickly and each have two points of inflection, likely explained by water 

from the injection well breaking through at the producing well. The cumulative water 

production increases as the viscosity of the D N A P L decreases. The water cuts increase 

quickly, with all cases ultimately reaching approximately 100%. The water cuts show 

the same dual inflections as the D N A P L production rate. 

The trend of decreasing D N A P L viscosity resulting in higher D N A P L production 

is the same as was obtained for primary recovery. Again, this is to be expected because 

as given by Equation (4-8), D N A P L mobility is inversely proportional to its viscosity. 

In addition, the fractional flow equation presented in Equation (4-9), without the 

capillary pressure term, can be differentiated with respect to D N A P L viscosity to obtain 

(Belgrave, 1995): 

(4-10) 

+ 
L " rw " ro J 

Analysis of Equation (4-10) shows that results will always be positive since fw is always 

less than one. Therefore, increasing the D N A P L viscosity results in an increased 

fractional flow of water, or an increased watercut. 

In conclusion, waterflooding can produce higher and faster D N A P L recoveries 

than aquifer support alone. Waterflooding results in the model used are not significantly 

affected by D N A P L density, while primary recovery results are. Finally, D N A P L 

recovery is inversely proportional to D N A P L viscosity. 
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Figure 4-32 Effect of D N A P L density on remediation of a 25-meter square quarter 
element of symmetry during secondary recovery. 
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Figure 4-33 Effect of D N A P L viscosity on remediation of a 25-meter square element 
of symmetry during secondary recovery. 
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4.6.1 Introduction 

The final group of simulations uses a model of an imagined aquifer with a small 

depression at the bottom. Simulations are performed mainly to investigate the 

performance of different scenarios for D N A P L recovery. Contamination and migration 

simulations are conducted to generate output files to be used for the remediation 

simulations. Remediation scenarios are conducted using both primary and secondary 

D N A P L recovery. Well configurations and constraints are changed to generate 

variations in the remediation scenarios. In addition, a further variation consisting of the 

addition of permeability barriers to the model is used for a subgroup of simulations. 

Simulations were conducted using either quarter pool or half pool elements of symmetry 

to decrease the number of grid blocks and hence the computation time. 

The size of the aquifer model is 36 meters long by 15 meters wide by 9 meters 

deep, with the bottom 4 meters consisting of a depression mostly rounded on the sides 

but flat on the bottom. The top of the model is envisioned as the top of the water table, 

which is 7 meters below the ground surface. The bottom of the model is the top of the 

aquitard. The top and bottom of the model are defined as no-flow boundaries, as are the 

bottom 4 meters of the sides. The top 5 meters of the sides allow water in or out of the 

model for pressure support purposes, through use of ECLIPSE 'S Carter-Tracy aquifer 

option. The model is depicted in Figure 4-34, where each square has dimensions of 1 

meter by 1 meter. The grid block sizes used in ECLIPSE are 0.5 meters horizontally and 

0.25 meters vertically. 

Most matrix and fluid properties of the imagined aquifer were specified to be 

averages of those measured in the highly studied aquifer at the Canadian Forces base in 

Borden, Ontario. Many values were taken from Brown et al. (1994) because their model 

is also based on the Borden aquifer and their paper provides a good summary of 

literature references. The matrix and fluid properties specified for the imagined aquifer 

are listed in Table 4-10. Porosity is 34%, horizontal permeability is 8227 mD, and 

vertical permeability is 4114 mD. In addition, a hydraulic gradient of 0.0043 m/m 
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(Brown et al., 1994) was specified for some half-pool cases. ECLIPSE 'S Carter-

Tracy aquifer option, described in Section 4.3, was applied to the pool edges in all cases 

for pressure support. 

(a) Plan View 

'36 m 

(b) Front Elevation V 

(c) Side Elevation 

9 m 

V 

Supporting aquifer applied to top 5 m. 

15 nr 

Figure 4-34 Plan view and side elevations of field aquifer depression model. 
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Table 4-10 Matrix and Fluid Properties of Field Aquifer Depression Model. 

Property Value References and Comments 

Porosity (0) 0.34 Brown et al. (1994) 

Horizontal 
Permeability (kx, kv) 

8227 mD Brown et al. (1994) 

Anisotropy Ratio 
(kzlkx) 

0.5 Brown et al. (1994) 

Water compressibility 4.6 x 10"5 /bar Blyth and de Freitas (1984) 

Rock compressibility 
3.625 x 10 - 4 

/bar 

Selected as the median value from Newman 
(1973) for unconsolidated sandstones with 
initial porosity between 30 and 35%. 

Water density (pw) 1000 kg/m 3 

D N A P L density (p0) 1630 kg/m 3 Kueper and Frind (1991b) 

Water viscosity (pLw) 1.0 cp 

D N A P L viscosity 
(¡lo) 

0.89 cp Brown et al. (1994) 

Irreducible (Sw¡r) 0.125 Kueper and Frind (1991b) 

Residual (S o r) 0.17 Brown et al. (1994) 

The constitutive relation curves presented in Brown et al. (1994) were also used 

in the field model and simulations initially. However, ECLIPSE simulations using these 

curves were unsuccessful. The problem is believed to be an incompatibility between 

capillary pressure curves that exhibit a displacement pressure, such as those presented in 

Brown et al. (1994), and the ECLIPSE capillary pressure hysteresis model. ECLIPSE'S 

capillary pressure hysteresis model is an implementation of that presented in Killough 

(1976), where the scanning curve is formed as a weighted average of the drainage and 

imbibition curves (see Section 2.3.4 for scanning curves). When capillary pressures 

become very low, a drainage curve that exhibits a displacement pressure has no value 

and thus ECLIPSE would have difficulty calculating a weighted average. 

Therefore a capillary pressure-water saturation curve with a capillary pressure 

beginning at zero on the drainage curve was used, as illustrated in Figure 4-36; the curve 

of Brown et al. (1994) is also plotted for comparison purposes. The initial drainage 
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curve was constructed using the Brooks-Corey relationship (Equation 2-7), which 

resulted in a drainage curve exhibiting displacement pressure. The capillary pressure 

values near a water saturation of unity were then adjusted to make the curve go to zero 

capillary pressure. 

Parameters used in construction of the Brooks-Corey curve were a pore size 

distribution index of 2.48 and a dimensionless displacement pressure of 0.00558. These 

values were taken from Kueper and Frind (1991b), who obtained them as the best fit to 

their dimensionless capillary pressure saturation curve (Figure 4-35) that was generated 

by scaling measured PCE-water capillary pressure curves for seven samples from the 

Borden aquifer. The dimensionless displacement pressure of 0.00558 was converted to a 

pressure of 2001.4 Pa using the following relationship presented in Kueper and Frind 

(1991b), which is a slightly modified version of the theoretical relationship in Leverett 

(1941): 

pfkX 
Pc = - -

The value of the exponent was fixed at 0.5 in Leverett's (1941) original relationship, but 

was used as a fitting parameter by Kueper and Frind (1991b) and assigned a best-fit 

value of 0.65. 

The imbibition curve was constructed as a straight line beginning tangent to the 

primary drainage curve. Work by Kueper et al. (1993) showed that, out of the methods 

tested, the correlation between initial nonwetting saturation and the residual upon 

imbibition in unconsolidated porous media was best described by a linear relationship. 

A linear relationship was used in Gerhard (1995) and Gerhard et al. (1998) for the 

imbibition and scanning curves. However, since ECLIPSE uses a weighted average of 

the primary drainage and imbibition curves to calculate scanning curves, the scanning 

curves would not be linear as they are in Gerhard (1995). The methods tested by Kueper 

et al. (1993) did not include the weighted average method presented in Killough (1976). 
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Figure 4-35 Experimentally measured PCE-water drainage capillary pressure-
saturation curves (left) and scaled capillary pressure-saturation curves 
(right) (from Kueper and Frind, 1991b). 

Figure 4-36 Capillary pressure - water saturation relations for the field aquifer 
depression model, showing curves used in this study plus those of Brown 
et al. (1994). 
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The relative permeability - water saturation curves were calculated using the 

Brooks-Corey relations presented in Equation (2-9) and Equation (2-10). They are 

plotted in Figure 4-37 along with those of Brown et al. (1994) for comparison purposes. 

As can be seen, the relative permeability to water curves between those calculated in this 

study and those used by Brown et al. (1994) are very close, but the relative permeability 

to D N A P L curves are somewhat different because different endpoints were used: in this 

study, an irreducible water saturation of 12.5% was used, while Brown et al. (1994) used 

24%. The irreducible water saturation of 12.5% used in this study was based on the 

capillary pressure-water saturation plots shown in Figure 4-35, while that of Brown et al. 

(1994) was obtained from a different source. 

Figure 4-37 Relative permeability - water saturation relations for the field aquifer 
depression model, showing curves in this study plus those of Brown et al. 
(1994). 

4.6.2 Quarter Pool 

One contamination scenario was performed in the quarter pool model, where the 

D N A P L injection well was placed at the inside corner of the quarter pool (the center of 
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the entire pool). The well injected 0.25 m /day of D N A P L into the top layer for 350 

days, for a total injected D N A P L volume of 87.5 m 3 . The contamination simulation was 

continued for one year after injection ceased to allow further migration of the D N A P L . 

The D N A P L saturation profile at the end of the simulation is shown in Figure 4-38. 

DNAPL Saturation at End of Contamination and Migration Simulation, Qtr Pool 

Oil Sit 

0.00000 0.21347 0.42694 0.04042 0.85389 

Figure 4-38 D N A P L saturation profile at end of contamination/migration scenario. 

Nine remediation sequences are performed on the contaminated quarter pool and 

are summarized in Table 4-11. The simulations investigate the performance of vertical 

and horizontal wells constrained by different maximum surface liquid production rates. 

In addition, a variation is performed with a vertical well constrained only by the lower 

limit of the bottom hole pressure, and no maximum surface liquid production rate. The 

effect of well length open to the formation is investigated in two simulations. Finally, 

additional simulations are performed with vertical wells using pulsed production to see if 

this will lower the volume of water produced per unit volume of D N A P L produced. No 

secondary recovery is performed in the quarter pool remediation simulations. The 

quarter pool simulations are performed without a constant flux aquifer because this 

particular aquifer needs to be implemented over the entire length of the model. In the 
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half pool cases, the constant flux aquifer is implemented so that it flows parallel to the 

36-meter model length as shown in Figure 4-43. 

Table 4-11 Remediation Scenarios Conducted for Quarter Pool. 

Case 

Vertical or 

Horizontal 

Well 

Surface Liquid 

Production Rate 

Upper Limit 

(m3/day) 

Top and Bottom 

Depths of Well Open 

to Wellbore 

(m) 

Pulsed 

Production 

(Days On / 

Days Off) 

V _ B H P Vertical None* 8.75 to 9.00 -

V5 Vertical 5.0 8.75 to 9.00 -

V 2 Vertical 2.0 8.75 to 9.00 -

V2a Vertical 2.0 7.50 to 9.00 -

V I Vertical 1.0 8.75 to 9.00 -

H5 Horizontal 5.0 Between 8.75 and 9.00 -

HI Horizontal 1.0 Between 8.75 and 9.00 -

V1_1G710 Vertical 1.0 8.75 to 9.00 10/10 

Vl_10/20 Vertical 1.0 8.75 to 9.00 10/20 

* Well is constrained only by bottom hole pressure (BHP), not production rate. 

The performance of vertical and horizontal wells constrained by two different 

maximum liquid production rates of 1 m3/day and 5 mVday is investigated. As can be 

seen from Figure 4-39, a horizontal well produces more D N A P L sooner than a vertical 

well with the same liquid production rate. This is because the vertical well has only 0.25 

meters open to the formation while the horizontal well has 15.5 meters open to the 

formation; thus, for a given rate, the vertical well has a larger pressure drawdown than 

the horizontal well and will cause water to cone down and enter the well sooner. 

The cumulative water production is initially lower for a horizontal well than a 

vertical well with the same liquid production rate, but becomes virtually the same 
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because the water cut for a horizontal well crosses over and becomes higher than that 

for the vertical well. These effects can be seen clearly in the plot of cumulative D N A P L 

production versus cumulative water production in Figure 4-40. Here it is obvious that 

horizontal wells produce less water than vertical wells for the same amount of D N A P L 

produced. 

The graphs also show that lower liquid production rates result in less produced 

water per unit volume of produced D N A P L than higher liquid production rates. 

However, higher liquid production rates result in quicker production of the D N A P L . 

Therefore, depending on the specific goal of a remediation program, it may be desirable 

to have wells with higher or lower production rates. 

Another simulation was conducted with a vertical well constrained only by the 

lower limit of the bottom hole pressure (one atmosphere), and no maximum surface 

liquid production rate. The results are shown in both Figure 4-39 and Figure 4-40. The 

D N A P L is produced quickly but huge increases in water production occur. 

Two simulations are conducted to see the effect of how much of the wellbore in a 

vertical well is open to the formation. Both simulations have a liquid production rate of 
•a 

2 m /day. One well is open to the formation only in the bottom 0.25 meters above the 

aquitard. The other vertical well is open to the bottom 2.50 meters above the aquitard. 

Note that the DNAPL/water interface is about 3.5 meters above the aquitard. The plot in 

Figure 4-40 shows that the well open to the bottom 0.25 meters performs better than the 

2.50 meter well: because the 2.50 meter well is closer to the DNAPL/water interface, 

the water cones down and enters it sooner. 
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Figure 4-39 Results of seven remediation cases conducted on the quarter pool. 
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Figure 4-40 Comparison of cumulative D N A P L production to cumulative water 
production for quarter pool remediation scenarios. 

The final variations performed for the quarter pool remediation involve pulsed 

production of vertical wells. The theory behind pulsed pumping is that the downward 

coning of water around a production well when the well is on production can be 

counteracted by intermittently stopping production of the well and allowing the D N A P L 

interface to rebound upward, thus decreasing the amount of water produced per unit 

volume of produced D N A P L . In Gerhard et al. (1998), pulsed pumping is performed 

(with horizontal wells) with a pump-on time of 120 days and pump-off times of 120, 240 

and 360 days respectively for three different simulations; however, these times are 

impractical for the quarter pool simulation here. Instead, the vertical well in the quarter 

pool was tested with the more applicable times of 10 days on production, followed by 10 

days and 20 days off production respectively for two different simulations. 

The wells in the pulsed production cases were constrained by a liquid production 

rate of 1 m3/day so that results could be compared to the 1 m3/day case without pulsed 

production. Results are shown in Figure 4-39 and Figure 4-40. It is seen that the pulsed 
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production cases meet their goal of producing less water per unit volume of produced 

D N A P L . Obviously, however, the pulsed production cases take longer to produce the 

D N A P L because of their off time. Based on the closeness of the results plotted in Figure 

4-40, it is concluded that the off cycles of 10 days are adequate to reduce water 

production in the model, and that off cycles of 20 days give little added value. The 

optimum pulsing rate is likely sensitive to the same parameters that exist in the coning 

theory equation for critical oil production rate (Equation 4-7), namely the density 

difference between the D N A P L and water, the D N A P L viscosity, and the horizontal 

permeability. 

The effect of pulsed pumping is illustrated with more detail in Figure 4-41 and 

Figure 4-42, which show D N A P L saturation profiles for the pulsed production case with 

cycles of 10 days on production followed by 10 days off production. Figure 4-41 

compares the D N A P L saturation profiles at the end of each on-production and off-

production period for the first six cycles in the remediation simulation. The profiles are 

shown at two locations, one in a column of grid blocks containing the wellbore, and the 

other in a column of grid blocks 15.5 meters from the wellbore. At the wellbore, the 

profile rebounds upward after each off-production period; at 15.5 meters from the 

wellbore, the profile drops down slightly as the D N A P L saturation levels out. How well 

the D N A P L interface rebounds can be seen from Figure 4-42, which compares the 

D N A P L saturation profiles at the wellbore and 15.5 meters from the wellbore, at the end 

of each of the first six off-production periods. The profiles at each location are close to 

converging after each off-production period. 

The results of the primary production cases performed for quarter pool 

remediation lead to several conclusions. First, horizontal wells perform better than 

vertical wells: they produce more D N A P L sooner while producing less water per unit 

volume of D N A P L . Another conclusion is that lower liquid production rates result in 

longer timelines but less water produced per unit volume of produced D N A P L . Use of 

pulsed production can also reduce the amount of produced water per unit volume of 

D N A P L . Finally, an open wellbore farther away from the DNAPL/water interface wil l 

produce less water than one that is closer to the interface. 
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Figure 4-41 Comparison of D N A P L saturation profiles at the end of six cycles of 
pulsed production (10 days on production followed by 10 days off). 
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Figure 4-42 D N A P L saturation profiles at the end of each of the first six off 
production cycles for locations at the wellbore and 15.5 meters from the 
wellbore. 
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4.6.3 Half Pool 

The half pool model consists of the full pool model, depicted in Figure 4-34, 

vertically cut in half lengthwise. The half pool dimensions are 36 meters long, 7.5 

meters wide and 9 meters deep. With grid discretization sizes of 0.5 meters horizontally 

and 0.25 meters vertically, there are 77,760 grid blocks in the half pool model. 

Simulations for the half pool are performed for contamination, primary remediation, and 

secondary remediation scenarios. 

Two different models of the half pool were used. The base case model uses all 

pool properties as previously defined. The permeability barrier is the same as the base 

case model with the addition of eight lateral permeability barriers. Each permeability 

barrier has a permeability of zero in each direction. The permeability barriers are 0.25 

meters thick (one grid layer thick), and exist in three different areal sizes: one barrier is 

1 meter by 1 meter, three barriers are 1 meter by 2 meters, and four barriers are 2 meters 

by 3 meters. The barriers are all at different depths. A plan view of half pool model 

illustrating the permeability barriers is shown in Figure 4-43. 

+ 36 m • 

Constant 
Outflow 

' D N A P L injection well 

6 
1 I 3 5 7 1 3 5 7 

/ 
. j J . L L. . 1 J _ 

Constant 
^ Inflow 

7.5 m 

Line of symmetry 

1 - 8.25 to 8.50 m deep 
2 - 8 . 0 0 to 8.25 m deep 
3 - 7.75 to 8.00 m deep 
4 - 7.50 to 7.75 m deep 

5 - 7.25 to 7.50 m deep 
6 - 7.00 to 7.25 m deep 
7 - 6.75 to 7.00 m deep 
8 - 6.50 to 6.75 m deep 

Figure 4-43 Plan view of the half pool model showing well location, direction of 
constant flux, and both depths and areal extents of permeability barriers. 

A constant flux aquifer was implemented in the half pool cases. Brown et al. 

(1994) reported a hydraulic gradient of 0.0043 m/m in the Borden aquifer; this was 

converted to a flux rate of 0.029594 m 3/day/m 2 using Equation 4-1. Initially, the 

constant flux aquifer model provided in ECLIPSE was used; however, it is not suitable 
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for pressure support because it will not decrease during D N A P L injection. Therefore, 

the analytic Carter-Tracy aquifer option of ECLIPSE was used to provide pressure 

support. 

Unfortunately, ECLIPSE'S constant flux aquifer option could not be used 

simultaneously with the Carter-Tracy aquifer because of software limitations. Therefore 

a constant flux was implemented using pairs of horizontal wells, in addition to using the 

Carter-Tracy aquifer option for pressure support. In each pair of horizontal wells, one 

well is specified to be a water injector and the other to be a water producer. The water 

injection wells are at one end of the pool and the water production wells are at the other 

end. Initially, 20 injector/producer pairs of horizontal wells were used, one pair in each 

of the top 20 grid layers. However, this proved too onerous for ECLIPSE as many 

convergence problems were encountered. It was found that 5 pairs of horizontal wells, 

spaced four grid layers apart and implemented in a fashion analogous to a staggered line 

drive as illustrated in Figure 4-44, could be handled by ECLIPSE. Each well either 

injected or produced water at a rate of 0.221955 m3/day. 

ü — 

5 

5 

g  

5 — ~ 
• horizontal water injection well 
° horizontal water production well 

Figure 4-44 Simplified cross-sectional view of top 20 grid layers in the half pool 
model, showing five pairs of horizontal wells providing constant flux. 

Two contamination scenarios are performed in the half pool, one for the base 

case and one for the permeability barrier case. In each scenario, a D N A P L injection well 
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is located at the cut edge of half pool and about one quarter of the pool length away 

from the constant outflow side, as illustrated in Figure 4-43. D N A P L is injected at a rate 

of 0.50 mVday into the top layer for 350 days, for a total of 175 m 3 of injected D N A P L . 

This volume of D N A P L fills up approximately the bottom 3.5 meters of the model. One 

year of migration was simulated following cessation of the D N A P L injection. The 

outputs of the contamination and migration cases are used as the basis for the 

remediation cases. 

Eight primary remediation cases were performed, the same four types for both 

the base case model and the permeability barrier model. These cases are listed in Table 

4-12 along with their distinguishing parameters. Of the four types of cases, three use 

vertical production wells and one uses a horizontal production well. A l l cases use wells 

constrained by production rate, with the vertical wells at 1.0 m /day and the horizontal 

wells at 3.0 m /day. 

Table 4-12 Primary Remediation Simulations Conducted for Half Pool. 

Case 

Number of 

Vertical or 

Horizontal Wells 

Total Liquid 

Production Rate 

(m3/day) 

Depths of Wells 

open to Wellbore 

(m) 

Permeability 

Barriers 

B C 1 V 1 Vertical 1.0 8.75 to 9.00 No 

B C 2 V 2 Vertical 2.0 8.75 to 9.00 No 

B C 3 V 3 Vertical 3.0 8.75 to 9.00 No 

B C 1 H 1 Horizontal 3.0 
Between 8.75 and 

9.00 
No 

PB IV 1 Vertical 1.0 8.75 to 9.00 Yes 

PB2V 2 Vertical 2.0 8.75 to 9.00 Yes 

PB3V 3 Vertical 3.0 8.75 to 9.00 Yes 

PB I H 1 Horizontal 3.0 
Between 8.75 and 

9.00 
Yes 
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In the case with one vertical well, the well is located at the center of the pool 

lengthwise along the cut edge. In the cases with two and three vertical wells, the wells 

are spaced equidistant from no-flow lines along the cut edge, as illustrated in Figure 

4-45. No-flow lines occur at the pool edges and also equidistant between two wells 

producing at the same rate. The case with the horizontal well has the well located near 

the center of the half pool model (about 4 meters from the edge) in the bottom grid layer. 

Consequently, the horizontal well is as long as the bottom of the depression. 

< % m • 

Constant 3 -
Outflow 3 = 

Constant 
Inflow 

7.5 m 

Figure 4-45 Plan of half pool model showing location of wells for three primary 
remediation cases: one with two vertical wells (black circles), one with 
three vertical wells (grey circles), and one with a horizontal well (line). 

Remediation results from the base case scenarios are shown in Figure 4-46. As 

expected, more vertical wells produce the D N A P L more quickly than fewer vertical 

wells when each well has the same production rate. Also, the horizontal well produces 

the D N A P L more quickly than the three vertical wells together, yet with a lower water 

cut. This gives the horizontal well better performance than the vertical wells; the same 

conclusion is drawn from the quarter pool simulation results. 

Remediation results from the permeability barrier cases were almost the same as 

those from the base case scenarios. These results were somewhat surprising as it was 

expected that the barriers would have slowed downward D N A P L migration and perhaps 

even lowered cumulative D N A P L recovery by causing small pools of D N A P L to be 

trapped above the lenses. 

Interpretation of the results of the permeability barrier cases leads to several 

hypotheses. It is thought that the lateral extent of the barriers may be too small to 

impede the D N A P L flow in this model. In addition, these barriers existed singly in 

vertical space: perhaps if several barriers had been stacked a short vertical distance 
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apart, then some D N A P L would have been trapped between the barriers. It is also 

evident that with water able to flow in from all sides of the model except the line of 

symmetry edge, it is easy for water to reach all regions of the pool even in the presence 

of the permeability barriers. Finally, and most likely, the D N A P L used in these 

simulations has a very high mobility and can flow easily through the high permeability 

porous medium used in the model. If a less dense and more viscous D N A P L such as a 

coal tar or PCB were used, it is highly likely that entrapment and poorer recovery results 

would have been seen in the permeability barrier cases. 

The results of the permeability barrier and base cases are plotted together in 

Figure 4-47, which compares cumulative D N A P L production to cumulative water 

production. It is seen that a horizontal well gives better performance than vertical wells. 

The graph also indicates that performance is slightly better in the permeability barrier 

cases than in the base cases. Since the results between the two models are so close (less 

than a percentage), it is possible that this result is simply a numerical artifact and that 

performance is not better in the permeability barrier cases. 

A brief additional comparison can be made between two similar cases, one using 

the quarter pool model and the other using the half pool model. The quarter pool case 

referred to as V I can be compared to the half pool case referred to as B C 1 V . In each 

case, the single vertical production well is located at what would be the center of the 

entire pool. In each case, the well produces at a rate of 1.0 m /day combined water and 

D N A P L . It is expected that since the half pool contains more D N A P L than the quarter 

pool, and that the well in each case is producing at the same rate, that it would take 

longer to produce the D N A P L from the half pool model. This is indeed the case, as it 

takes about 70 days to produce 70% of the D N A P L in the quarter pool, but takes about 

125 days to produce 70% from the half pool. 
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Figure 4-46 Results of primary remediation cases conducted on the half pool. 
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Figure 4-47 Comparison of cumulative D N A P L production to cumulative water 
production for half pool primary remediation scenarios. 

Five secondary remediation cases are conducted, all using the base case model. 

In addition, a control case of a single horizontal production well with no injection wells 

is performed (also using the base case model). The reason for the control is that the 

waterflood cases are run without the presence of the five pairs of horizontal wells 

providing constant flux, as is the control. Initially, the five pairs of horizontal wells 

were included in the waterflooding remediation simulations, but this slowed ECLIPSE 

down considerably and increased convergence problems. It is thought absence of the 

constant flux has minimal impact on results since the flux was occurring above the 

DNAPL/water interface. The Carter-Tracy aquifer option is still used to provide 

pressure support. It should be noted that the contamination and migration simulation 

from which these waterflooding cases are run used the constant flux horizontal well 

pairs. 

The six cases are listed in Table 4-13 with their distinguishing characteristics. 

The injection well in the case HorBot is located at the bottom of the D N A P L zone, that 

in case HorMid is located near the vertical middle of the D N A P L zone, and that in case 
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HorTop is located near the top of the D N A P L zone. A l l production wells, vertical 

and horizontal, produce from the lowest grid layer only. 

Table 4-13 Waterflood Remediation Simulations Conducted for Half Pool. 

Case 
Number of 
Production 

Wells 

Number of 
Injection 

Wells 

Total 
Production 

Rate (m3/day) 
Injection Well Depth 

Hor 1 horizontal 0 3.0 

Vert l 2 vertical 3 vertical 1.0 
2 Edge Wells 6.0 to 6.5 

1 Center Well 6.0 to 9.0 

Vert2 2 vertical 3 vertical 2.0 
2 Edge Wells 6.0 to 6.5 

1 Center Well 6.0 to 9.0 

HorBot 1 horizontal 1 horizontal 3.0 Between 8.75 and 9.0 m 

HorMid 1 horizontal 1 horizontal 3.0 Between 7.5 and 7.75 m 

HorTop 1 horizontal 1 horizontal 3.0 Between 6.0 and 6.25 m 

Results from waterflooding cases show that vertical wells take longer to produce 

the D N A P L than the horizontal wells because they are producing at lower rates. Even if 

the vertical wells were producing at the same total rate as a horizontal well, it would be 

expected that the horizontal well would still perform better based on results from 

primary remediation of the half pool and the quarter pool simulations. 

A l l the horizontal well cases gave very similar results, as illustrated in Figure 

4-48, which also shows the results of the vertical wells. It is impossible to differentiate 

results among the horizontal cases from Figure 4-48, but the plot of cumulative D N A P L 

production versus cumulative water production in Figure 4-49 shows some differences. 

It is seen that the cases with the horizontal injection wells at the middle and bottom plot 

the same as each other, while the horizontal injection well at the top plots the same as 

the control horizontal production well case. The middle and bottom cases give slightly 

better results (less water produced per unit volume of D N A P L ) than the top and control 

cases. It is understandable that the case with the horizontal injection well near the top of 
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the D N A P L zone gives virtually identical results as the control case without an 

injection well, because in both cases the water is coming from approximately the same 

regions. 

Two of the waterflooding cases were compared to similar primary remediation 

cases. The cases with two vertical production wells, each producing at 1.0 m /day, are 

shown in Figure 4-50 as B C 2 V (primary) and Vert2 (secondary). The cases with one 

horizontal production well at the center of the half pool are also shown as B C 1 H 

(primary) and HorBot (secondary). Note that any of the horizontal waterflooding cases 

could have been used, but the case with the bottom injection well was chosen because it 

gave the best results. For ease of visual discrimination, the waterflooding cases were 

plotted with dashed lines. 

It can be seen that waterflooding may improve or worsen results. This 

conclusion is expected because placement of injection wells is very important. In the 

waterflooding case with vertical wells that gave worse results than the similar primary 

production case, the injection wells were open to the entire depth of the D N A P L zone. 

Perhaps using a vertical injection well that only injected water into the bottom layer 

would improve results, since that improved results with horizontal well waterflooding. 

Also shown in Figure 4-50 is the control case Hor, which is the same as B C 1 H 

except that the five pairs of horizontal wells providing constant flux were not present. 

Comparison of Hor to B C 1 H shows that the assumption that the constant flux would 

have minimal impact on remediation results is correct. 
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Figure 4-48 Results of waterflooding cases conducted on the half pool. 
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Figure 4-49 Comparison of cumulative D N A P L production to cumulative water 
production for the half pool secondary remediation scenarios. 
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Figure 4-50 Comparison of cumulative D N A P L production to cumulative water 
production for two similar primary and secondary remediation cases. 
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4.6.4 Summary 

Both contamination and remediation cases were run for the quarter pool and half 

pool models. One contamination case and nine primary remediation cases were 

simulated using the quarter pool model. The quarter pool remediation cases included 

two using pulsed production. For the half pool model, two contamination cases were 

simulated, a base case and a permeability barrier case. The output files of the base case 

contamination simulation were used in the simulation of five primary remediation and 

five secondary remediation cases. The output files of the permeability barrier case 

contamination simulation were used in the simulation of four primary remediation cases. 

Several conclusions about how performance can be improved in the models are 

drawn from the simulations. Wells with lower production rates of D N A P L and water 

combined result in longer timelines but less water produced per unit volume of produced 

D N A P L than wells with higher rates. Less water will also be produced from an open 

wellbore that is farther away from the DNAPL/water interface than one that is closer to 

the interface. Moreover, pulsed production can reduce the amount of produced water per 

unit volume of D N A P L . Performance improvements may also be seen with the use of 

waterflooding, although the injection wells must be placed at a suitable location and 

depth. However, the most dramatic performance improvement was realized by the use 

of horizontal rather than vertical production wells. 

4.7 SUMMARY 

E C L I P S E was used to simulate models from the literature, in addition to 

representative models developed in this study. Literature models include simulation of 

contamination and migration scenarios and remediation scenarios, plus a waterflooding 

experiment. Models developed in this study were used to simulate contamination, 

migration, and primary and secondary remediation. The simulations performed during 

this study are tabulated along with brief descriptions of results in Table 4-14. More 

discussion of the simulations is given after the table. 
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Table 4-14 Summary of Simulations Performed Using ECLIPSE. 

Runs Performed Results 

Faust et al. (1989): 3-D DNAPL migration simulation 
-Comparison cases 
-Sensitivities on: 

-dip angle 
-water flux rate 
- D N A P L density 
- D N A P L viscosity 

-ECLIPSE gives different results unless parameter is changed 

- D N A P L migration sensitive to small changes in dip angle 
- D N A P L migration sensitive to changes in water flux rate 
-Less dense D N A P L s disperse more 
-Less viscous D N A P L s disperse more 

Gerhard et al. (1998): 2-D DNAPL primary recovery simulations 
-Simulation 1A 
-Simulation 2A 

-ECLIPSE gives similar results, especially for D N A P L flux 
-ECLIPSE gives similar results; not as close as for 1A 

Oolman et al. (1995): experiment with DNAPL-contaminated core 
Waterflood of core ECLIPSE matched results almost exactly 

Quarter element of symmetry 
Primary recovery 
l : - I M P E S o r S S * 

-grid discretization 
-element size 

2 : -DNAPL density 
- D N A P L viscosity 
-kz/kh ratio 

Secondary recovery 
l:-grid discretization 

-element size 
2 : -DNAPL density 

- D N A P L viscosity 

-SS more stable; similar speed in runs between IMPES & SS 
-max grid block sizes to limit numerical artifacts 
-smaller sizes have higher fraction of D N A P L produced 
-higher D N A P L densities effect less water coning 
-lower D N A P L viscosities effect less water coning 
-lower k z effects less water production 

-finer discretization gives higher D N A P L & water production 
-smaller sizes have higher fraction of D N A P L produced 
-higher D N A P L densities give increased D N A P L production 
-higher D N A P L viscosity gives less D N A P L but more water 

Field aquifer depression 
Quarter pool 
-max production rate 
-well type 
-standoff 
-pulsed production 
Half pool 
-primary - # wells 
-primary - well type 
-primary - barriers 
-secondary - # wells 
-secondary- well loc. 
Primary - secondary 

-lower rate gives lower water/DNAPL ratio 
-horizontal well gives better performance than vertical 
-larger standoff gives less water coning 
- lower water/DNAPL ratio when production is pulsed 

-more wells gives faster D N A P L production 
-horizontal well gives better performance than vertical 
-permeability barriers did not impede D N A P L flow 
-more wells give faster D N A P L production 
-horizontal well at middle gives similar results to well at bottom 
-waterflood can improve/worsen results; well config. important 
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The D N A P L contamination and migration simulation of Faust et al. (1989) 

was compared with results from ECLIPSE. Variations of several of the model's 

parameters were simulated and gave several conclusions: small changes in dip angle can 

control direction of D N A P L migration; less dense D N A P L s can be dispersed more 

easily by groundwater flow patterns than denser D N A P L s ; and less viscous D N A P L s 

flow more easily than more viscous D N A P L s . 

The two waterflooding simulations of Gerhard et al. (1998) were also performed 

in ECLIPSE, with similar results. While performing these simulations it was found that 

use of the Carter-Tracy aquifer option in ECLIPSE for pressure support is a reasonable 

substitute for a constant pressure boundary, which is used in the simulations of Gerhard 

et al. (1998) but is not available in ECLIPSE. 

The final literature model simulated in ECLIPSE is the waterflooding experiment 

of Oolman et al. (1995). A l l necessary values for simulation parameters were given in 

the paper, and ECLIPSE was able to quantitatively match the results. This quantitative 

validation is important because it shows that ECLIPSE is capable of correctly modeling 

the processes involved in the waterflood of a DNAPL-contaminated core. 

The first model developed in this study was a quarter element of symmetry. 

Simulations of this model were designed to initially investigate numerical artifacts and 

simulator performance, then to investigate sensitivities of simulation results to variations 

in D N A P L and matrix properties. Some of the results from the simulations of the 

quarter element of symmetry model were used to help set up the other model developed 

in this study, namely the field aquifer depression model. Results of the two models are 

also complementary, as the simulations of the field aquifer depression model do not 

consider variations in the D N A P L and matrix properties. 

In the simulations performed using the quarter element of symmetry model, it 

was found that grid block sizes of 4 meters horizontally by 0.50 meters vertically were 

adequate for the properties of the D N A P L and matrix used. When using the different 

calculation modes of simultaneous solution (SS) and implicit pressure explicit saturation 

(IMPES), it was found that although they gave similar results, the simultaneous solution 
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calculation mode was more stable. Hence it was used for all simulations of the field 

aquifer depression model. 

Simulations of the field aquifer depression model included both contamination 

and remediation cases. The output files of the contamination cases were used in the 

simulations of the remediation cases. Contamination simulations were performed for a 

base case and also a permeability barrier case. Remediation cases for both the base case 

and permeability barrier cases investigated the performance of vertical and horizontal 

wells in different configurations and with different constraints during primary recovery. 

Remediation of the base case also investigated the effects of pulsed production and 

waterflooding. 

The field aquifer depression model was simulated either as a quarter or half 

element of symmetry to reduce the number of grid blocks and hence computation time. 

These elements of symmetry were necessary because a fine grid discretization of 0.50 

meters vertically by 0.25 meters horizontally was employed, giving large numbers of 

grid blocks. This level of discretization ensures a minimum of numerical artifacts wil l 

be present in the simulation results. 

Several conclusions were drawn from simulations of the quarter and half pool 

models. With performance defined as the amount of water produced per unit volume of 

D N A P L , it was found that performance could by improved by: wells with lower 

production rates; having the open wellbore far away from the DNAPIVwater interface 

(i.e. a larger standoff); using pulsed production; waterflooding with good well location 

and depth; and the use of horizontal production wells instead of vertical. 
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CHAPTER 5 CONCLUSIONS 

This study investigated the use of ECLIPSE, a simulator developed for use in the 

oil industry, to simulate the contamination, migration and remediation of D N A P L s in the 

subsurface. Selected models reported in the literature plus models developed in this 

study were simulated. Detailed summaries and conclusions are presented in the 

preceding chapters. The main points are summarized below. 

A literature review revealed that ECLIPSE had already been used to simulate 

both L N A P L and D N A P L contamination and remediation. The literature references 

included qualitative validation of ECLIPSE to D N A P L experiments: H0st-Madsen 

(1989) qualitatively validated the D N A P L migration experiment of Kueper et al. (1989); 

and Butts (1996) qualitatively validated two experiments performed in his study. 

However, no quantitative validation was found. 

In this study, ECLIPSE was quantitatively validated against an experiment by 

Oolman et al. (1995). The experiment consisted of waterflooding a core contaminated 

with D N A P L . The quantitative validation illustrates two important points: ECLIPSE 

correctly modeled the flow processes involved; and, although ECLIPSE was developed 

to simulate oil and gas flow, it can also handle D N A P L s correctly. 

Results from ECLIPSE were compared in this study against simulation results 

reported in the literature. ECLIPSE was not able to predict D N A P L migration similar to 

that reported in Faust et al. (1989) without changing a parameter. However, ECLIPSE 

predicted similar D N A P L and water flows to those reported in two of the waterflooding 

simulations of Gerhard et al. (1998) without adjustment of any parameters. 

Two models were developed in this study, a quarter element of symmetry and a 

field aquifer depression. They used one set of constitutive relations including capillary 

pressure hysteresis. The Carter-Tracy aquifer option provided in ECLIPSE was used to 

provide pressure support in the simulations when necessary. 

Simulations of the quarter element of symmetry investigated numerical artifacts 

and simulator performance, in addition to sensitivities of simulation results to variations 
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in D N A P L and matrix properties. It was concluded that the simultaneous solution 

calculation mode was more stable than the implicit pressure explicit saturation 

calculation mode. Simulation results based on sensitivities of D N A P L and aquifer 

properties showed expected trends. 

Simulations of the field aquifer depression model included contamination, 

migration and remediation. Remediation cases investigated the performance of vertical 

and horizontal wells in various configurations and with different constraints. The cases 

also investigated the effects of pulsed production, waterflooding, and the existence of 

permeability barriers. It was concluded that pulsed production, lower production rates, 

waterflooding, and horizontal wells can all improve performance, where performance is 

measured as the amount of produced water to produced D N A P L . 
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CHAPTER 6 RECOMMENDATIONS 

The work performed in this study has shown that ECLIPSE can be used for 

modeling subsurface D N A P L flow. It is recommended that ECLIPSE be used to model 

the contamination, migration and primary and secondary remediation of real D N A P L 

field cases. 

ECLIPSE has many additional features that should be tested with D N A P L s . Two 

that are very relevant are its ability to model fractured formations with a dual porosity 

option, and its ability to model tertiary recovery. Fractured formations are of primary 

concerns with D N A P L s , since D N A P L s may penetrate through aquitards to lower layers 

by traveling through fractures. Tertiary recovery is also fundamental to D N A P L s since 

traditional primary and secondary recovery techniques usually leave too much D N A P L 

in the aquifer. Tertiary techniques can reduce in-situ D N A P L saturations to levels much 

lower than those reached by primary or secondary recovery. Hence, tertiary mechanisms 

to recover subsurface D N A P L s are receiving much research and testing, as evidenced by 

the following references: Brown et al. (1994), Lunn (1998) and Roeder (1998). 
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APPENDIX A : INPUT DATA FILE FOR FAUST BASE CASE 

-- ECLIPSE 100 FAUST 1989 

-- DNAPL MIGRATING AT S-AREA LANDFILL 

-- INCLUDING AQUIFER 

-- BASE CASE, EVERYTHING SAME AS IN FAUST 

RUNSPEC 

TITLE 

FAUST S-AREA LANDFILL DNAPL MIGRATION 

DIMENS 

--NX NY NZ 
23 9 4 / 

NONNC 

OIL 

WATER 

METRIC 

EQLDIMS 

-- NTEQUL NDPRVD NDRXVD NTTRVD NSTRVD 

1 100 20 1 20 / 

TABDIMS 

-- NTSFUN NTPVT NSSFUN NPPVT NTFIP NRPVT NTENDP 

2 1 20 20 2 20 / 

REGDIMS 

-- NTFIP NMFIPR NRFREG NTFREG 

2 1 0 0 I 

WELLDIMS 

-- NWMAXZ NCWMAX NGMAXZ NWGMAX 

1 20 2 5 / 

AQUDIMS 

--MXNAQN MXNAQC NIFTBL NRIFTB NANAQU NCAMAX 

0 0 0 0 4 36 I 

LGR 

--MAXLGR MAXCLS 

1 5 / 

START 

1 'JAN' 2 000 / 

NSTACK 
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50 I 

GRID 

--THE 3-D GRID IS 3058M LONG X 300M DEEP x 35M HIGH 23*9*4 GRID BLOCKS 

--THE DNAPL SOURCE IS IN BLOCK 11,1,1 

GRIDFILE 

2 / 

INIT 

DX 

300 . 200. 130. 100. 60 . 50. 35. 25 

100 . 130 . 200. 300. 430. . 600. 

300. 200. 130. 100. 60 . 50. 35. 25 

100 . 130 . 200. 300. 430. . 600. 

300 . 200. 130. 100. 60 . 50. 35. 25 

100 . 130. 200. 300. 430. . 600. 

300 . 200 . 130. 100. 60 . 50. 35. 25 

100 . 130. 200. 300. 430. . 600. 

300 . 200. 130 . 100. 60 . 50. 35. 25 

100 . 130. 200. 300. 430. . 600. 

300 . 200 . 130 . 100 . 60. 50. 35. 25 

100 . 130. 200. 300. 430. . 600. 

300. 200. 130 . 100. 60. 50. 35. 25 

100 . 130. 200. 300. 430. . 600. 

300 . 200. 130 . 100. 60 . 50. 35. 25 

100 . 130. 200 . 300. 430. . 600. 

300. 200. 130. 100. 60 . 50. 35. 25 

100. 130. 200. 300. 430. . 600. 

300. 200. 130. 100. 60 . 50. 35. 25 

100 . 130. 200. 300. 430. . 600. 

300 . 200. 130. 100. 60. 50. 35. 25 

100. 130. 200. 300. 430. . 600. 

300. 200. 130. 100. 60. 50. 35. 25 

100 . 130. 200. 300. 430. . 600. 

300 . 200. 130 . 100. 60 . 50. 35. 25 

100 . 130. 200. 300. 430. . 600. 

300. 200. 130 . 100. 60 . 50. 35. 25 

100 . 130. 200. 300. 430. . 600. 

300 . 200. 130. 100. 60. 50. 35. 25 

100 . 130. 200. 300 . 430, . 600. 

300 . 200 . 130. 100 . 60. 50. 35. 25 

100 . 130 . 200. 300. 430. . 600. 

300 . 200. 130. 100. 60. 50. 35. 25 

100 . 130 . 200. 300. 430. . 600. 

300 . 200. 130. 100. 60. 50. 35. 25 

100 . 130 . 200. 300. 430, . 600. 

300. 200. 130. 100. 60. 50. 35. 25 

100 . 130 . 200. 300. 430. . 600. 

300. 200 . 130. 100 . 60. 50. 35. 25 

100 . 130 . 200. 300. 430 . 600. 

15. 10. 8. 10. 15. 25. 35. 50. 60. 

15. 10. 8. 10. 15. 25. 35. 50. 60. 

15. 10. 8. 10. 15. 25. 35. 50. 60. 

15. 10. 8. 10. 15. 25. 35. 50. 60. 

15. 10. 8. 10. 15. 25. 35. 50. 60. 

15. 10. 8. 10. 15. 25. 35. 50. 60. 

15. 10. 8. 10. 15. 25. 35. 50. 60. 

15. 10. 8. 10. 15. 25. 35. 50. 60. 

15. 10. 8. 10. 15. 25. 35. 50. 60. 

15. 10. 8. 10. 15. 25. 35. 50. 60. 

15. 10. 8. 10. 15. 25. 35. 50. 60. 

15. 10. 8. 10. 15. 25. 35. 50. 60. 

15. 10. 8. 10. 15. 25. 35. 50. 60. 

15. 10. 8. 10. 15. 25. 35. 50. 60. 

15. 10. 8. 10. 15. 25. 35. 50. 60. 

15. 10. 8. 10. 15. 25. 35. 50. 60. 

15. 10. 8. 10. 15. 25. 35. 50. 60. 

15. 10. 8. 10. 15. 25. 35. 50. 60. 

15. 10. 8. 10. 15. 25. 35. 50. 60. 

15. 10. 8. 10. 15. 25. 35. 50. 60. 



300 . 200. . 130. 100. 60. 50. 35 

60 . 100 . 130. 200. 300. 430. 6( 

300 . 200 . 130. 100. 60 . 50. 35 

100 . 130 . 200. 300. 430 . 600. 

300. 200. 130 . 100. 60. 50. 35 

100 . 130 . 200. 300. 430 . 600. 

300 . 200 . 130. 100 . 60 . 50. 35 

100 . 130. 200 . 300. 430 . 600. 

300 . 200. 130 . 100. 60. 50 . 35 

100 . 130 . 200 . 300. 430 . 600. 

300 . 200 . 130. 100 . 60 . 50. 35 

100 . 130 . 200. 300 . 430 . 600. 

300 . 200 . 130 . 100. 60. 50. 35 

100 . 130 . 200. 300. 430 . 600. 

300 . 200 . 130. 100 . 60 . 50 . 35 

100 . 130 . 200. 300 . 430 . 600. 

300 . 200. 130 . 100. 60. 50. 35. 

100 . 130. 200 . 300. 430. . 600. 

300 . 200 . 130 . 100. 60. 50. 35. 

100 . 130 . 200. 300 . 430. . 600. 

300 . 200 . 130. 100 . 60 . 50. 35. 

100 . 130. 200. 300. 430. . 600. 

300 . 200. 130 . 100. 60. 50. 35. 

100 . 130 . 200. 300. 430. . 600. 

300 . 200 . 130. 100 . 60 . 50. 35. 

100 . 130. 200 . 300. 430. . 600. 

300 . 200. 130 . 100. 60. 50. 35. 

100 . 130. 200. 300 . 430 . 600 . 

300 . 200 . 130. 100 . 60 . 50. 35. 

100 . 130 . 200. 300 . 430 . 600 . 

300 . 200. 130 . 100 . 60 . 50. 35. 

100 . 130. 200. 300. 430. 600 . 

DY 

23 *100 . 23*68 . 23 *45 . 23*30. 

23 *100. 23*68 . 23 *45 . 23*30. 

23 *100 . 23*68 . 23 *45 . 23*30. 

23 *100. 23*68 . 23 *45. 23*30. 

25. 15. 10. 

25. 15. 10. 

25. 15. 10. 

25. 15. 10. 

25. 15. 10. 

25. 15. 10. 

25. 15. 10. 

25. 15. 10. 8 

25. 15. 10 

25. 15. 10. 

25. 15. 10. 

25. 15. 10. 

25. 15. 10 

25. 15. 10. 

25. 15. 10. 

25. 15. 10. 

. 10. 15. 25. 35. 50. 

. 10. 15. 25. 35. 50. 60 

. 10. 15. 25. 35. 50. 60 

. 10. 15. 25. 35. 50. 60 

. 10. 15. 25. 35. 50. 60 

. 10. 15. 25. 35. 50. 60 

. 10. 15. 25. 35. 50. 60 

. 10. 15. 25. 35. 50. 60 

. 10. 15. 25. 35. 50. 60 

. 10. 15. 25. 35. 50. 60 

. 10. 15. 25. 35. 50. 60 

. 10. 15. 25. 35. 50. 60 

. 10. 15. 25. 35. 50. 60 

. 10. 15. 25. 35. 50. 60 

. 10. 15. 25. 35. 50. 60 

. 10. 15. 25. 35. 50. 60 

23*15. 23*10 

23*10 

23*7. 23*5. 

23*7. 23*5. 

23*7. 23*5. 

DZ 
207*5.0 207*7.0 207*9.0 207*14.0 / 

TOPS 

--ASSUME LEFT UPMOST BLOCK AT 2 0M DEPTH, THEN CALCULATED REMAINDER 

BASED ON 0.325 DEGREES DIP 

24.8 25.0 25.1 

.0 27.7 28.8 30 

24.1 24.5 

.1 26.4 27 

20. 21.7 22.8 23.6 24.1 24.5 24.8 25.0 25.1 

25.44 25.6 25.8 26.1 26.4 27.0 27.7 28.8 30.6 33.0 

20. 21.7 22.8 23.6 24.1 24.5 24.8 25.0 25.1 25.20 25.25 25.30 25.36 

25.44 25.6 25.8 26.1 26.4 27.0 27.7 28.8 30.6 33.0 

20. 21.7 22.8 23.6 24.1 24.5 

25.44 25.6 25.8 26.1 26.4 27 

20. 21.7 22.8 23.6 

25.44 25.6 25.8 26. 

21.7 22.8 23.6 

6 25.8 26. 

25.20 25.25 25.30 25.36 

6 33.0 

24.8 25.0 25.1 25.20 25.25 25.30 25.36 

0 27.7 28.8 30.6 33.0 

25.20 25.25 25.30 25.36 
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20 . 21.7 22 . 8 23 .6 24.1 24.5 24.8 25.0 25.1 25.20 25. 25 25 .30 25 .36 

25 .44 25. .6 25 .8 26 .1 26 .4 27 .0 27 .7 28 .8 30 .6 33.0 

20. . 21.7 22 .8 23 . 6 24 .1 24.5 24.8 25.0 25.1 25.20 25. 25 25 .30 25 .36 

25 . .44 25. .6 25 .8 26. .1 26. .4 27. .0 27. .7 28. .8 30. .6 33.0 

20 . . 21.7 22.8 23 . 6 24 .1 24 . 5 24.8 25 . 0 25.1 25.20 25. 25 25 . .30 25 .36 

25 . .44 25. . 6 25 . .8 26. .1 26. .4 27. .0 27. .7 28. .8 30. .6 33.0 

20 . . 21.7 22 . 8 23 .6 24.1 24.5 24.8 25.0 25.1 25.20 25. 25 25 . .30 25 . .36 

25. .44 25. .6 25. .8 26. .1 26. .4 27. .0 27. .7 28. .8 30. .6 33.0 

20. . 21.7 22.8 23 . 6 24.1 24 . 5 24.8 25.0 25 .1 25.20 25. 25 25 . .30 25. .36 

25 . .44 25. .6 25. .8 26. .1 26. .4 27. .0 27. .7 28. .8 30. .6 33.0 / 

PERMX 

207*10334 621*1033.4 / 

PERMZ 

207*103.34 621*10.334 / 

COPY 

--source d e s t i n a t i o n box--

'PERMX' 'PERMY' / 

I 
PORO 

207*0.1 621*0.01 / 

--LOCAL GRID REFINEMENT FOR INJECTION LOCATION 

CARFIN 

--NAME 11-12 J1-J2 K1-K2 NX NY NZ NWMAX 

'LGR1' 11 11 9 9 1 1 1 1 2 1 / 

HZFIN 

1.0 4.0 / 

ENDFIN 

NTG 

828*1.0 I 

RPTGRID 

'PORO' 'PORV 'TRANX' 'TRANY' 'TRANZ' 'PERMX' 'PERMY' 'PERMZ' I 

PROPS 

PVDO 

--Po Bo Vo(cP) 

1 1.0 1.0 

5 0.999 1.0 I 

PVTW 

- - r e f . p r e s . Bw Cw Visw Cv 

1 1.0 3.0E-6 1.0 0.0 I 
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SWOF 

-Sw Krw Krow Pcow 

0 0 1 1. . 03425 

0 .1 0 0 .82 1. .03425 

0.2 0 0. .68 1. .03425 

0.3 0 . 04 0 . .55 0 . .27580 

0.4 0. . 10 0 . .43 0. .10343 

0.5 0 . . 18 0. .31 0. .07585 

0.6 0 . .30 0 . .20 0 . .07447 

0.7 0 . .44 0 . .12 0 . . 07309 

0.8 0 . .60 0 . .05 0 . . 07171 

0.9 0 . .80 0 0 . .07033 

1 1 0 0. 06895 -DATA SET FOR UPPER LAYER 

0 0 .00000 1. .00000 1 .03425 

0. .1 0 .00000 0 . .62430 1 .03425 

0. . 2 0 .00000 0 . .36600 1. .03425 

0. . 3 0 . 00024 0 . . 19750 0 . .27580 

0 . . 4 0 .00390 0 . .09530 0 . .10343 

0 . . 5 0 . .01980 0 . .03900 0 . .07585 

0 . . 6 0. . 06250 0 . .01230 0 . .07447 

0. .7 0 . . 15230 0 . . 00240 0. .07309 

0 . . 8 0 . .31640 0. .00015 0. . 07171 

0 . . 9 0 . .58620 0 . 00000 0 . ,07033 

1 1. .00000 0 . 00000 0 . .06895 / —DATA SET FOR LOWER LAYERS 

--SURFACE DENSITY OF RESERVOIR FLUIDS KG/M3 

DENSITY 

— OIL WATER GAS 

1500 1000 .001 / 

ROCK 

-- r e f . p r e s . c o m p r e s s i b i l i t y 1/BARS 

1 10.0E-3 / 

RPTPROPS 

'SOF2=l' 'SWFN=1' 'SGFN=1' 'PVTO=l' 'PVTW=1' 

'PVTG=1' 'DENSITY' 'ROCK' / 

REGIONS 

SATNUM 

207*1 621*2 / 

RPTREGS 

'SATNUM' / 

SOLUTION --========================================================: 

EQUIL 

-- DATUM DEPTH DATUM PRESS OWC Pcow GOC Pcog PBVD PDVD ACCUR 

1 1 200.0 0.0 0.0 0.0 0 0 0 / 
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AQUFLUX 

--AQIDNM AQFLUX(M3/DAY/M2) 

1 0.057924 / 

2 0.0057924 / 

3 -0.057924 / 

4 -0.0057924 / 

AQUANCON 

ID 11 -12 J l -J2 Kl -K2 

1 23 23 1 9 1 1 

2 23 23 1 9 2 4 

3 1 1 1 9 1 1 

4 1 1 1 9 2 4 

/ 

INDEX COEFF MULT ACTIVE 

'1+' 3* / 

'I+' 3* I 
' I - ' 3* / 

' I - ' 3* I 

RPTSOL 

'PRES' 'SOIL' 'SWAT' 'FIP' 

'EQUIL' 'RSVD' 'POILD' 'PWAT' 'PWATD' 

'KRO' 'KRW' I 

SUMMARY 

WOIR 

I 
WOIT 

I 
BO SAT 

5 9 

6 

7 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

1 / 

--WELL OIL INJECTION RATE 

--WELL OIL INJECTION TOTAL 

--BLOCK OIL SATURATION 
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16 9 2 / 

17 9 2 I 
18 9 2 / 

5 9 3 / 

6 9 3 / 

7 9 3 / 

8 9 3 / 

9 9 3 / 

10 9 3 / 

11 9 3 / 

12 9 3 I 
13 9 3 I 
14 9 3 I 
15 9 3 / 

16 9 3 / 

17 9 3 / 

18 9 3 I 
5 9 4 / 

6 9 4 / 

7 9 4 / 

8 9 4 / 

9 9 4 I 
10 9 4 / 

11 9 4 / 

12 9 4 / 

13 9 4 I 
14 9 4 / 

15 9 4 / 

16 9 4 / 

17 9 4 / 

18 9 4 / 

/ 

BPR —BLOCK PRESSURES 

19 9 4 / 

23 9 4 / 

/ 

RUNSUM 

SEPARATE 

SCHEDULE --================================================== 

RPTRST 

'BASIC=2' 'FLOWS' 'PRES' 'KRO' / 

RPTSCHED 

'PRES' 'SOIL' 'SWAT' 'SGAS' 'FLOOIL' 'FLOWAT' 'FLOGAS' / 

WELSPECL 

--WNAME GROUP LGRDNAME I J MPP PHASE DRAINR FLAG SHUTIN CROSSFLOW 

PTAB DCALC FIPRGN 

'INJ' ' G Ì ' 'LGR1' 1 1 40.0 'OIL' / 

/ 
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COMPDATL 

--WNAME I J UPPER K LOWER K STATUS REL. PERM TRANSMISS WELL Di 

KhEFF SKIN DFACTOR WDIRXN 

'INJ' 1 1 1 1 'OPEN' 1* 1* 0.07 

1* 3* I 
I 

WPIMULT 

--WELL PI MULTIPLIER FOR EDGE OR CORNER WELLS 

--WNAME KMULT I,J,K COMPL1 COMPL2 

'INJ' 0.50 3* 1* 1* / 

/ 

WCONINJE 

—WNAME WTYPE FLAG CTRLMODE SFLOWRATE RUPLMT BHPUPLMT THPUPLMIT 

VFPTNO DISGASC 

'INJ' 'OIL' 'OPEN' 'RATE' 0.091324 1* 50.0 3* / 

/ 

TUNING 
I 
I 
2* 50 / 

DATES 

01 JAN 2001 / 

02 JAN 2001 / 

03 JAN 2001 / 

04 JAN 2001 / 

05 JAN 2001 / 
06 JAN 2001 / 

07 JAN 2001 / 

15 JAN 2001 / 

31 JAN 2001 / 

14 FEB 2001 / 

28 FEB 2001 / 

15 MAR 2001 / 

31 MAR 2001 / 

15 APR 2001 / 

30 APR 2001 / 

15 MAY 2001 / 
31 MAY 2001 / 
15 JUN 2001 / 

30 JUN 2001 / 

31 JUL 2001 / 

31 AUG 2001 / 

30 SEP 2001 / 

31 OCT 2001 / 

30 NOV 2001 / 

31 DEC 2001 / 
31 DEC 2002 / 

31 DEC 2003 / 

31 DEC 2004 / 



31 DEC 2005 / 
31 DEC 2006 / 

31 DEC 2007 / 

31 DEC 2008 / 

13 MAY 2009 / 

31 DEC 2010 / 
31 DEC 2011 / 
31 DEC 2012 / 

31 DEC 2013 / 

31 DEC 2014 / 

31 DEC 2015 / 

31 DEC 2016 1 31 DEC 2017 1 31 DEC 2018 1 31 DEC 2019 1 31 DEC 2020 1 31 DEC 2021 1 31 DEC 2022 1 31 DEC 2023 1 31 DEC 2024 1 31 DEC 2025 1 31 DEC 2026 1 31 DEC 2027 1 31 DEC 2028 1 31 DEC 2029 1 18 OCT 2030 1 
WCONINJE 

—WNAME WTYPE FLAG CTRLMODE SFLOWRATE RUPLMT BHPUPLMT THPUPLMIT 

VFPTNO DISGASC 

'INJ' 'OIL' 'SHUT' 'RATE' 0.0 1* 10.0 3*/ 

/ 

DATES 

31 DEC 2031 / 

31 DEC 2032 / 

31 DEC 2033 I 
6 FEB 2034 I 
31 DEC 2035 I 
31 DEC 2040 I 
31 DEC 2045 I 
31 DEC 2050 I 
24 MAY 2051 I 
I 
END 



APPENDIX B : INPUT DATA FILE FOR O O L M A N CASE 

-- ECLIPSE 100 OOLMAN DNAPL DOWNWARD DISPLACEMENT 

-- INJECTION RATE ALL LEVELS 

RUNSPEC 

TITLE 

OOLMAN CORE 6 DNAPL DISPLACEMENT (DOWN) 

RADIAL 

DIMENS 

-- NR NTHETA NZ 

1 1 16 I 
OIL 

WATER 

LAB 

TABDIMS 

— NTSFUN NTPVT NSSFUN NPPVT NTFIP NRPVT NTENDP 

1 1 1* 1* 3 I 

WELLDIMS 

-- NWMAXZ NCWMAX NGMAXZ NWGMAX 

2 40 1 2 I 

START 

1 'JAN' 2001 / 

SAVE 

I 

GRID 

INRAD 

0.003 I 

OUTRAD 

3.175 I 

DTHETA 

16*360 / 

DZ 

2.0 14*1.0 2.0 / 

TOPS 

10. 12. 13. 14. 15. 16. 17. 18. 19. 20. 21. 22. 23. 24. 25. 



PORO 

16*0.304 I 

PERMR 

16*5820 I 
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COPY 

--source 

'PERMR' 

'PERMR' 

/ 

d e s t i n a t i o n box--

'PERMTHT' / 

'PERMZ' / 

EQUALS 

--ARRAY 

'PERMR' 

'PERMTHT' 

'PERMR' 

'PERMTHT' 

/ 

NTG 

16*1.0 / 

VALUE 

20000 

20000 

20000 

20000 

B0X:IR1-IR2 JT1-JT2 KZ1-KZ2-

1 1 

1 1 

1 1 

1 1 

1 1 / 

/ 
16 16 / 

/ 

RPTGRID 

'PORO' 'PORV 'TRANX' 'TRANY' 'TRANZ' 'PERMX' 'PERMY' 'PERMZ' / 

PROPS 

PVDO 

--Po Bo Vo 

1 1.0 0.777 

5 0.98 0.777 

/ 

PVTW 

- - r e f . p r e s . Bw Cw Visw Cv 

1 1.0 4.4E-5 0.994 0.0 / 

SWOF 

Sw Krw Krow Pcow 

0 .31 0 .00 0 . .352 0.0 

0 .35 0 . 0002 0 . .266 0.0 

0 .40 0 . 003 0 . . 178 0.0 

0 .45 0 . 013 0 . .111 0.0 

0 .50 0 . 037 0 . .062 0.0 

0 .55 0 . .080 0 . .030 0.0 

0 .60 0 . .152 0 . . 010 0.0 

0 .65 0 . .259 0 . .002 0.0 

0 .702 0 . .419 0 . .000 0.0 

/ 
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—SURFACE GRAVITY OF RESERVOIR FLUIDS 

DENSITY 

-- OIL WATER GAS 

1.381 0.9968 0.01 / 

ROCK 

-- r e f . p r e s . c o m p r e s s i b i l i t y 

2.38 3.0E-6 I 

RPTPROPS 

'SOF2=l' 'SWFN=1' 'SGFN=1' 'PVTO=l' 'PVTW=1' 

'PVTG=1' 'DENSITY' 'ROCK' / 

REGIONS 

FIPNUM 

1 14*2 3 / 

RPTREGS 

'FIPNUM' / 

SOLUTION 

EQUIL 

— DATUM DEPTH DATUM PRESS OWC Pcow GOC Pcog PBVD PDVD ACCUR 

10. 2.38 0.0 0.0 0.0 0.0 0 0 0 I 

RPTSOL 

'PRES' 'SOIL' 'SWAT' 'RESTART=2' 'FIP=2' 

'EQUIL' 'RSVD' 'POILD' 'PWAT' 'PWATD' 

'KRO' 'KRW' / 

SUMMARY 

ROSAT 

2 

REGION OIL SATURATION 

I 
WOPR 

'PI' 

/ 

WELL OIL PRODUCTION RATE 

WWPR 

'PI' 

/ 

WELL WATER PRODUCTION RATE 

WLPR 

' PI ' 

/ 

WELL LIQUID PRODUCTION RATE 

WWIR 

' I I ' 

WELL WATER INJECTION RATE 
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I 
BPR --BLOCK PRESSURES 

1 1 1 / 

1 1 16/ 

1 1 2 / 

1 1 15/ 

/ 

WOPT —WELL OIL PRODUCTION TOTAL 

' PI ' 

/ 

WWPT --WELL WATER PRODUCTION TOTAL 

'PI' 

I 
WLPT --WELL LIQUID PRODUCTION TOTAL 

' Pi ' 

I 
BPPO —BLOCK OIL POTENTIAL 

1 1 1 / 

1 1 16/ 

1 1 2 / 

1 1 15/ 

I 
FOPR — F I E L D OIL PRODUCTION RATE 

FWPR --FIELD WATER PRODUCTION RATE 

FOPT --FIELD OIL PRODUCTION TOTAL 

FWPT --FIELD WATER PRODUCTION TOTAL 

FWIR --FIELD WATER INJECTION RATE 

FWIT --FIELD WATER INJECTION TOTAL 

FLPR — F I E L D LIQUID PRODUCTION RATE 

FLPT --FIELD LIQUID PRODUCTION TOTAL 

FPR --FIELD PRESSURE 

RPR —REGION PRESSURES 

I 

RUNSUM 

SEPARATE 

SCHEDULE 

RPTRST 

'BASIC=2' 'FLOWS' 'PRES' 'KRO' I 

RPTSCHED 

'PRES' 'SOIL' 'SWAT' 'FLOOIL' 'FLOWAT' I 

WELSPECS 

--WNAME GROUP I J P(ZD) PHASE DRAINR FLAG SHUTIN CROSSFLOW PTAB 

DCALC FIPRGN 

' I I ' ' G l ' 1 1 1 * 'WATER' 0.0 1* 1* 'NO' 1* 1* 

1 / 
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'PI' ' G Ì ' 1 1 

1* 3 I 
I 

1* 'OIL' 0.0 'NO' 

COMPDAT 

--WNAME I,J UPPER K LOWER K STATUS REL. PERM TRANSMISS WELL Di KhEFF 

SKIN DFACTOR WDIRXN 

' I I ' 2* 1 1 'OPEN' 1* 0.0 0.006 0.0 

1* 1* Z / 

'PI' 2* 16 16 'OPEN' 1* 0.0 0.006 0.0 

1* 1* Z / 

/ 

WCONPROD 

—WNAME FLAG CTRLMODE SOILUPLMT SWUPLMT SGUPLMT SLUPLMT RUPLMT BHPLMT 

THPLMT VFPTNO LIFTQTY 

'PI' 'OPEN' 'BHP' 5* 1.00 

3* I 
I 
WCONINJE 

—WNAME WTYPE FLAG CTRLMODE SFLOWRATE RUPLMT BHPUPLMT THPUPLMIT 

VFPTNO DISGASC 

' I I ' 'WATER' 'OPEN' 'RATE' 180.0 1* 5.0 3* / 

/ 

TSTEP 

6*1 1*0.1Í / 

WCONINJE 

--WNAME WTYPE FLAG CTRLMODE SFLOWRATE RUPLMT BHPUPLMT THPUPLMIT 

VFPTNO DISGASC 

' I I ' 'WATER' 'OPEN' 'RATE' 72 0.0 1* 5.0 3 * / 

/ 

TSTEP 

1*0.2 1*0.23 I 

WCONINJE 

--WNAME WTYPE 

VFPTNO DISGASC 

' I I ' 'WATER' 

/ 

FLAG CTRLMODE SFLOWRATE RUPLMT BHPUPLMT THPUPLMIT 

OPEN' 'RATE' 2880.0 1* 5.0 3 * / 

TSTEP 

1*0.1 / 

WCONINJE 

--WNAME WTYPE FLAG CTRLMODE SFLOWRATE RUPLMT BHPUPLMT THPUPLMIT 

VFPTNO DISGASC 

' I I ' 'WATER' 'OPEN' 'RATE' 

/ 

10200 . 0 5.0 

TSTEP 

1*0.028 / 



RPTSCHED 

'PRES' 'SOIL ' 'SWAT' 'WELSPECS'/ 

END 
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APPENDIX C : INPUT DATA FILE FOR GERHARD 1A CASE 

-- ECLIPSE 100 

— SIMULATION OF GERHARD'S AIA SIMULATION 

— PRIMARY PRODUCTION 

-- CALCULATED WELL BHP BY 2M WATER DRAWDOWN EQUIVALENT PRESSURE PLUS 

CAPILLARY PRESSURE 

RUNSPEC 

TITLE 

GERHARD'S AIA SS 601x1x2 0 GRID 

DIMENS 

-- NX NY NZ 

601 1 20 I 
NONNC 

OIL 

WATER 

METRIC 

EQLDIMS 

— NTEQUL NDPRVD NDRXVD NTTRVD NSTRVD 

1 100 20 1 20 I 

TABDIMS 

-- NTSFUN NTPVT NSSFUN NPPVT NTFIP NRPVT NTENDP 

2 1 20 20 2 20 / 

REGDIMS 

-- NTFIP NMFIPR NRFREG NTFREG 

2 1 0 0 I 

WELLDIMS 

— NWMAXZ NCWMAX NGMAXZ NWGMAX 

1 20 2 5 I 

AQUDIMS 

--MXNAQN MXNAQC NIFTBL NRIFTB NANAQU NCAMAX 

0 0 1 36 2 20 I 

START 

1 'JAN' 2000 I 

NSTACK 

1* / 
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GRID 

--THE 3-D GRID IS 300.5M LONG X 1M DEEP x 5M HIGH 601*1*20 GRID BLOCKS 

GRIDFILE 

2 / 

INIT 

DX 

12020*0.5 / 

DY 

12020*1 I 
DZ 

12020*0.25 I 
TOPS 

601*5 I 
PERMX 

12020*51.64 I 
PERMZ 

12020*51.64 / 

PORO 

12020*0.30 I 
NTG 

12020*1.0 I 

COPY 

--source d e s t i n a t i o n box--

'PERMX' 'PERMY' / 
/ 
RPTGRID 

'PORO' 'PORV 'TRANX' 'TRANY' 'TRANZ' 'PERMX' 'PERMY' 'PERMZ' / 

PROPS --=============================================== 

PVDO 

--Po Bo Vo 

1 1.0 10 

5 0.999 10 / 

PVTW 

- - r e f . p r e s . Bw Cw Visw Cv 

1 1.0 3.0E-6 1.0 0.0 / 

SWOF 

-Sw Krw Krow Pcow 

0 . 15 0 .00000 1. .00000 0 . .03 

0 .16 0 .00000 0 . .97628 0 . . 0207 

0 .20 0 .00002 0 . .88041 0 . .0109 

0 .25 0 .00029 0. .76202 0 . .0082 

0 .30 0 .00137 0 . .64832 0 . .0070 

0 .35 0 .00409 0 . .54154 0 . . 0062 
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0 . 40 0 .00956 0 .44321 0 . 0057 

0 . 45 0 .01911 0 .35445 0 . 0053 

0 . 50 0 .03433 0 .27596 0 . 0050 

0 . 55 0 .05702 0 .20811 0 . 0047 

0 . 60 0 .08921 0 .15097 0 .0045 

0 . 65 0 .13314 0 .10431 0 .0043 

0 . 70 0 .19124 0 .06767 0 . 0042 

0 . 75 0 .26618 0 .04029 0 . 0040 

0 . 80 0 .36081 0 .02102 0 . .0039 

0 . 82 0 .40485 0 .01562 0 . .0038 

0 . 90 0 .62150 0 .00279 0. . 0037 

1. 00 1. .00000 0 .00000 0. . 0035 

?0P 3M 

0 . 15 0 . .00000 1. .00000 0 . . 03 

0 . 16 0 . .00000 0 . .96987 0 . . 0207 

0 . 20 0 . .00002 0. .84830 0 . , 0109 

0 . 25 0 . .00029 0 . .70018 0. ,00824 

0 . 30 0. .00137 0 . .56163 0. , 00701 

0 . 35 0 . .00409 0 . .43625 0 . 00624 

0 . 36 0 . .00492 0 . .41311 0 . . 00612 

0 . 40 0 . .00956 0 . .32633 0 . . 00559 

0 . 45 0 . .01911 0. .23317 0 . .00492 

0 . 50 0 . .03433 0 . .15723 0 . 00426 

0 . 55 0 . .05702 0 . .09822 0 . 00359 

0 . 60 0 . . 08921 0 . .05515 0 . 00293 

0 . 65 0 . .13314 0 . .02636 0 . 00226 

0 . 70 0 . .19124 0 . .00959 0 . 00160 

0 . 75 0. 26618 0 . .00197 0 . 000932 

0 . 80 0. 36081 0 . 00005 0 . 000266 

0 . 82 0 . 40485 0 . 00000 0 . 000000 / 

--DRAINAGE AND IMBIBITION SET FOR 

--IMBIBITION SET FOR BOTTOM 2M 

--SURFACE DENSITY OF RESERVOIR FLUIDS 

DENSITY 

— OIL WATER GAS 

1500 1000 .001 I 

ROCK 

-- r e f . p r e s . c o m p r e s s i b i l i t y 

1 1.0E-5 / 

RPTPROPS 

'SOF2=l' 'SWFN=1' 'SGFN=1' 'PVTO=l' 'PVTW=1' 

'PVTG=1' 'DENSITY' 'ROCK' / 

REGIONS --====================================== 

SATNUM 

7212*1 4808*2 / 

FIPNUM 

7212*1 4808*2 I 
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RPTREGS 

'FIPNUM' 'SATNUM' / 

SOLUTION 

EQUIL 

— DATUM DEPTH DATUM PRESS OWC Pcow GOC Pcog PBVD PDVD ACCUR 

5 1.01325 8.0 0.0 0.0 0.0 0 0 0 / 

AQUANCON 

--ID 11-12 J1-J2 K1-K2 

1 1 1 1 1 1 20 

2 601 601 1 1 1 20 

/ 

INDEX COEFF MULT ACTIVE 

' I - ' 3* / 

'I+' 3* / 

AQUCT 

--AQID DATUM INITP PERM PORO COMP RADIUS THICK ANGLE WTAB INFTAB 

1 5 1* 51.64 0.30 1.3E-5 155 5 1* 2* / 

2 5 1* 51.64 0.30 1.3E-5 155 5 1* 2* / 

RPTSOL 

'PRES' 'SOIL' 'SWAT' 'FIP' 

'EQUIL' 'RSVD' 'POILD' 'PWAT' 'PWATD' 

'KRO' 'KRW' / 

SUMMARY 

WOPR 

I 
WWPR 

/ 

WOPT 

/ 

WWPT 

I 
BWPR 

300 1 20 I 
I 
FOIP 

FWCT 

F PR 

ROSAT 

2 

/ 

AAQR 

/ 

AAQT 

/ 

TCPU 

-WELL OIL PRODUCTION RATE 

-WELL WATER PRODUCTION RATE 

-WELL OIL PRODUCTION TOTAL 

-WELL WATER PRODUCTION TOTAL 

-FIELD OIL IN PLACE 

-FIELD WATERCUT 

-FIELD PRESSURE 

-REGION OIL SATURATION 

-AQUIFER INFLUX RATE 

-AQUIFER INFLUX TOTAL 

RUNSUM 

SEPARATE 
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SCHEDULE 

RPTRST 

'BASIC=2' 'FLOWS' 'PRES' 'KRO' / 

RPTSCHED 

'PRES' 'SOIL' 'SWAT' 'SGAS' 'FLOOIL' 'FLOWAT' 'FLOGAS' / 

WELSPECS 

--WNAME GROUP I J P(ZD) PHASE DRAINR FLAG SHUTIN CROSSFLOW PTAB 

DCALC FIPRGN 

'PROD' 'Gl ' 301 1 1* 'OIL' 0.0 1* 1* 'NO' 1* 

1* 2 / 
/ 

COMPDAT 

--WNAME I,J UPPER K LOWER K STATUS REL. PERM TRANSMISS WELL Di KhEFF 

SKIN DFACTOR WDIRXN 

'PROD' 2* 20 20 'OPEN' 1* 0.0 0.15 0.0 

1* 1* Y / 
/ 
WCONPROD 

--BHPLMT CALCULATED FROM 2.0 M EQUIVALENT WATER DRAWDOWN 

--WNAME FLAG CTRLMODE SOILUPLMT SWUPLMT SGUPLMT SLUPLMT RUPLMT BHPLMT 

THPLMT VFPTNO LIFTQTY 

'PROD' 'OPEN' 'BHP' 3* 1* 1* 

1.474493 3* / 

/ 

TSTEP 

33*30.4 16*60.8 / 

END 




