
 

   

ABSTRACT 
 

 
CLAYTON, MATTHEW HUGHES. Effective Distribution of Injected Emulsified Oil for In-
Situ Bioremediation of Heterogeneous Aquifers. (Under the direction of Robert C. Borden.) 
 
 
 Emulsified oil can be injected into the subsurface to enhance the in-situ 

bioremediation of chlorinated solvents, energetic materials, and some heavy metals. Current 

design practice for these remediation systems is not well formalized and depends much on 

“engineering intuition.” To better understand the effects of different remediation system 

designs, computer models are being developed that can accurately and efficiently simulate 

how the oil moves through and reacts in the subsurface. To this end, we have developed a 

Langmuir isotherm based transport model to simulate the distribution of emulsified oils in an 

aquifer in order to investigate what effect changing the volume of emulsion, amount of oil, 

and injection pattern has on distributing the oil through the aquifer. Upon investigation we 

found that increasing the volume of emulsion and mass of oil has a diminishing increase on 

distribution and that injection pattern has little effect at typical injection volumes. We further 

developed regression equations to estimate the distribution of emulsified oil for both areal 

and barrier treatment to be used in improving injection system design
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EFFECTIVE DISTRIBUTION OF INJECTED EMULSIFIED OIL FOR 
IN-SITU BIOREMEDIATION OF HETEROGENEOUS AQUIFERS 
 
Chapter 1: INTRODUCTION 

 

 Edible oil emulsions are injected at many sites for in-situ anaerobic bioremediation of 

chlorinated solvents or other anaerobically biodegradable contaminants. The oil emulsion is 

composed of water and suspended droplets of oil and injected into the subsurface through 

wells along with large amounts of water in order to better distribute the oil through the 

subsurface. The droplets then transport by natural or induced processes through the aquifer 

and strike and attach to sediment where they are used as an electron donor in anaerobic 

biodegradation. Emulsified oil can be used to treat a mobile plume of contamination with a 

row of wells known as a “barrier,” or to treat an area of contamination with a gird of wells 

(referred to as “areal” treatment). Some of the variables controlling how well the oil droplets 

distribute through the aquifer include volume of water and mass of oil injected as well as the 

injection pattern amongst the wells. It has not been well understood what effect varying these 

design variables might have on the distribution of emulsified oils. 

To improve the design of these injection systems, we have adapted the Langmuir 

isotherm into a groundwater transport/reaction package in RT3D and used this along with a 

MODFLOW model to study how changing the design variables affects the distribution of 

attached oil in the subsurface and consequently, bioremediate a contaminated aquifer. Firstly, 

we developed the isotherm model and compared it to the previously used colloid transport 

theory based reaction model. We then calibrated and compared the two reaction models to 

existing experimental data and each other. Once calibrated, the isotherm model was verified 

against a separate field application to ensure its accuracy before applying it to our problem. 

The isotherm model and its calibrated parameters were then applied to a 3-

dimensional representation of a typical treatment area. For robustness, this treatment area 

was modeled with 3 different levels of heterogeneity and 5 realization of each. These 

different heterogeneity models were run using varying design variables to understand how 

they affect the oil’s contact with the soil. We investigated how increased water and oil affect 
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the contact of the oil as well as how injecting the oil through the wells at differing times 

affects the oil distribution. Based on the understanding gained through this investigation we 

noticed trends between our design variables and the contact of attached oil, which allowed us 

to draw conclusions about injection system design and regression equations useful in 

predicting potential oil contact with the soil for both barrier and areal treatments. These 

equations can be used to quantify the improved efficacy versus costs of changing a decision 

variable, which will aid in the planning and design of future emulsified oil injection systems. 
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Chapter 2: MODEL EQUATIONS AND DEVELOPMENT 

 

Groundwater models are based on a set of flow and transport governing equations. The 

flow equation is a 3-dimensional second order differential equation implemented in 

MODFLOW as described by: 
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where: 

Kxx, Kyy , and Kzz: hydraulic conductivity with respect to the  

x, y, and z axes (assumed to be parallel to the major axes of hydraulic 

conductivity) (L/T);  

h: hydraulic head (L);  

W: volumetric flux per unit volume representing sources and/or  

sinks, with negative W for extraction positive W for injection (T-1);  

Ss: specific storage of the porous material (L-1);  

t: time (T). (Harbaugh 2000) 

 

For our problem, the specific inputs are hydraulic conductivities for all cells, specific 

storage, and any sources/sinks within the system. The sources in this case are injection wells. 

 

All of the models developed in this work are built using GMS (Groundwater 

Modeling System), a proprietary software developed by Brigham Young University based on 

a MODFLOW engine. MODFLOW is a text based groundwater flow equation solver 

developed by the USGS and can be coupled with other packages (transport, reaction, etc) 

developed separately. GMS provides an interface to help in building different models, but 

any of this work could be developed using the free text-based software.  
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 The above equation outputs head measurements at all cells, given certain boundary 

conditions. These different hydraulic head gradients multiplied by the hydraulic conductivity 

yields the velocity in each cell, which is input into the transport equation. Within GMS, the 

output from the flow equation (MODFLOW) is read by the transport package (RT3D). 

 

 The groundwater transport package is governed by another differential equation given 

in its general form as: 
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where:  

n: total number of species, m is the total number of aqueous- 

phase mobile species (thus, n minus m is the total number of solid-

phase or immobile species); 

Ck: aqueous-phase concentration of the k species [ML-3]; 

imC

~

: solid-phase concentration of the immobile species [either MM-1   

(contaminant mass per unit mass of porous media) or ML-3 

(contaminant mass per unit aqueous-phase volume) unit basis can be 

used]; 

Dij: hydrodynamic dispersion coefficient [L2T-1]; 

v: pore water velocity [LT-1]; 

! : soil porosity; 

qs: volumetric flux of water per unit volume of aquifer  

representing sources and sinks [T-1]; 

C: concentration of source/sink [ML-3]; 
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rc represents the sum of all reactions that add or remove material from the 

aqueous phase [ML3T-1]; 

cr

~

 represents the sum of all reactions that add or remove material from the 

solid-phase [either MM-1T-1 or ML3T-1 can be used]. (Clement 1997) 

 

 The general transport equation is made up of four terms describing the different 

processes by which a species might move through the aquifer; from left to right: dispersion, 

advection, source/sinks, and reaction for an aqueous (mobile) species. Once a species 

becomes attached, it is immobile and therefore concentration only changes due to reactions 

(Equation 2.3). 

 

 For our problem, the inputs would be the velocity data from the flow package, 

dispersion, porosity, source concentrations, and any reaction parameters. The output of the 

transport package is the aqueous and immobile concentration at every cell. 

 

User defined reaction packages 

 

The general transport equation can be changed when different solutes are being 

modeled. For the case of emulsified oil transport, both the dispersion and reaction terms are 

changed to reflect the special properties of the emulsion. Two approaches are used to model 

the oil, both with advantages and disadvantages, which will be addressed later. 

 

Colloid Model 
 

For our specific problem, the reaction packages are altered to simulate the exchange 

of oil droplets between the mobile (aqueous) and immobile (solid) phases. Due the small size 

of the oil droplets, transport of emulsified oil through the aquifer can be described by deep 

bed filtration or colloid transport theory (Coulibaly 2005).  For the colloid transport model, 

the transport equation is: 
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where:  

Cm: mobile phase concentration (ML-3); 

Cim: immobile phase concentration (MM-1); 

t: time (T); 

x: distance (L); 

D: dispersion coefficient (L2T-1) 

v: pore water velocity (LT-1) 

Ka: attachment rate (T-1) 

ρB: bulk density (ML-3) 

! : porosity 

R: immobile phase release rate (T-1) (assumed = 0) 

 

Ka is defined by the following equation (Coulibaly 2005): 
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where: 

 

α’: empty bed collision efficiency 

η: single collector efficiency 

dc: equivalent collector diameter (L) 

! 

C
im

max : maximum mass of particles captured per mass of sediment (MM-1)  
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 α’ and 

! 

C
im

max  are empirical coefficients obtained by fitting the colloid transport model 

to results from 1-D column experiments. α’ is the fraction of droplets that adhere to a soil 

particle when a collision occurs. 

! 

C
im

max  which represents the maximum amount oil that can be 

retained by a unit mass of soil. dc is assumed to be equal to the mean diameter of the soil. η 

represents the frequency of oil droplet collisions with soil particles and can be estimated 

using relationships developed by Rajagopalan and Tien’s equation (1976).  This procedure 

includes terms accounting for droplet – sediment collisions due to diffusion (ηD), interception 

(ηI) and gravitational settling (ηS).   

 

The preceding equations are implemented through a FORTRAN code compiled as a 

dynamic-link library and formatted to fit the user-defined reaction package in RT3D. The 

attachment rate (Ka) in the colloid reaction package depends on velocity.  As a consequence, 

new values of Ka must be computed any time the velocity field changes (e.g. pumping starts 

or stops).  This can greatly complicate use of the model for simulating complex injection 

patterns.  Even relatively simple 2-D models with two injection periods can take up to 15 

minutes to run. This makes large or complex 3-D model runs infeasible, and a faster less 

input demanding model is needed. 

 

Isotherm Model 
 

An alternative approach for describing emulsion transport is to represent the 

attachment oil droplets using a rate limited sorption approach (Lindqvist et al. 1994; 

Bengtsson and Lindqvist 1995; Bolster et al. 1998; Kretzschmar and Sticher 1998; Bengtsson 

and Ekere, 1991) where the rate of mass transfer between the mobile and immobile phases is 

proportional to the concentration gradient between both phases.  An isotherm represents the 

equilibrium relationship between the concentration of a material in the liquid and attached to 

the solid phase.   
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Coulibaly et al. (2005) showed that saturation of sediment surfaces by attached oil 

droplets could be modeled using a Langmuirian blocking function.  Consequently, it may be 

possible to simulate emulsion transport and retention using a rate limited sorption approach 

with a Langmuir isotherm where:  
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C* is defined as: 
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where: 

Km: liquid-solid mass transfer rate (T-1); 

K1: binding constant (L3/M); 

K2: maximum sorption capacity (M/M)  

 

 In this equation, Km is equivalent to Ka from the Colloid model when α’= 1 and 

! 

C
im

max  

= 0 (empty bed).  Conceptually, both Km and Ka represent the rate of droplet exchange 

between the mobile and immobile phases.  K2 is equivalent to max

im
C  because they both 

represent the maximum amount of oil that can adhere to a mass of soil. K1 and α’ both 

represent the strength of attachment between the oil droplets and sediment surfaces.  

However, the physical interpretation of α’ and K1 differ. α’ represents the fraction of 

particles colliding with a clean (empty) sediment surface that are retained.  K1 is a binding 

coefficient that reflects the strength of the attachment of materials to the sediment surface at 

low concentrations (empty adsorber).   
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The next section describes the physical significance of the Langmuir parameters and 

their affect on the model in the calibration process. 

 

 

Conceptual Explanation of Parameters 

 

 For the purposes of illustrating the reaction parameters for the Langmuir isotherm, a 

model was creating and run with different parameter values. This model is based on a column 

experiment described in the next chapter. 

 

K1 - Binding Constant 

 

K1, the binding constant, represents the strength of the attraction of a species for the 

sediment surfaces.  Figure 2.1 illustrates the variation in sorbed and aqueous phase 

concentrations with the binding constant. 
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Figure 2.1: Effects of K1 (the binding constant) on the soluble and sorbed phase 

concentrations in a Langmuir isotherm. Notice the different units on the two axes. 

 

 Figure 2.1 shows that as the aqueous phase concentration increases so does the solid 

phase concentration but at different rates depending on K1. As K1 increases, the solid phase 

concentration reaches the maximum sorbed phase concentration at lower aqueous phase 

concentrations. K1 can be thought of as the slope of the initial linear part of the concentration 

curve, such that a large K1 indicates a large slope, therefore a rapid rise in the sorbed 

concentration.  

 

 Figure 2.2 and 2.3 illustrates the effects of K1 on the temporal distribution of oil in the 

column effluent and on the spatial distribution of retained oil.  These curves were generated 

assuming by simulating injection of a pulse of emulsion (given concentration and volume) is 

injected into a 80 cm by 2.9 cm column followed flushing with plain water at a flow rate of 

2.4 mL/min for 7 hours (K2=0.007 Km=1). The same column model is used to calibrate the 
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Langmuir isotherm model and is explained in more depth in the next chapter. The isotherm 

reaction parameter values chosen within these models are chosen for illustrative purposes and 

may not reflect realistic values. 

 

 Figure 2.2 shows the effect of varying K1’s on aqueous phase concentrations in the 

column effluent.  Low values of K1 (K1 = 100) allow substantial amounts of oil to be 

discharged in the effluent due to the weak binding between the oil and the sediment.  High 

values of K1 (K1 = 10,000) result in essentially complete capture of the oil droplets with 

negligible oil released in the column effluent.  Intermediate values of K1 (K1 = 1000) results 

in an initial attachment of oil to the sediment followed by a gradual release of oil to the 

column effluent.   

 
Figure 2.2: Effects of K1 on soluble phase concentrations measured in the column effluent 

over time.   

(K2=0.007 Km=1) 
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Figure 2.3 shows the effect of K1 on the residual oil concentration in sediment after 

the completion of flushing.  A high K1 results in rapid attachment of oil to the sediment phase 

resulting in a high sorbed concentration near the column inlet.  A high K1 also reduces 

desorption from the sediment to the aqueous phase as clean water is flushed through the 

column.  However, when K1 is lower, desorption of oil reduces the sorbed oil concentration 

near the column inlet causing the peak in the sorbed oil concentration to shift downgradient.  

 

 
Figure 2.3: Effects of K1 on sorbed phase concentration measured along the column after 94 

minutes in the column experiment.  

(K2=0.007 Km=1) 

 

K2 - Max Sorption Capacity 

 

The maximum sorption capacity, K2, is much simpler to understand, and is directly 

related to the previously developed colloid model. K2 is the maximum amount of solute that 

can be sorbed into the soil. To show the effects of K2, the K1 and Km parameters were set to 
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high values so that the liquid oil would rapidly attach to the soil and remain attached so that 

we can better illustrate the effect of varying K2. Figure 2.4 shows what the different sorbed 

concentration profiles look like when we vary K2. 

 
Figure 2.4: Effects of K2 on the sorbed phase concentration measured along the column 94 

minutes into the column experiment.  

(K1=1,000,000 Km=1) 

 

 As K2 increases, maximum sorbed concentration values increase. This is represented 

graphically by the flat areas near the upstream part of the column. A high K2 means that near 

the source the column will reach the maximum concentration early, but taper off through the 

column since most of the oil is attached to the soil early. Since the same mass of oil is 

injected, a low K2 causes more of the column to be saturated at the lower max attachment 

concentration.  
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Km - Liquid-Solid Mass Transfer Rate 

 

The liquid-solid mass transfer rate, Km, represents the rate of exchange between the 

aqueous and sediment phases. A high value of Km means that the aqueous and sediment 

phases will rapidly reach equilibrium.  As shown in Figure 2.5, a large value of Km causes oil 

droplets to rapidly attach to the soil, creating a plateau in the oil concentration equal to the 

maximum sorption concentration (K2) early in the column. Many oil-soil particle interactions 

cause the oil to attach early, and since the total mass is fixed, less oil will attach later in the 

column. A lower Km implies a decreased chance that an oil particle will attach to the soil as it 

travels through the column, which means it is less likely to reach the empirical maximum 

sorption capacity. For lower values of Km, the oil particles are not striking and attaching to 

the soil early in the column but as the particle travels through the column it continues to have 

a chance of attaching, represented by Km. Since the amount of oil is fixed, as oil particles 

attach early in the column there are less particles to potentially attach to the soil as they travel 

through the column. At very low values, the chance of an oil droplet striking and attaching to 

the soil is almost equally likely throughout the column. 
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Figure 2.5: Effect of Km on the sorbed phase concentration measured along the column 94 

minutes into the column experiment.  

Again, a high K1 value was chosen to prevent desorption to better illustrate the effect of 

varying Km. 

(K1=1,000,000    K2=0.007) 

 

 

 From a modeling point of view, Km is conceptually equivalent to Ka from the colloid 

model, and Km can be estimated using alpha, nu, porosity, velocity, and the equation for Ka 

(Eq. 2.6).  However, by assuming Km is constant, we are inherently assuming that velocity 

does not vary temporarily or spatially. In a column, this assumption is valid since the flow 

and cross-section are constant. However in a field application, aquifer heterogeneity and 

radial flow patterns can result in temporal and spatial variations in groundwater velocity and 

it may not be appropriate to assume Km is constant.  
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Model Implementation 

 

The colloid and Langmuir isotherm models were implemented in RT3D as user-

defined reaction packages following instructions laid out in the RT3D manual (Clement 

1997). They were both coded in FORTRAN 90 and compiled using Visual FORTRAN 

compiler in dynamic link libraries (rxns.dll). The source codes for both reaction packages are 

located in the appendix (see attached). 
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Chapter 3: MODEL CALIBRATION 

 

The intent of the calibration is to estimate model parameters that accurately reflect the 

real world experimental data gathered from lab experiments. Once these parameters are 

determined, we can compare model simulations with experimental results to evaluate the 

predictive accuracy of the model. Once validated, the model can be used to examine a variety 

of approaches for distributing emulsions in aquifers.   

 

The colloid model was previously calibrated to a column experiment and then used to 

predict the final emulsion distribution during a field pilot test (Borden, 2007). To allow direct 

comparison between the two models, this same procedure was repeated for the Langmuir 

isotherm model. 

 

1-D Column Calibration 

 

The Langmuir isotherm model was initially calibrated to results from a 1-D column 

experiment reported by Borden (2007). The experimental procedure uses 80-cm by 2.9 cm 

diameter polyvinyl chloride columns dry packed with sediment from the field pilot test site in 

Elkton, MD. The column was flushed with multiple pore volumes of deaired water to saturate 

the sediment. The emulsion injection test consisted of pumping 25 mL of a 20% by volume 

dilution of EOS® concentrate (0.12 g oil/mL) followed by 1000 mL (~5 PV) of deaired tap 

water at 2.4 mL/min for 7 hours.  The effluent was collected every 30 mL and analyzed for 

oil content by volatile solids (VS) analysis. VS was determined by weight loss on ignition for 

1 hour at 550 ºC. After completion of the experiment, the column was frozen, cut into 8 

sections of 10 cm each, with each section analyzed for oil content by VS analysis. Prior to 

emulsion injection, a non-reactive tracer test was conducted by pumping 25 mL of 146 mg/l 

NaBr solution through each column at a flow rate of ~2.0 mL/min followed by 1000 mL of 

deaired water. Effluent samples were analyzed for Br by ion chromatography. Approximately 

24% of the injected substrate was recovered in the column effluent and 49% was recovered 
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in the sediment at the end of the experiment.  The 27% of injected substrate not accounted for 

was likely due to minor errors in the sediment weight measurements.   

 

Calibration parameters for the colloid and isotherm models are presented in Table 3.1.  

The model independent and colloid model parameters are taken from Borden (2007). The 

isotherm model parameters were found by first estimating Km using the Rajagopalan and 

Tien equation (1976) and experimental conditions reported by Borden (2007).  This 

equation’s estimate is based on several different site characteristics; most importantly for us 

is pore water velocity. In the column experiment, the pore water velocity is generally 

constant throughout the column, so it is easy to estimate the velocity and therefore Km. From 

the column experimental data, we can infer an estimate for K2, because the maximum 

sorption capacity for the soil should be evident from the sorbed concentrations at the end of 

the experiment. These two parameters are only estimated based on these calculated or 

observed values, and due to differences between the colloid and isotherm models the final 

parameter values for Km and K2 were not the same as the initial estimates. For the final 

parameter K1, a less elegant method of trial and error of matching the sorbed concentrations 

profile to the experimental data and then checking the aqueous phase concentrations against 

the experimental data was used to find an appropriate value. Through several trials of trying 

to match the isotherm model data to the experimental data, a final set of parameters is 

summarized in Table 3.1. 
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Table 3.1: Model parameters used to calibrate the colloid and isotherm transport models. 

Property Value 

Model Independent Parameters  

     Hydraulic Conductivity, k (m/d) 3.384 

     Effective Porosity, !  0.42 

     Dispersivity, D (m) 0.15 

     Bulk Density, ρB (g/cm3) 1.48 

     Emulsion injection concentration, C (g/mL) 0.12 

Colloid Model Parameters  

     Equivalent collector diameter, dc  (m) 0.0001 

     Empty bed collision efficiency, α’ 2.5 x 10-5 

     Max. oil retention, max

im
C  (g/g) 0.0037 

Isotherm Model Parameters  

     Binding Constant, K1 (mL/g) 5000 

     Maximum sorption capacity, K2 (g/g) 0.007 

     Liquid-solid mass transfer rate, Km  (min-1) 0.019 

 

Results/Comparison 

 

Both models were run using their respective parameters and the results are compared. 

It is important to remember that the calibration includes comparing both aqueous phase oil 

effluent concentrations as well as sorbed oil concentration in the column to the experimental 

results. The perfect transport-reaction model would match both measurements, but from a 

practical point of view it is more important to match the sorbed oil concentration since the 

sorbed oil controls in-situ remediation effectiveness. Figure 3.1 shows a comparison of the 

observed oil concentration in the column effluent with simulation results for both the colloid 

and isotherm models. 
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Figure 3.1: Concentration of aqueous phase oil in effluent of the column experiment over 

time. Compares the experimental data to both the colloid and isotherm models, using 

parameters described above. 

 

 Figure 3.2 shows a comparison of the immobile oil concentrations at the completion 

of the column experiment. As described above, a mass balance analysis of the experimental 

results indicate that 27% of the oil present in the column influent was not accounted for in 

the effluent.  Obviously, the colloid and isotherm models must conserve mass.  To allow 

comparison between the experimental and model simulations, we have corrected the 

immobile oil concentrations to account for the mass balance error. 
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Figure 3.2: Comparison of measured oil concentrations in sediment after flushing with 

simulation results generated using the colloid and isotherm models.  Experimental results are 

corrected for observed mass balance error. 

 

The root-mean squared error (RMSE) was calculated to evaluate the accuracy of the 

model calibration for both the colloid and isotherm models. RMSE is defined as: 

 

! 

RMSE =

Cexp

i "C
calc

i( )
2

i=1

n

#

n
    (3.1) 

where: 

Cexp is the experimental concentration observed 

Ccalc is the calculated concentration from the model 

For all observations i = 1, …, n 
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 A lower RMSE value indicates a better match of the calculated/modeled data to the 

experimental/observed data. A perfect match of model to experiment would give an RMSE 

of 0. Each observed data point from the experiment is compared to its respective modeled 

data point for both the isotherm and colloid model, and the results are summarized in Table 

3.2. 

 

Table 3.2: Comparison of the root mean squared error of the colloid and isotherm models 

compared to the experimental data. 

 Colloid Isotherm 

Solute RMSE (g/g) 0.00051 0.00042 

Sorbed RMSE (g/mL) 0.00089 0.00058 

Runtime ~80 sec ~30 sec 

 

 Results presented in Table 3.2 indicate that the isotherm model provided a somewhat 

better fit to the experimental data than the colloid model. The average runtime of the 

isotherm model was also significantly less than for the colloid model. This is expected to be a 

major advantage of the isotherm model when simulating complex injection systems with 

heterogeneous permeability distributions. 

 

Uncertainty Analysis 

 

One last area of interest when evaluating the new isotherm model is the effect of 

input parameter uncertainty on simulation results. To evaluate the sensitivity of simulated 

sorbed oil concentrations to uncertainty in model parameters, we compare the calibrated 

isotherm model and the experimental data to new parameters, which have been misestimated 

by several orders of magnitude. This will tell us which parameters are most important to 

accurately estimate and which parameters the model is less sensitive to. 
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The first parameter, K1, was calibrated to a value of 5,000 mL/g. We reran the model 

at 5% and 2000% values of K1, while holding all other parameters constant. The final 

sediment oil concentrations are shown below. 

 

 
Figure 3.3: A sensitivity analysis of the final sediment oil concentration to the value of 

parameter K1.  

 

 Figure 3.3 shows that as K1 is changed within 5 orders of magnitude, the resulting 

sorbed oil concentrations change very little. Furthermore, our calibrated value of 5,000 mL/g 

seems very close to an upper limit above which the model is almost completely insensitive to 

K1. Even the lowest estimate (250 mL/g) of K1 is still fairly accurate with respect to the 

experimental data. From this we can conclude that the isotherm model is very insensitive to 

uncertainty in K1. 

 The sensitivity of K2 is not studied since it can be estimated directly from the 

experimental results. 
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 Uncertainty analysis results for Km are shown in Figure 3.4. Results are presented for 

our best estimate of Km (Km= 0.019) and for Km=0.19 and 0.005. All other parameters are 

held constant. 

 

 
Figure 3.4: Uncertainty analysis of final sediment oil concentration to the value of parameter 

Km. 

 

 The figure above shows that the isotherm model is much more sensitive to Km than to 

K1. Within 3 orders of magnitude, the sorbed oil concentrations drastically change and the 

curves for our sensitivity analysis do not match the trend observed in the experimental data, 

Fortunately, Km is based directly on our estimation of pore water velocity and as will be 

shown in the next chapter, the pore water velocity does not vary enough to cause more than 1 

order of magnitude change in Km. With this in mind, it is important to accurately estimate 

Km, because a poor estimate will result in poor modeled results. Fortunately, Km can be 

estimated using the Rajagopalan and Tien equation (1976) and independently determined 

physical parameters. 
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Chapter 4: VERIFICATION/VALIDATION 

 

Once calibrated, the colloid and isotherm models were used to predict the final oil 

distribution observed during a field pilot test conducted in Elkton, MD. Details of the field 

pilot test and colloid model calibration are reported by Borden (2007). The pilot test was 

conducted at a site in Elkton, Md where perchlorate (ClO4) and 1,1,1-trichloroethane (TCA) 

contaminants leached into a shallow aquifer (Borden 2006). Emulsified oils were injected 

into the aquifer on a pilot scale to bioremediate the site and resulting concentration data 

observed. Shown below is a schematic of the site including injection well placements and 

general groundwater flow direction: 

 

 
Figure 4.1: A schematic of the 2-D verification site in Elkton, Md. 
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Before simulating the isotherm reaction model, a flow model was developed in GMS. 

Using the already calibrated flow model parameters from Borden (2006), the MODFLOW 

model was implemented and the coupled with the RT3D model using the new isotherm 

package. MODFLOW and RT3D parameters are shown below: 

 

Table 4.1: Parameters used for both the colloid and isotherm models in the 2-D verification 

study. 

Property Value 

Hydraulic Conductivity Layer 1, k (m/d) 2.1 

Hydraulic Conductivity Layer 2, k (m/d) 10.7 

Effective Porosity, !  0.18 

Dispersivity, D (m) 1.0 

Grain Size, D10 (m) 0.0001 

Bulk Density, ρB (g/cm3) 2.5 

Emulsion injection concentration, C (g/mL) 0.12 

 

 The row of wells at the site were injected for a barrier treatment at a well spacing of 

1.5 m. The wells were injected over two injection periods (0.22 days long) with a rest period 

overnight in between. In the first injection period every other well was injected, and during 

the second period the remaining wells were injected. Sorbed oil in both layer 1 and 2 was 

measured by sampling upstream and downstream from the barrier 58 days after injection.  

 

Model Set-up 

 

 The site is modeled in 35 m x 35 m grid in 2 homogeneous layers with each grid cell 

0.5 m x 0.5 m. Cells in layer 1 are 5 m thick, while layer 2 is 1.5 m thick. The upper and 

lower boundaries are modeled as constant head boundaries with values of 3.0 m and 3.15 m, 

respectively, and all other boundaries are no-flow. This results in a general groundwater flow 

direction from lower to upper boundaries and the injection barrier is modeled halfway 

between these boundaries, perpendicular to the groundwater flow direction.  K1 and K2 were 
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assumed equal to the best fit values obtained from the laboratory column experiments 

(Chapter 2). 

 

Km can be estimated using the Rajagopalan and Tien equation (1976) if velocity is 

known. However, velocity varies temporally and spatially. Since the isotherm package 

assumes a constant Km, we must choose a value of velocity that best represents these two 

flow conditions. Below is a summary of velocity data generated from the MODFLOW 

model: 

 

Table 4.2: Statistics on the pore water velocity of the 2-D verification study (Layer 2, 0.22d) 

and the corresponding Km value. 

Velocity (Layer 2, end of injection 0.22d) Value (m/day) Km calculated 

Minimum 0.121 0.0092 

Mean 0.285 0.013 

Median 0.270 0.013 

Max 1.355 0.027 

Value Used in Simulations 0.794 0.021 

 

 Given the spatial variation in velocity, there is no single value that can precisely 

represent the full range of conditions that occurs in the aquifer. For calibration purposes, we 

chose to use the model-simulated velocity in layer 2, 1.5 m downstream from an injection 

well in the middle of the row at the end of its injection period. This point was chosen because 

in a barrier treatment almost all of the sorption takes place just downstream of the injection 

wells (within 3 m in the case of this site). Using a velocity too close to the injection well is 

not expected to be representative of the area where most sorption occurs. The minimum 

values represent a majority of the site dominated by background flow, which are areas that 

are never involved in bio-remediation and can be ignored for the most part. Layer 2 was 

chose because its high conductivity implies that more of the oil will move through this layer. 

Our velocity value is about halfway between the mean velocity and the maximum velocity at 

the well. In the end, the velocity value used is a choice based on knowledge of the site and 
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engineering judgment, but as a rule we would chose our velocity based on the pore water 

velocity 1 well spacing (1.5 meters, in this case) downstream of an injection well in the 

middle of the barrier. 

 

A sensitivity analysis of pore water velocity to Km is also presented in Table 4.1. 

Again, we see that our value of Km is somewhere between the maximum and the mean.  The 

minimum value was ignored because it is not expected to be representative of the area where 

sorption is taking place. Certainly, different values of Km will affect the model output, so the 

adoption of some guidance on velocity selection is important. 

 

 The preceding parameters were applied to the isotherm model and the result will now 

be compared with the colloid model output and field experiment observations. 

 

Results/Comparison 

 

 To evaluate the predictive accuracy of the models, we compared simulated and 

observed oil concentrations in a profile passing through the center of the injection barrier 

following the direction of groundwater flow. Soil samples were taken from each layer at 

different points upstream and downstream of the wells along this cross-section to measure 

the sorbed oil content. The model results are the averaged sorbed concentration values from a 

1.5 m wide cross-section through the center of the injection barrier. The model results were 

averaged across this 1.5 wide swath in order to reflect the variability in sorbed oil 

concentrations immediately between wells. 
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Figure 4.2: The sorbed oil concentration in layer 1 along the groundwater flow direction, 

passing through the injection barrier at day 58. The colloid and isotherm models are 

compared to the measured field data. Error bars represent the range of sorbed oil 

concentrations observed in the 1.5 m between the wells. 
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Figure 4.3: The sorbed oil concentration in layer 2 along the groundwater flow direction, 

passing through the injection barrier at day 58. The colloid and isotherm models are 

compared to the measured field data. Error bars represent the range of sorbed oil 

concentrations observed in the 1.5 m between the wells. 

 

 Figures 4.2 and 4.3 show how the sorbed oil concentrations increase sharply as we 

approach the barrier (at cell 35) from upstream, and taper off as we continue downstream 

past the barrier. The areas under the curves represent a cross-section of the sorbed oil plume 

spreading downstream from the barrier. The error bars on the model data represent the high 

and low values observed in the area between the wells, so as to give a better idea of the 

variability of the sorbed oil concentrations around the wells. 

 

 In the preceding figures the first thing we notice is the many varied field 

observations. These observations are taken from soil samples were the total organic carbon 

mass of the soil was found, and multiple measurements were sometimes taken at the same 

distance from the well. These points can vary greatly with respect to sorbed oil concentration 
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possibly due to the fact that total organic carbon is an indirect measurement of sorbed oil, 

and that local site conditions (e.g. background organic content) could influence the 

measurements. Ignoring the variability, the general trends of the field observations show a 

peak of organic carbon around the injection well and increased concentrations immediately 

downstream. These results are consistent with the presence of a plume of sorbed oil. With 

this in mind, we will now compare the two models against the verification data. Below, the 

RMSE and runtimes of both models are summarized. 

 

Table 4.3: The RMSE values of the colloid and isotherm models in both layers 1and 2 

compared to the field observations. Colloid runtime does not include time required to 

manually input velocity data between timesteps. 

 Colloid Isotherm 

Layer 1 (g/g) 0.0000882 0.0000981 

Layer 2 (g/g) 0.000134 0.000116 

Runtime ~48 sec ~21 sec 

 

 The accuracy of the isotherm model in layer 1 when compared to the field data and 

colloid model is good. The isotherm peak is a little higher than the colloid, and the trend of 

both models matches the field data. For layer 2, the isotherm peak is lower than the colloid 

peak, but again the trends are consistent. Looking at the RMSE values, both model have a 

similar fit to the field data, with each performing better in layer 1, but neither being 

consistently better than the other. 

 

The explanation for the over estimated peak in layer 1 and layer 2 can be attributed to 

our assumption of constant velocity in the isotherm model. By assuming a higher velocity to 

calculate Km than the velocity in layer 1, we have increased sorption, and vice versa for layer 

2. This results in a 15% increase in the peak for layer 1 and a 25% reduction for layer 2. The 

field peaks can vary up to 270% from their average value in layer 1 and 126% in layer 2, so 

the variability between our models is well within the variability of our field data. Both 

models perform adequately in capturing the trends of the sorption plume and are within the 
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same order of magnitude of the field observations, making both models adequate 

representations of the emulsified oil transport process. 

 

Comparison of Colloid and Isotherm Models 

 

The colloid and isotherm models each have advantages and drawbacks. Both models 

could be adequately calibrated to match the laboratory column results.  Using the best fit 

calibration parameters, both models provided an adequate prediction of the final oil 

distribution measured during the field pilot test.  This indicates that either model could be 

successfully used to evaluate the performance of alternative approaches for distributing 

emulsified oil.   

 

A major advantage of the isotherm model is that by assuming a constant Km, we 

eliminate the time intensive input/output exchange between MODFLOW and our reaction 

package, thus reducing run times. Furthermore, assuming that the temporal velocity change 

does appear to not greatly impact Km. This eliminates the need to manually change the 

velocity input data at each time step or for different pumping scenarios. Less manual data 

input saves even more runtime especially on models that employ different injection periods.  

Assuming a spatially and temporally uniform Km may lead to some loss of accuracy.  

However, the successful results in simulating the field pilot test suggest that this potential 

loss of accuracy is acceptable.   

 

 Given that the isotherm model performs as well or better than the colloid model, we 

can now move on to applying the new model to a 3-dimensional study where we can 

investigate different design variables of emulsified oil injection systems in order to improve 

efficiency of the designs. The isotherm model will save time in this investigation, while 

maintaining the accuracy needed for our investigation. 
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Chapter 5: 3-D MODEL RESULTS 

 

In the field, emulsified oil is injected into aquifers to spread the oil as much as possible 

and encourage bioremediation. To model this process, a 3-dimensional model is developed so 

that different injection variables can be explored in order to improve the spread of the 

emulsion and thereby improve treatment. 

 

Two different treatment types are explored in this work: areal and barrier treatment. Areal 

treatment is used when a contaminated area needs to be remediated in-situ. This might be 

used in a contaminated industrial area in order to treat contaminants in the aquifer. Barrier 

treatment is used when a contaminated groundwater plume need to be treated as it flows 

through the barrier. This work will examine the two treatment types and attempt to 

understand the emulsion’s spread in the aquifer for each respective treatment. 

 

Model Development 

 

 The layout of the injection wells was chosen to represent a possible treatment system 

design as well as be flexible enough to represent different variants. The aquifer is modeled 

as a heterogeneous 3-dimensional confined aquifer (18.5m x 3.5m x 3m) with general 

groundwater velocity from left to right.  The upstream and downstream boundaries are 

constant head, with the hydraulic gradient varying depending on the different degrees of 

heterogeneity defined below. The sides, top, and bottom (all other sides) of the model are 

represented by no-flow boundaries. Below is a plan view schematic of the aquifer: 
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Figure 4.1: The general layout of wells in the aquifer. Note that the general direction of 

groundwater flow is from left to right. All injection wells are shown as circles. This 

arrangement is used to model both areal and barrier treatment designs with areal treatments 

acting on the thatched area, and barrier treatments evaluated between alpha 1 and beta 1. 

 

 One-third of the length from the upstream boundary is the first row of injection wells 

located at the outer edges of the width. These wells are modeled has half of a regular well so 

that when replicated over a larger area the model can represent an infinite series wells. The 

distance between these two wells (defined as SW in Figure 4.1) can be varied for any 

possible design, but for this model is assumed to be 3 meters. 

 

 At two-thirds from the upstream boundary, a second row of injection wells is modeled 

similar to the first. Again, these wells are half-wells so that the combined effects of both 

rows could be replicated indefinitely to represent an infinite areal treatment area. The 

distance between the first and second rows of wells is variable (defined as SR in Figure 4.1) 

so that any potential design could be represented, but is limited to a distance where constant 

head boundary effects do not greatly impact the injection. A fifth injection well (χ) is 

included in the center of the other four wells halfway between SW and SR. 

 

 All decision variables analyzed with this model will be based on SW and SR such that 

any results should be relative to the spacing of wells in the longitudinal and transverse 

directions. In other words, as SW is scaled up, the injection variables will be scaled up 
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proportionally so that this model can represent an infinite grid or barrier of wells at any 

spacing. This model is 18.5x3x3.5m in a grid 73x13x60. 

 

 Other model parameters will have to be assumed based on engineering experience and 

previous calculations. For example, injection rate for all wells will be constant as 5.76 

m3/day for a full well, (2.88 m3/day for a half well) based on field experience. When 

modeled in GMS, the total injection rate for the well is divided amongst the vertical cells 

that make up the well. In other words, each cell in a well will inject 1/60th of the total 

injection rate, but in a real aquifer the injection would possibly flow vertically to regions of 

high conductivity. To more accurately capture this phenomenon, we increased the vertical 

hydraulic conductivity at the wells by a factor of 3 to represent an installed injection well. 

The reaction coefficients for the emulsified oil will be based on calibration previously 

discussed in chapter 2. All other model parameters will be defined below. 

 

Design Variables 
 

In the effort to understand how the emulsion spreads through the aquifer, we have 

reduced the problem to two experimental variables; volume of water and mass of oil injected, 

and one objective; contact efficiency. By exploring the decision space, represented by the 

two experimental variables, with regard to the objective variable we will develop a function 

to estimate the efficacy of a treatment design for use in a future design tool to be used by 

practicing professionals. An unmodeled, but important objective variable is cost, which will 

also be considered and discussed when evaluating different potential remediation designs, but 

only estimated in relative terms. 

 

Contact Efficiency 

 

Our objective is to maximize the contact between emulsified oil sorbed onto the soil 

and contaminated soil or water. For the sake of robustness, we will assume that all of the area 

is contaminated so that the problem is most conservative. Since the remediation is dependant 



 36 

on oil as an electron donor, we can then assume that if we maximize the contact of sorbed oil 

in the aquifer, we will maximize our treatment efficacy. To quantify the amount of contact 

we achieve in the aquifer, we will define our objective as contact efficiency. A concentration 

of sorbed oil needed for effective treatment will be assumed or calculated and any part of the 

aquifer that has a concentration greater than this threshold will be considered treated and the 

total contact efficiency will be defined as the percentage of the total treatment area contacted. 

 

Contact efficiency can be calculated a number of ways and each of these was 

explored to determine which best relates contact efficiency to treatment. Most obviously, 

contact efficiency can be described as percentage of the volume of the aquifer contacted by 

the oil. In this case, we simply count the number of cells meeting our threshold and divide by 

the total number of cells. This method treats all areas of the aquifer equally, ignoring the fact 

that areas of the aquifer where more water flows are likely to contain more of the 

contaminant since the contaminant is more easily transported through these areas. This is the 

calculation used to evaluate an areal treatment design since the areal design is trying to treat a 

certain volume of the aquifer. 

 

Since the aquifer is heterogeneous and flow is not uniform, we used the velocity field 

data output by MODFLOW to calculate the flow in each cell, and weight the contact 

efficiency accordingly. This weight was obtained by exporting the velocity in each cell and 

multiplying it by the cross sectional area, then dividing by the total flowrate in the aquifer. 

This weight is applied to each contact cells as described above. The advantage of this method 

is that areas with higher velocity, thus higher flow, will be more heavily weighted when 

contacted by sorbed oil. This will be the method used to evaluate the contact efficiency of a 

barrier treatment. Since the barrier treatment is usually used to treat a mobile plume, the 

objective variable of our design will be based on the percent of flow contacted in the cross–

section between the injection wells. The MATLAB code developed to calculate contact 

efficiency is included in the appendix. 
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Volume Scaling Factor (SFV) 

 

The first of the decision variables we will test in order to see its impact on contact 

efficiency will be volume of water injected into the aquifer. Emulsified oil is delivered to the 

aquifer via injection wells at a certain concentration. The concentration of emulsion injected 

directly affects the amount of oil that can be used as an electron source for the bacteria. 

Concentration is defined as mass of oil divided by volume of water, so by varying the 

volume of water, we adjust the concentration, which has varying affects on the contact 

efficiency. 

 

We have defined the volume of water injected in terms of pore volumes injected. The 

amount of water injected can be scaled using a volume scaling factor (SFV). One SFV equals 

the amount of water needed to fill all the pores in a perfect cylinder around one injection well 

with a radius of 0.5*SW as defined by the equation: 

 

Volume of Water = 
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Where: 

SFV: fraction of pore volumes injected (design variable) 

SW: distance between wells transverse to the flow direction (L) 

b: thickness of aquifer (L) 

φ: porosity (dimensionless) 

 

As we change the value of SFV, the volume of water increases or decreases 

proportionally. As mentioned before, 1 SFV is equivalent to the volume of water able to fit in 

the cylinder, but since we are modeling half wells along the edges we actually only inject 

half a cylinder’s worth in each well in the model. This is considered as 1 SFV in the real 

world.  
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Ideally, one SFV injected into the first row of wells would create two cylinders of 

emulsion that contact each other exactly halfway between each other. In actuality, a perfect 

cylinder of emulsion is almost never possible due to a background hydraulic gradient, the 

wells interference effects on each other, and the heterogeneity of the aquifer. For this reason, 

more than one pore volume of injection may be needed to achieve higher contact efficiencies. 

 

As a decision variable, SFV has a significant impact on our unmodeled objective: 

cost. More water means higher labor costs due to longer injection periods. Injection rates are 

typically limited by aquifer and well characteristics, and for this study we assumed a constant 

injection rate of 2.88 m3/day for each half well. As a consequence of constant injection rates, 

the length of injection period will increase with higher SFV. This injection rate may not be 

possible in very low conductivity aquifers, but for the sake of comparison a constant 

injection has been assumed. Labor costs can be a significant component of the total cost, so 

an increase in SFV could increase the cost of the project. For the purposes of this study, a 

range of SFV’s were tested from 0.1 to 2.0.  Currently, typical field practice uses injection 

SFV of 0.1-1.0 so this study covers a wide range of possible injection scenarios. 

 

Mass Scaling Factor (SFM) 

 

The other decision variable we are modeling is the mass of oil injected. As mentioned 

above, concentration can be varied by volume of water or mass of oil. If the mass of oil is 

increased, the amount of oil sorbed into the aquifer should also increase. We defined the 

mass of oil, or mass loading, based on the amount of emulsion that could potentially be 

sorbed in a 0.5* SW cylinder as described above. This is considered a normal mass loading 

and by using more or less oil we can adjust the concentration injected. The equation for mass 

of oil injected is: 

 

Mass of oil injected per well=
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Where: 

SW: distance between wells transverse to the flow direction (L) 

b: thickness of aquifer (L) 

φ: porosity (dimensionless) 

ρb: bulk density of the soil (ML-3) 

k2: maximum sorption capacity (MM-1) 

SFM: fraction of oil mass injected (design variable) 

 

Based on the above equation, a SFM=1.0 will correspond to a full mass loading. 

Again remember that we are modeling half wells, so the mass of oil injected in the model is 

half of the actual calculated mass in the alpha and beta wells. Concentration is simply the 

mass of oil divide by the volume of water, and in the model mass of oil injected is input by 

calculating concentration and the higher the injection concentration the more oil to spread 

and contact the aquifer. The maximum amount of oil we can inject would be limited by the 

concentration of the emulsion in the field. As concentration increases, the viscosity of the 

fluid also increases up to the point where we can no longer inject it into the subsurface. This 

concentration would depend, again, on site characteristics and can be determined with 

previous working experience with emulsified oils and is not explicitly considered in the 

model. 

 

As with SFV, mass loading, also affects cost. Higher mass loadings obviously need 

more oil, which increase material cost. Unlike SFV, higher mass loadings are not expected to 

significantly increase in labor costs. These cost trade offs will be directly considered in the 

future design tool. A range of mass loadings from 50% to 400% of our base loading case was 

chosen to reflect typical field practice. 

 

Injection patterns 

 

Another variable that can affect contact decision is the injection pattern. The order in 

which you inject emulsion can affect both cost and contact efficiency. When two wells near 
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each other are injected simultaneously, the increase in head from each well, or influence, can 

come into contact with one another under the right conditions. If this happens, the head 

increases from the opposite wells can work against each other by pushing solute back 

towards the injection wells. This may occur with large SFV injections or if the wells are 

spaced close together. We studied five injection scenarios for areal treatment and 2 for 

barrier; in order to determine what effect they may have on contact efficiency. For example, 

by injecting each well individually there should be no interference between any two wells, 

possibly improving contact efficiency, but by having up to five individual injection periods 

you increase the amount of time the technicians have to be onsite, thus increasing your labor 

costs. The different scenarios are described below: 

  

 Areal Scenarios 

 

Scenario 1: All 4 wells injected simultaneously, requiring only one injection period; 

its length determined by the design variable SFV. This theoretically produces the 

lowest labor costs, but also potentially lowers contact efficiency due to interference. 

 

Scenario 2: Inject the 2 alternating opposite wells (alpha in above figure) then wait 

for a recovery period and inject the remaining wells (beta). This requires a beta 

injection period (duration dependant on SFV), a rest period, and an alpha injection 

period of identical duration to alpha. Since there are two injection periods, the labor 

costs are potentially higher than from Scenario 1. 

 

Scenario 3: Inject 2 wells simultaneously (alpha 2 and beta 1) and then the remaining 

two wells (beta 2 and alpha 1). Scenario 3 has the same number of injection/rest 

periods as Scenario 2. This should have the comparable labor cost as Scenario 2 and 

may reduce any negative effects of interference when trying to treat the study area. 

 

Scenario 4: Inject each well individually over 4 injection periods (beta 1, beta 2, alpha 

2, alpha 1). Scenario 4 requires an injection period followed by a rest period for each 
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well. This minimizes the effects of interference, but can have much higher labor costs 

than Scenario 1. 

 

Scenario 5: Inject all four wells as previously described under Scenario 3, but include 

the center well (χ). Since the center well is fully contained in the treatment area, it 

can be injected as a full well (5.76 m3/day). In previous scenarios, the amount of 

emulsion affecting the treatment area is equal to the upstream wells only. All of the 

oil that flows downstream from the upstream wells affects the treatment area and the 

small amount of oil that flows upstream from the upstream wells (row 1) is offset by 

the amount that flows upstream from the downstream wells (row 2). 

With this in mind, remember that Scenario 5 has the upstream wells plus the 

center well treating the areal zone. Therefore, the amount of emulsion injected in 

these three wells should equal the amount injected in the upstream wells of previous 

scenarios. Since the injection rate is constant, we can simply include the χ well and 

cut the time of injection in half to achieve an injection scenario with a comparable 

amount of emulsion injected into the treatment zone. Therefore, the alpha and beta 

wells will inject exactly half as much emulsion as in previous scenarios to make up 

for the amount of emulsion injected in the center well. 

Scenario 5 also halves the well spacing along the flow direction, which means 

we have to install more wells per treatment area and increase costs. The shorter 

injection times will decrease the labor costs needed to inject the emulsion but this will 

be a trade off with the higher well installation costs. 

 

Barrier Scenarios 

 

Scenario 1:  Both upstream wells (alpha 1 and beta 1) are injected simultaneously. 

Contact efficiency is potentially limited by well interference, but labor costs are 

probably reduced. 
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Scenario 2: Each upstream well is injected individually with an intermediate rest 

period, similar to Areal Scenario 2. This reduces well interference, but could increase 

labor costs. 

 

In each scenario, as the range of SFV are injected, the injection period lengths change. 

In an effort to make the different injection volumes comparable and easy to model, the 

second injection period (for Scenarios 2 and 3) always begins on day 2 (and days 4 and 6 for 

Scenario 4). This was chosen because the longest injection period (SFV =2.0) is 1.473 days, 

therefore the shortest rest period would be about half a day. In this time the aquifer is able to 

recover to mitigate the impact of the previous injection period on the next injection period. A 

more detailed summary of the injections parameters is included in the appendix. 

 

On the barrier scenarios, since the downstream wells (row 2) are of sufficient distance 

from the upstream wells so as to have insignificant well interference, the same model was 

used to simulate Areal and Barrier Scenario 1 and 2. The only difference in the data was that 

the two treatment methods were analyzed differently. Areal Scenarios 1 and 2’s barrier 

results were compared against a true barrier injection scenario (no downstream wells) for 

some cases and there was no appreciable difference in the barrier contact efficiency. Areal 

contact efficiency is based on the volume of aquifer contacted and barrier contact efficiency 

is based on the percentage of flow passing through the aquifer cross-section at the injection 

wells. For a more detailed descriptions, a table summarizing the different injection period 

lengths, flow rates, and concentrations at each well for all different design variables used is 

included in the appendix. 

 

Base Case 

 

 Our decision variables will be evaluated in the context of an assumed typical aquifer. 

The aquifer parameters we used are chosen based on field experience (conductivity, porosity, 

dispersivity, etc) or based on our previous calibrations (K1 and K2). The parameters below 

are defined based on a typical aquifer, and the conclusions we draw from the analysis should 
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be applicable to many potential aquifers found in the field. Of course, an aquifer that deviates 

drastically from our assumed parameters may not yield the predicted results. Below is a table 

summarizing the parameters for our model: 

 

Table 5.1: The different hydraulic and transport variables used for the model. Notice that Km 

has changed from our calibrated parameter due to different units and velocity. Unless 

otherwise stated, default GMS parameters were used. 

Parameter Value Units 

Well spacing transverse to flow (SW) 3 m 

Well spacing longitudinal to flow (SR) 6 m 

Vertical thickness of treatment zone (b)  3 m 

Effective porosity (φ)  0.2    

Bulk Density (ρb) 2000 Kg/m3 

Longitudinal Dispersivity (αL) 0.01 m 

Transverse Dispersivity (αT) 0.001 m 

Vertical Dispersivity (αV)  0.0002 m 

Molecular diffusion coefficient 1.7x10-5 m2/d 

K1 5000  

K2 0.007 Kg/Kg 

Aqueous – Sorbed Mass Transfer Rate (Km) 20.79 d-1 

Horizontal correlation length (λx = λy) 2.0 m 

Vertical correlation length (λz) 0.2 m 

Injection rate per full well (Q) 5.76 m3/d 

Δx, Δy 0.25 m 

Δz 0.05 m 

Advection Package   MOC Solver with 4th order Runge-Kutta 

 

 One parameter that we will change throughout the model is hydraulic conductivity. 

When modeling field conditions, conductivity is often not well defined due to spatial 
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variations in x, y, and z directions. Typically, the heterogeneity of hydraulic conductivity can 

at best be classified qualitatively and an accurate model will take into account how different 

levels of heterogeneity will affect the model output. For robustness, we have applied our 

different injection scenarios to three different hydraulic conductivity heterogeneities.  At 

each level of heterogeneity, five different realizations were created and used in the model. 

The tables below summarizes the variables used to create the different realizations: 

 

Table 5.2: The variables used to create our different conductivity realizations. 

Parameter 
Low 

Heterogeneity 

Moderate 

Heterogeneity 

High 

Heterogeneity 

Average hydraulic conductivity 

(m/d) (Kavg)  
5 0.50 0.05 

Variance of log K (σ2) 0.25 1.0 4.0 

Background (dh/dL) 0.004 0.01 0.04 

Average Velocity (m/d) (Vavg) 0.1 0.025 0.01 

 

 Across our three levels of heterogeneity, average hydraulic conductivity values 

decreased by 3 orders of magnitude and variance increased by factors of 4. These conditions 

are intended to simulate a range of potential aquifers found in the field. Within each level of 

heterogeneity, 5 different realizations were generated in order to display the possible 

variations within a heterogeneity level. These realizations are summarized below:   
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Table 5.3: The actual values of the different realizations of hydraulic conductivity. These 

different realizations were generated using a turning band algorithm developed in MATLAB 

(Tompson 1989) 

 Mean (m/d) Variance 

Low Heterogeneity 

    Realization 1 (L1) 5.997 0.220 
    Realization 2 (L2) 5.092 0.189 
    Realization 3 (L3) 5.528 0.282 
    Realization 4 (L4) 5.916 0.224 
    Realization 5 (L5) 5.913 0.296 
Moderate Heterogeneity 

    Realization 1 (M1) 0.596 1.028 
    Realization 2 (M2) 0.810 0.879 
     Realization 3 (M3) 0.838 0.811 
    Realization 4 (M4) 1.016 0.984 
   Realization 5 (M5) 0.807 0.821 
High Heterogeneity 

    Realization 1 (H1) 0.325 3.036 
    Realization 2 (H2) 0.192 3.211 
    Realization 3 (H3) 0.297 3.344 
    Realization 4 (H4) 0.555 4.374 
    Realization 5 (H5) 0.542 4.243 

 

 

Once the decision variables and model parameters are established, we need to create a 

base case injection scenario we can use to begin to explore the objective space. The base case 

would ideally be one that is an acceptable scenario but could be improved or weakened by 

changes in the decision variables. By exploring the objective space with different SFV 

injections, we found that in all sampled scenarios and realizations that there was a break 

point around SFV = 0.5 and SFM = 1.0 above which additional water yields diminishing 
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returns. Figure 5.2 shows results for SFV versus contact efficiency that are typical of the 

investigated realizations. 

 

 
Figure 5.2: The effect of constant mass of oil and increasing water has on the contact 

efficiency. Notice the diminishing improvement in contact for SFV > 0.5. In this case the 

wells are injected under Scenario 3 into a medium heterogeneity aquifer. 

 

 Similarly, we generated results for a range of SFM and found a break point around 1.0 

as shown in the example figure below: 
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Figure 5.3: The effect of increasing mass of injected oil on the contact efficiency. Notice the 

diminishing improvement of contact efficiency after SFM=1.0. 

 

When evaluating the contact efficiency of different designs, we need to choose a 

concentration of sorbed oil at which we will consider the aquifer “contacted.” This should be 

the minimum threshold for effective treatment. Using our base case and a representative 

aquifer, we can calculate the amount of oil needed to treat a typical contaminated aquifer. 

The oil need is based on how much oil will be used as an electron donor towards the 

remediation process, as well as how much oil will be consumed by natural background 

processes. A large part of the oil is spent on this background demand, and a relatively small 

amount goes towards actual bioremediation. Notice in the previous graphs that contact is 

defined as percentage of k2, or percentage of the maximum sorbed capacity. Based on 

calculations of a typical aquifer, 5% of the maximum sorption capacity will provide enough 

oil for several years of effective treatment, after which the oil would have to be reinjected. 

By assuming a threshold of 5% of k2, we will provide several years of treatment and after 
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examining our base case we see that the concentration gradient at the edge of the sorbed oil 

areas are very steep and that most of the contacted area is near capacity.  

 

Without calculating the amount of oil needed to remediate an aquifer, we can also 

safely assume our 5% of maximum sorbed concentration threshold. All of the lines in each of 

the previous graph have very similar trends; regardless of what fraction of the maximum 

sorption capacity is used. This implies that any conclusions we draw for a 5% contact will 

hold true for 10% or 1% contact. The 5% threshold is a good metric with which we can 

evaluate contact efficiency, and if field aquifers require more or less oil to be considered 

contacted our conclusions should still be valid. 

 

Results 

 

Once we decide on a base case of decision variables, we can begin to explore the 

decision space. Based on this initial investigation, we find that typically increasing SFM 

yields less diminishing returns than a proportional increase in SFV. That is to say, by 

increasing the mass of oil in the emulsion, we get more improved contact efficiency than 

with an equivalent increase in water. This conclusion will be addressed later when we 

perform multiple regression analysis on our results in order to find an equation to predict 

contact efficiency. 

  

Also, by 5% of k2 as our contact threshold, we can now investigate the effects of 

heterogeneity on contact efficiency.  Figure 5.4 shows a comparison of all low heterogeneity 

realizations for Scenarios 1-4 for SFV = 0.2 and SFM =1.0: 
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Figure 5.4: The effect of different heterogeneity realizations on the contact efficiency for 

Scenarios 1-4. This data is generated for SFV = 0.2 and SFM = 1.0 with a contact threshold of 

5% k2. 

 

 First we see that in different scenarios there is approximately a proportional 

relationship between realizations. That is to say that a realization with high contact in 

Scenario 1 will have a high contact in all the other scenarios. With the exception of a few 

cases, similar trends were observed in both Medium and High heterogeneity as well. We also 

explored the different realizations at SFV = 0.5 and observed similar trends. Given that 

realizations have trends that hold through the different scenarios, we can choose one 

representative realization from which we can draw conclusions about the rest. 

 

 We also want to explore the relationship between contact efficiency and the level of 

heterogeneity. Figure 5.5 shows how contact is different for low, medium, and high 

heterogeneity under otherwise identical conditions: 
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Figure 5.5: The effects of different levels of heterogeneity on contact efficiency for different 

realizations. This data is generated for SFV = 0.2 and SFM = 1.0 with a contact threshold of 

5% k2. 

 

 We can see in the previous figure that as the heterogeneity, or variance in hydraulic 

conductivity, increases so does the variance in contact efficiency. At the lowest heterogeneity 

all the realizations are within ~1.7% of each other, but at high heterogeneity the realizations 

vary up to ~6.3%. The medium level of heterogeneity has ~4.3% difference between 

realization and similar results were found for the other scenarios. If we consider that the 

trends between different realizations are similar across all scenarios and that the medium 

heterogeneity realizations are intermediaries of low and high, we can decide to further 

investigate one medium realization as a representative example from which we can draw 

conclusions about the studied aquifer in general. Any conclusions or regression analysis 

based on a medium conductivity realization will be analogous to all other realizations. For 

the regression analysis, we will choose to use data from medium heterogeneity realization 2, 

with the condition that the regression analysis’s confidence range will be increased to 
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represent the variability inherent in the different realizations. Another important thing to 

consider when drawing conclusions about higher or lower heterogeneity aquifers is to 

increase or decrease a confidence range of contact efficiency accordingly. 

 

 Now that we’ve established that we can analyze medium heterogeneity in order to 

draw conclusions about the design variables, we will observe how contact efficiency changes 

over the range of SFV for Scenarios 1-4. The results are shown in the following figure: 

 
Figure 5.6: The effects of SFV on contact efficiency for different scenarios at medium 

heterogeneity. 

 

 The above figure reveals that no single injection scenario is consistently better than 

another. For low SFV injected, Scenario 1 achieves higher contact, but reaches a point of no 

improvement at SFV = 1.0 after which Scenarios 2-4 continue to improve. As expected, 

Scenario 4 can achieve the highest contact efficiency, presumably due to the mitigated well 

interference, but is somewhat less effective at low injection volumes. Since most field 

applications limit SFV to less than 1.0, we can say that the different injection scenarios are 
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not significantly better than one another and that only at extremely high injection volumes 

does Scenario 4 present a significant advantage. The variation between all models in the 

typical range of SFV is within the observed variation of contact efficiency across realizations 

and could be considered insignificant. Analysis of other realization results showed similar 

trends. 

 

 Of the different injection patterns, Scenario 3 performs almost identically to Scenario 

2 and, for low injection volumes, similarly to Scenarios 1 and 4 such that we can use data 

from medium heterogeneity realization 2 Scenario 3 to produce a regression equation to 

predict contact efficiency. This model will be run over a range of SFV and SFM values in 

order to produce the 3 dimensional scatter plot of contact efficiencies from which a 

regression equation can be developed. A comprehensive list of all generated data used for 

analysis; including heterogeneity, SFV, SFM, and areal and barrier contact efficiency, is 

included in the appendix. 

 

 Scenario 5 was also studied to see what effect well spacing might have on contact 

efficiency. This scenario represents a SR reduced by half and offset as shown in Figure 4.1, 

which means an extra well is installed in your treatment area, thus increasing costs.  The 

effect of Scenario 5 on contact efficiency is compared to Scenarios 3 and 4 in the following 

figure: 
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Figure 5.7: A comparison of Scenarios 3,4, and 5 for areal contact efficiency. 

 

 For low SFV (<0.6), Scenario 5’s contact efficiency is an improvement of <5% over 

Scenarios 3 and 4, and installing an extra well does not improve the contact significantly 

enough to warrant the cost of the well. At larger injection volumes, (SFV>1.0) Scenario 5 can 

show improvements of 5-10% over Scenario 3. If large injection volumes are being used and 

the increased costs are acceptable, then Scenario 5 should be considered, but for the purposes 

of this work the Scenario 5 will not be included in regression analysis due to its small 

improvement in contact and increase in cost for typical injection volumes. 

 

 The regression was performed in MATLAB using 17 different points of varying 

water volume and oil masses. Points were chosen by varying SFM and holding SFV constant, 

vice versa, as well as varying both SFM and SFV and holding concentration constant. Since 

both the SFV and SFM studies (Figures 5.2 and 5.3) seemed to exhibit a log relationship, the 

decision variables were natural log transformed. Within the rstool utility in MATLAB, we 

chose the full quadratic regression model, which includes constant, first-order, interaction, 
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and second-order terms, in order to capture all the effects on contact efficiency. The 

regression equation derived for areal treatment is shown as: 

 

Areal Contact Efficiency =

! 

31.005 + 5.2294 ln SF
V( ) + ...

15.4666ln SF
M( ) + 6.485ln SF

V( ) ln SFM( ) " ...

0.3718(ln SF
V( ))2 "1.0865(ln SFM( ))2

 (5.3) 

 

This regression analysis produces a surface that attempts to match the observed 

results, and this is not precise. For this regression equation the RMSE is 1.48. The follow plot 

is comparing the predicted and observed contact efficiency values: 

 

 
Figure 5.8: The regression plot for areal treatment equation. RMSE = 1.48 
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Figure 5.9: The regression equation shown above plotted in 3-dimensional space for the 

volume contact efficiency for areal treatment. 

 

 Up to this point, all results have been discussed for areal treatment, but it is important 

to consider that barrier treatments generate very similar trends, except that barrier contact 

efficiency at the cross section is much higher. Figure 5.9 shows a typical efficiency curve for 

a barrier treatment: 
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Figure 5.10: A typical contact efficiency curve for barrier treatment. Notice that contact is 

now based on percentage of the flow through the cross-section contacted as opposed to 

volume, resulting much higher contact efficiencies. 

 

 We see very similar trends in the above figure as in the corresponding figure from 

areal treatment, and the same trends are generally true across realizations and heterogeneities 

as discussed above. Due to the similarities in trends between areal and barrier treatments, we 

will adapt many of the conclusions we drew for areal treatment to barrier treatment including 

5% of k2 contact threshold and one realization of medium heterogeneity as representative of 

other heterogeneities. When comparing barrier Scenarios 1 and 2, we see improvement in 

contact efficiency with Scenario 2 as shown in Figure 5.10: 
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Figure 5.11: Comparison of barrier injection Scenarios 1 and 2. Notice that when barrier 

wells are not injection simultaneously (Scenario 2) contact efficiency is improved likely due 

to mitigated well interferences. 

 

 Based on these results and others generated for different realizations, we see that 

Scenario 2 has significantly higher contact than Scenario 1. From this we decide to use 

barrier Scenario 2 to base our regression equation, and thereby used the same technique 

discussed for areal treatment to generate a regression equation and 3-D surface plot shown 

below: 

 

Barrier Contact Efficiency = 

! 

87.5219 + 8.4892ln SF
V( ) + ...

17.4658ln SF
M( ) + 8.4103ln SF

V( ) ln SFM( ) " ...

1.6237ln SF
V( )

2
" 5.6455(ln SF

M( ))2
 (5.4) 
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Figure 5.12: The regression plot for barrier treatment equation. RMSE = 1.24 
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Figure 5.13: The regression equation shown above plotted in 3-dimensional space for the 

flow contact efficiency for barrier treatment. 
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 The regressions equations developed were analyzed for parameter coefficient 

correlation. It was found that of the 6 coefficients in each equation, none of them were 

significantly correlated to another. This means that the equation does not have redundant 

terms and has a minimum number of coefficients. 

 

Both regression equations should be considered in the context of this work, in that 

these are to be used only as approximations of predicted contact efficiency to be used for 

comparing different potential remediation designs. All predicted contact efficiencies should 

consider variability based on the error inherent in multiple regression analysis, level of 

heterogeneity, and uncertainty of hydraulic conductivity values in the field. Based on this 

investigation we are able to model many different combinations of heterogeneity, injected 

volume, mass, and injection pattern and find a realization that is representative of the others 

from which we can draw conclusions and produce a regression equation to predict contact 

efficiency. 
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Chapter 6: SUMMARY AND CONCLUSION 

 

 The results of this work have been a set of regression equations suitable for predicting 

and estimated contact efficiency for an emulsified oil bioremediation barrier or areal 

treatment. The regression equations were generated by adapting a Langmuir isotherm 

reaction module into a MODFLOW/RT3D environment and producing many different 

models varying volume of water injected, mass of oil injected, order of injection, and 

hydraulic conductivity. By analyzing the results of the model runs we found that mass of oil 

and volume of water both have an important impact of the injection systems ability to spread 

oil throughout the aquifer, and consequently remediate the contaminant. We also discovered 

that, for areal treatment, different injection patterns have little impact of the contact 

efficiency at normal injection volumes and only at extremely high volumes of water (SFv  > 

1.0) will sequential injection of individual wells have a positive effect. For barrier treatment, 

the sequence of injection is more important and oil contact can be greatly improved by 

injecting the wells separately. 

 For robustness, we analyzed these injection designs in different heterogeneous 

aquifers and found that within the three levels of heterogeneity (Low, Medium, High), 

similar trends are apparent across the injection designs between the different realizations. 

Between the levels of heterogeneity, the trends are also similar, but the variability between 

realization increases. Since these trends are similar across realizations and the medium 

heterogeneity represents an average variability of conductivity (and contact efficiency), we 

can base our regression analysis on one realization of medium heterogeneity and draw 

conclusions about all other heterogeneities in general. 

 By thoroughly analyzing one realization, we produced two regression equations that 

can predict contact efficiency within a range of variability to be used to help design low cost 

effective remediation systems. The design support tool being developed based in part of these 

regression equations will be available to practicing engineers to assist in minimizing the cost 

of a potential design while maintaining an acceptable level of treatment, with the hope that 

better planning, design, and estimation techniques will improve the applications of 

emulsified oil bioremediation. 
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Colloid Reaction Package Source Code 

c 
c Reaction package for Colloids Transport 
c 
      SUBROUTINE Rxns(ncomp,nvrxndata,j,i,k,y,dydt, 
     &poros,rhob,reta,rc,nlay,nrow,ncol,vrc) 
C*Block 1:************************************************************** 
c List of calling arguments 
c ncomp - Total number of components 
c nvrxndata - Total number of variable reaction parameters to be input via RCT file 
c J, I, K - node location (used if reaction parameters are spatially variable) 
c y - Concentration value of all component at the node [array variable y(ncomp)] 
c dydt - Computed RHS of your differential equation [array variable dydt(ncomp)] 
c poros - porosity of the node 
c reta - Retardation factor [ignore dummy reta values of immobile species] 
c rhob - bulk density of the node 
c rc - Stores spatially constant reaction parameters (can dimension upto 100 values) 
c nlay, nrow, ncol - Grid size (used only for dimensioning purposes) 
c vrc - Array variable that stores spatially variable reaction parameters 
 
C*End of Block 1******************************************************** 
 
C*Block 2:************************************************************** 
C* *Please do not modify this standard interface block* 
      !MS$ATTRIBUTES DLLEXPORT :: rxns 
      IMPLICIT NONE 
      INTEGER ncol,nrow,nlay 
      INTEGER ncomp,nvrxndata,j,i,k 
      INTEGER, SAVE :: First_time=1 
      DOUBLE PRECISION y,dydt,poros,rhob,reta 
      DOUBLE PRECISION rc,vrc 
      DIMENSION y(ncomp),dydt(ncomp),rc(100) 
      DIMENSION vrc(ncol,nrow,nlay,nvrxndata),reta(ncomp) 
C*End of block 2****************************************************** 
 
C*Block 3:************************************************************** 
c *Declare your problem-specific new variables here* 
      DOUBLE PRECISION alpha, ka, smax, v, Ng, Nlo, dc, dd, conv2 
      DOUBLE PRECISION liquid, solid, nu, As, Nr, Npe, g, conv 
C*End of block 3******************************************************** 
 
C*Block 4:************************************************************** 
C*Initialize reaction parameters here, if required* 
       IF (First_time .EQ. 1) THEN 
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        conv = rc(1) ! Conversion factor 
        dd = rc(2) ! droplet diameter 
        conv2 = rc(3) ! 
        First_time = 0 !reset First_time to skip this block later 
       END IF 
C*End of block 4******************************************************** 
 
C*Block 5:************************************************************** 
C*Assign or compute the values of new variables, if required* 
      liquid = y(1) 
      solid = y(2) 
      alpha = vrc(j,i,k,1) ! Collision efficiency 
      dc = vrc(j,i,k,2) ! Grain diameter 
      smax   = vrc(j,i,k,3)  !Maximum sorption capacity (g/g) 
      v =  vrc(j,i,k,4)  ! Spatially variable velocity  
      g = (1-poros)**(0.3333333333333333333333) 
      Ng= ABS(9.81*(950-1000)*(dd)**2/(18*9.37D-4*v*conv))  
      Nlo = 4*(1D-20)/(9*3.1415*9.37E-4*dd**2*v*conv)  
      As = 2*(1-g**5)/(2-3*g+3*g**5-2*g**6) 
      Nr = dd/dc  
      Npe = 3*9.37D-4*3.1415*v*conv*dc*dd/((273+23)*1.38D-23) 
      nu = 4*(As**(0.333333))*(Npe**(-0.66666666667))+As*(Nlo**(0.125))* 
     &(Nr**(1.875))+0.00338*As*(Ng**(1.2))*(Nr**(-0.4))  
      ka=1.5*(1-poros)/dc*alpha*nu/conv2 
           
C*End of block 5******************************************************** 
 
C*Block 6:************************************************************** 
C*Differential Reaction Equations* 
      dydt(1) = -ka*v*(smax-solid)/smax*liquid 
      dydt(2) = ka*v*poros/rhob*(smax-solid)/smax*liquid 
C*End of block 6******************************************************** 
      RETURN 
      END 
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Langmuir Isotherm Reaction Package Source Code 

 

c 
c Reaction package for Colloids Transport 
c 
      SUBROUTINE Rxns(ncomp,nvrxndata,j,i,k,y,dydt, 
     &poros,rhob,reta,rc,nlay,nrow,ncol,vrc) 
C*Block 1:************************************************************** 
c List of calling arguments 
c ncomp - Total number of components 
c nvrxndata - Total number of variable reaction parameters to be input via RCT file 
c J, I, K - node location (used if reaction parameters are spatially variable) 
c y - Concentration value of all component at the node [array variable y(ncomp)] 
c dydt - Computed RHS of your differential equation [array variable dydt(ncomp)] 
c poros - porosity of the node 
c reta - Retardation factor [ignore dummy reta values of immobile species] 
c rhob - bulk density of the node 
c rc - Stores spatially constant reaction parameters (can dimension upto 100 values) 
c nlay, nrow, ncol - Grid size (used only for dimensioning purposes) 
c vrc - Array variable that stores spatially variable reaction parameters 
 
C*End of Block 1******************************************************** 
 
C*Block 2:************************************************************** 
C* *Please do not modify this standard interface block* 
      !MS$ATTRIBUTES DLLEXPORT :: rxns 
      IMPLICIT NONE 
      INTEGER ncol,nrow,nlay 
      INTEGER ncomp,nvrxndata,j,i,k 
      INTEGER, SAVE :: First_time=1 
      DOUBLE PRECISION y,dydt,poros,rhob,reta 
      DOUBLE PRECISION rc,vrc 
      DIMENSION y(ncomp),dydt(ncomp),rc(100) 
      DIMENSION vrc(ncol,nrow,nlay,nvrxndata),reta(ncomp) 
C*End of block 2****************************************************** 
 
C*Block 3:************************************************************** 
c *Declare your problem-specific new variables here* 
      DOUBLE PRECISION kone,ktwo,km,oileq 
      DOUBLE PRECISION liquid, solid 
C*End of block 3******************************************************** 
 
C*Block 4:************************************************************** 
C*Initialize reaction parameters here, if required* 
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       IF (First_time .EQ. 1) THEN 
        kone = rc(1) ! Conversion factor 
        ktwo = rc(2) ! droplet diameter 
        km = rc(3) ! 
        First_time = 0 !reset First_time to skip this block later 
       END IF 
C*End of block 4******************************************************** 
 
C*Block 5:************************************************************** 
C*Assign or compute the values of new variables, if required* 
      liquid = y(1)       ! O from 3.1.1.3 
      solid = y(2)       ! S from 3.1.1.3 
 oileq = solid*(kone*ktwo-kone*solid)**-1  ! O* from 3.1.1.3      
C*End of block 5******************************************************** 
 
C*Block 6:************************************************************** 
C*Differential Reaction Equations* 
      dydt(1) = -km*(liquid-oileq) 
      dydt(2) = km*poros/rhob*(liquid-oileq) 
C*End of block 6******************************************************** 
      RETURN 
      END 
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MATLAB contact efficiency reader/calculator code 

 
function []=dataextraction3Dareal() 
 
k2=0.007; 
percentiles=[1 5 10 25]; 
concs= [percentiles/100*k2]; 
k2=0.007; 
i_max=13; 
j_max=73; 
k_max=60; 
j_start=25      %first column of treatment area 
j_end=49        %last column of treatment area. for barrier j_end=j_start  
ts=7;           %timesteps 
 
realization_max=2 
 
for co=2:2 
    for cc=2:realization_max 
        cd('C:\Documents and Settings\mhclayt2\My Documents\Borden Thesis\Models\3-D 
Half-Grid Simulation\Scn 3\') 
        if co==1 
            %% LOW %% 
            X_max=5 
            cd('Low\') 
            if cc==1 
                fid=fopen('Low1.dat'); 
            elseif cc==2 
                fid=fopen('Low2.dat'); 
            elseif cc==3 
                fid=fopen('Low3.dat'); 
            elseif cc==4 
                fid=fopen('Low4.dat'); 
            elseif cc==5 
                fid=fopen('Low5.dat'); 
            end 
 
        elseif co==2 
            %% MEDIUM %% 
            X_max=8 
            cd('Medium\') 
            if cc==1 
                fid=fopen('Mid1.dat'); 
            elseif cc==2 
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                fid=fopen('Mid2.dat'); 
            elseif cc==3 
                fid=fopen('Mid3.dat'); 
            elseif cc==4 
                fid=fopen('Mid4.dat'); 
            elseif cc==5 
                fid=fopen('Mid5.dat'); 
            end 
 
        elseif co==3 
            %% HIGH %% 
            X_max=5 
            cd('High\') 
            if cc==1 
                fid=fopen('High1.dat'); 
            elseif cc==2 
                fid=fopen('High2.dat'); 
            elseif cc==3 
                fid=fopen('High3.dat'); 
            elseif cc==4 
                fid=fopen('High4.dat'); 
            elseif cc==5 
                fid=fopen('High5.dat'); 
            end 
        end 
 
        B=textscan(fid,'%20s'); 
        fclose(fid); 
        format long 
        k_index=13+i_max*j_max*k_max; 
        count=0; 
        % fid=('C:\Documents and Settings\mhclayt2\My Documents\Borden Thesis\Models\3-
D Half-Grid Simulation\Scn 1\X=2\kount.txt'); 
        % out = fopen(fid,'w'); 
        for k=1:k_max 
            for i=1:i_max 
                for j=1:j_max 
                    k_index=k_index+1; 
                    if (j>=j_start && j<=j_end) 
                        k_index; 
                        cond=B{1,1}{k_index,1}; 
                        loopconductivity(k,i_max-i+1,j-j_start+1)=str2double(cond); 
                        count=count+1; 
                        %                 fprintf(out,'%10g \n',conductivity(k,:)); 
                    end 
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                end 
            end 
        end 
        transmissivity=loopconductivity*.05; 
        total_transmissivity=sum(sum(sum(transmissivity))); 
        transmissivity_weight=transmissivity/total_transmissivity; 
        % fclose(out); 
        %         for cc=1:realization_max 
        %             if cc==1 
        %                 cd('Mid2') 
        %             end 
        if co==1 
            if cc==1 
                cd('Low1') 
            elseif cc==2 
                cd('Low2') 
            elseif cc==3 
                cd('Low3') 
            elseif cc==4 
                cd('Low4') 
            elseif cc==5 
                cd('Low5') 
            end 
        elseif co==2 
 
            if cc==1 
                cd('Mid1') 
            elseif cc==2 
                cd('Mid2') 
            elseif cc==3 
                cd('Mid3') 
            elseif cc==4 
                cd('Mid4') 
            elseif cc==5 
                cd('Mid5') 
            end 
        elseif co==3 
 
            if cc==1 
                cd('High1') 
            elseif cc==2 
                cd('High2') 
            elseif cc==3 
                cd('High3') 
            elseif cc==4 
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                cd('High4') 
            elseif cc==5 
                cd('High5') 
            end 
        end 
 
        for X=1:X_max 
            if X==1 
                cd('X=2.0') 
                fid=('X=2.0.csv'); 
            elseif X==2 
                cd('X=1.5') 
                fid=('X=1.5.csv'); 
            elseif X==3 
                cd('X=1.0') 
 
                fid=('X=1.0.csv'); 
            elseif X==4 
                cd('X=0.6') 
                fid=('X=0.6.csv'); 
            elseif X==5 
                cd('X=0.5') 
                fid=('X=0.5.csv'); 
            elseif X==6 
                cd('X=0.4') 
                fid=('X=0.4.csv'); 
            elseif X==7 
                cd('X=0.2') 
                fid=('X=0.2.csv'); 
            elseif X==8 
                cd('X=0.1') 
                fid=('X=0.1.csv'); 
            elseif X==9 
                cd('X=0.25 M=50%') 
                fid=('X=0.25 M=50%.csv'); 
            elseif X==10 
                pwd 
                cd('2var (used Mid1 k)') 
                cd('X=2.0 M=50%') 
                fid=('X=2.0 M=50%.csv'); 
            elseif X==11 
                cd('X=0.75 M=150%') 
                fid=('X=0.75 M=150%.csv'); 
            elseif X==12 
                cd('X=2.0 M=400%') 
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                fid=('X=2.0 M=400%.csv'); 
            end 
            pwd 
 out = fopen(fid,'w+'); 
            fclose(out); 
            for Conc =concs 
                fid2=fopen('sorbed.dat'); 
                A=textscan(fid2,'%20s'); 
                fclose(fid2); 
                fid3=fopen('CCF_mag.dat'); 
                C=textscan(fid3,'%20s'); 
                fclose(fid3); 
                format long 
                %prof=zeros(i_max,j_max); 
                looplay1_indexw=13; 
                loopvel_index=13; 
 
                %     For Mac 
                %     fid=('/Users/MattBook/Documents/Research/EOS Transport 
                %     Modeling/sorbed.txt') 
                %     out = fopen(fid,'a+'); 
                %     For Windows 
                %             fid=('sorbed.csv'); 
                out = fopen(fid,'a+'); 
                fprintf(out, '\n          i_max          j_max       k_max       Conc        Percentile     
time_step\n'); 
                fprintf(out, 
'%15g%15g%15g%15g%15g%15g\n',i_max,j_max,k_max,Conc,Conc/k2*100,ts); 
                fclose(out); 
 
                for time=1:ts 
                    %                     time 
                    flowweight_percent=0; 
                    loopcount(k_max,i_max)=zeros; 
                    if (time==1) 
                        looplay1_indexw=looplay1_indexw+i_max*j_max*k_max; 
                    else 
                        looplay1_indexw=looplay1_indexw+i_max*j_max*k_max+3; 
                    end 
                    if time>2 
                        loopvel_index=loopvel_index+3; 
                    end 
                    for k=1:k_max 
                        for i=1:i_max 
                            for j=1:j_max 
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                                looplay1_indexw=looplay1_indexw+1; 
                                looplay1w=A{1,1}{looplay1_indexw,1}; 
                                looplay1w=str2double(looplay1w); 
                                if time>1 
                                    loopvel_index=loopvel_index+1; 
                                    loop_vel=C{1,1}{loopvel_index,1}; 
                                end 
                                if (j>=j_start && j<=j_end) 
                                    if time>1 
                                        loop_velocity(k,i_max-i+1,j-j_start+1)=str2double(loop_vel); 
                                    end 
   if (looplay1w>Conc) 
                                        loopcount(k,i_max-i+1,j-j_start+1)=1; 
                                    end 
                                end 
                            end 
  end 
                    end 
 
                    out = fopen(fid,'a+'); 
                    percent=sum(sum(sum(loopcount)))/(i_max*k_max*(j_end-j_start))*100; 
                    transweight_percent=sum(sum(sum(loopcount.*transmissivity_weight*100))); 
                    if time>1 
                        flow=loop_velocity*.05*.25; 
                        total_flow=sum(sum(sum(flow))); 
                        flow_weight=flow/total_flow; 
                        flowweight_percent=sum(sum(sum(loopcount.*flow_weight*100))); 
                    end 
                    fprintf(out, '\n%15g,%15g,%15g', 
percent,transweight_percent,flowweight_percent); 
                    fclose(out); 
                    % copyfile(fid,'../ 
                end 
                clear loop* 
            end 
            cd('..') 
        end 
        cd('..') 
    end 
end 
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Table Summarizing Design Variables and Parameters 

 

 The following tables summarize the parameters for each injection well under different 

scenarios and design variables. The well naming follows the pattern in this figure: 

 

 

 

 

 

 

 

 

 

 

 

 

Units are as follows: 
 
Length = days, Flow = m3/day, Conc. = mg/L 
 

W-1 

W-3 W-4 

W-2 

W-5 
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Injection Period 1 
Scn SFm SFv Sw Sr 

Length Flow 
W-1 

Conc 
W-1 

Flow 
W-2 

Conc 
W-2 

Flow 
W-3 

Conc 
W-3 

Flow 
W-4 

Conc 
W-4 

Flow 
W-5 

Conc 
W-5 

1 1 0.1 3 6 0.074 2.88 0.700 2.88 0.700 2.88 0.700 2.88 0.700 0 0.000 
1 1 0.2 3 6 0.147 2.88 0.350 2.88 0.350 2.88 0.350 2.88 0.350 0 0.000 
1 1 0.4 3 6 0.294 2.88 0.175 2.88 0.175 2.88 0.175 2.88 0.175 0 0.000 
1 1 0.5 3 6 0.368 2.88 0.140 2.88 0.140 2.88 0.140 2.88 0.140 0 0.000 
1 1 0.6 3 6 0.442 2.88 0.117 2.88 0.117 2.88 0.117 2.88 0.117 0 0.000 
1 1 0.8 3 6 0.589 2.88 0.088 2.88 0.088 2.88 0.088 2.88 0.088 0 0.000 
1 1 1 3 6 0.736 2.88 0.070 2.88 0.070 2.88 0.070 2.88 0.070 0 0.000 
1 1 1.25 3 6 0.920 2.88 0.056 2.88 0.056 2.88 0.056 2.88 0.056 0 0.000 
1 1 1.5 3 6 1.104 2.88 0.047 2.88 0.047 2.88 0.047 2.88 0.047 0 0.000 
1 1 1.75 3 6 1.288 2.88 0.040 2.88 0.040 2.88 0.040 2.88 0.040 0 0.000 
1 1 2 3 6 1.472 2.88 0.035 2.88 0.035 2.88 0.035 2.88 0.035 0 0.000 
2 1 0.1 3 6 0.074 0 0.000 2.88 0.700 0 0.000 2.88 0.700 0 0.000 
2 1 0.2 3 6 0.147 0 0.000 2.88 0.350 0 0.000 2.88 0.350 0 0.000 
2 1 0.4 3 6 0.294 0 0.000 2.88 0.175 0 0.000 2.88 0.175 0 0.000 
2 1 0.5 3 6 0.368 0 0.000 2.88 0.140 0 0.000 2.88 0.140 0 0.000 
2 1 0.6 3 6 0.442 0 0.000 2.88 0.117 0 0.000 2.88 0.117 0 0.000 
2 1 1 3 6 0.736 0 0.000 2.88 0.070 0 0.000 2.88 0.070 0 0.000 
2 1 1.5 3 6 1.104 0 0.000 2.88 0.047 0 0.000 2.88 0.047 0 0.000 
2 1 2 3 6 1.472 0 0.000 2.88 0.035 0 0.000 2.88 0.035 0 0.000 
3 1 0.1 3 6 0.074 2.88 0.700 2.88 0.700 0 0.000 0 0.000 0 0.000 
3 1 0.2 3 6 0.147 2.88 0.350 2.88 0.350 0 0.000 0 0.000 0 0.000 
3 1 0.4 3 6 0.294 2.88 0.175 2.88 0.175 0 0.000 0 0.000 0 0.000 
3 1 0.5 3 6 0.368 2.88 0.140 2.88 0.140 0 0.000 0 0.000 0 0.000 
3 1 0.6 3 6 0.442 2.88 0.117 2.88 0.117 0 0.000 0 0.000 0 0.000 
3 1 1 3 6 0.736 2.88 0.070 2.88 0.070 0 0.000 0 0.000 0 0.000 
3 1 1.5 3 6 1.104 2.88 0.047 2.88 0.047 0 0.000 0 0.000 0 0.000 
3 1 2 3 6 1.472 2.88 0.035 2.88 0.035 0 0.000 0 0.000 0 0.000 
4 1 0.1 3 6 0.074 2.88 0.700 0 0.000 0 0.000 0 0.000 0 0.000 
4 1 0.2 3 6 0.147 2.88 0.350 0 0.000 0 0.000 0 0.000 0 0.000 
4 1 0.4 3 6 0.294 2.88 0.175 0 0.000 0 0.000 0 0.000 0 0.000 
4 1 0.5 3 6 0.368 2.88 0.140 0 0.000 0 0.000 0 0.000 0 0.000 
4 1 0.6 3 6 0.442 2.88 0.117 0 0.000 0 0.000 0 0.000 0 0.000 
4 1 1 3 6 0.736 2.88 0.070 0 0.000 0 0.000 0 0.000 0 0.000 
4 1 1.5 3 6 1.104 2.88 0.047 0 0.000 0 0.000 0 0.000 0 0.000 
4 1 2 3 6 1.472 2.88 0.035 0 0.000 0 0.000 0 0.000 0 0.000 
5 1 0.1 3 6 0.037 2.88 0.350 2.88 0.350 0 0.000 0 0.000 0 0.000 
5 1 0.2 3 6 0.074 2.88 0.175 2.88 0.175 0 0.000 0 0.000 0 0.000 
5 1 0.4 3 6 0.147 2.88 0.088 2.88 0.088 0 0.000 0 0.000 0 0.000 
5 1 0.5 3 6 0.184 2.88 0.070 2.88 0.070 0 0.000 0 0.000 0 0.000 
5 1 0.6 3 6 0.221 2.88 0.058 2.88 0.058 0 0.000 0 0.000 0 0.000 
5 1 1 3 6 0.368 2.88 0.035 2.88 0.035 0 0.000 0 0.000 0 0.000 
5 1 1.5 3 6 0.552 2.88 0.023 2.88 0.023 0 0.000 0 0.000 0 0.000 
5 1 2 3 6 0.736 2.88 0.018 2.88 0.018 0 0.000 0 0.000 0 0.000 
3 0.5 0.5 3 6 0.368 2.88 0.070 2.88 0.070 0 0.000 0 0.000 0 0.000 
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3 2 0.5 3 6 0.368 2.88 0.280 2.88 0.280 0 0.000 0 0.000 0 0.000 
3 4 0.5 3 6 0.368 2.88 0.560 2.88 0.560 0 0.000 0 0.000 0 0.000 
3 0.5 0.25 3 6 0.184 2.88 0.140 2.88 0.140 0 0.000 0 0.000 0 0.000 
3 1.5 0.75 3 6 0.552 2.88 0.140 2.88 0.140 0 0.000 0 0.000 0 0.000 
3 4 2 3 6 1.472 2.88 0.140 2.88 0.140 0 0.000 0 0.000 0 0.000 
3 2 0.1 3 6 0.074 2.88 1.400 2.88 1.400 0 0.000 0 0.000 0 0.000 
3 0.5 2 3 6 1.472 2.88 0.018 2.88 0.018 0 0.000 0 0.000 0 0.000 
 
 

Injection Period 2 
Scn SFm SFv Sw Sr 

Length Flow 
W-1 

Conc 
W-1 

Flow 
W-2 

Conc 
W-2 

Flow 
W-3 

Conc 
W-3 

Flow 
W-4 

Conc 
W-4 

Flow 
W-5 

Conc 
W-5 

1 1 0.1 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 0.2 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 0.4 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 0.5 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 0.6 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 0.8 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 1 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 1.25 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 1.5 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 1.75 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 2 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
2 1 0.1 3 6 0.074 2.88 0.700 0 0.000 2.88 0.700 0 0.000 0 0.000 
2 1 0.2 3 6 0.147 2.88 0.350 0 0.000 2.88 0.350 0 0.000 0 0.000 
2 1 0.4 3 6 0.294 2.88 0.175 0 0.000 2.88 0.175 0 0.000 0 0.000 
2 1 0.5 3 6 0.368 2.88 0.140 0 0.000 2.88 0.140 0 0.000 0 0.000 
2 1 0.6 3 6 0.442 2.88 0.117 0 0.000 2.88 0.117 0 0.000 0 0.000 
2 1 1 3 6 0.736 2.88 0.070 0 0.000 2.88 0.070 0 0.000 0 0.000 
2 1 1.5 3 6 1.104 2.88 0.047 0 0.000 2.88 0.047 0 0.000 0 0.000 
2 1 2 3 6 1.472 2.88 0.035 0 0.000 2.88 0.035 0 0.000 0 0.000 
3 1 0.1 3 6 0.074 0 0.000 0 0.000 2.88 0.700 2.88 0.700 0 0.000 
3 1 0.2 3 6 0.147 0 0.000 0 0.000 2.88 0.350 2.88 0.350 0 0.000 
3 1 0.4 3 6 0.294 0 0.000 0 0.000 2.88 0.175 2.88 0.175 0 0.000 
3 1 0.5 3 6 0.368 0 0.000 0 0.000 2.88 0.140 2.88 0.140 0 0.000 
3 1 0.6 3 6 0.442 0 0.000 0 0.000 2.88 0.117 2.88 0.117 0 0.000 
3 1 1 3 6 0.736 0 0.000 0 0.000 2.88 0.070 2.88 0.070 0 0.000 
3 1 1.5 3 6 1.104 0 0.000 0 0.000 2.88 0.047 2.88 0.047 0 0.000 
3 1 2 3 6 1.472 0 0.000 0 0.000 2.88 0.035 2.88 0.035 0 0.000 
4 1 0.1 3 6 0.074 0 0.000 0 0.000 2.88 0.700 0 0.000 0 0.000 
4 1 0.2 3 6 0.147 0 0.000 0 0.000 2.88 0.350 0 0.000 0 0.000 
4 1 0.4 3 6 0.294 0 0.000 0 0.000 2.88 0.175 0 0.000 0 0.000 
4 1 0.5 3 6 0.368 0 0.000 0 0.000 2.88 0.140 0 0.000 0 0.000 
4 1 0.6 3 6 0.442 0 0.000 0 0.000 2.88 0.117 0 0.000 0 0.000 
4 1 1 3 6 0.736 0 0.000 0 0.000 2.88 0.070 0 0.000 0 0.000 
4 1 1.5 3 6 1.104 0 0.000 0 0.000 2.88 0.047 0 0.000 0 0.000 
4 1 2 3 6 1.472 0 0.000 0 0.000 2.88 0.035 0 0.000 0 0.000 
5 1 0.1 3 6 0.037 0 0.000 0 0.000 2.88 0.350 2.88 0.350 0 0.000 
5 1 0.2 3 6 0.074 0 0.000 0 0.000 2.88 0.175 2.88 0.175 0 0.000 
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5 1 0.4 3 6 0.147 0 0.000 0 0.000 2.88 0.088 2.88 0.088 0 0.000 
5 1 0.5 3 6 0.184 0 0.000 0 0.000 2.88 0.070 2.88 0.070 0 0.000 
5 1 0.6 3 6 0.221 0 0.000 0 0.000 2.88 0.058 2.88 0.058 0 0.000 
5 1 1 3 6 0.368 0 0.000 0 0.000 2.88 0.035 2.88 0.035 0 0.000 
5 1 1.5 3 6 0.552 0 0.000 0 0.000 2.88 0.023 2.88 0.023 0 0.000 
5 1 2 3 6 0.736 0 0.000 0 0.000 2.88 0.018 2.88 0.018 0 0.000 
3 0.5 0.5 3 6 0.368 0 0.000 0 0.000 2.88 0.070 2.88 0.070 0 0.000 
3 2 0.5 3 6 0.368 0 0.000 0 0.000 2.88 0.280 2.88 0.280 0 0.000 
3 4 0.5 3 6 0.368 0 0.000 0 0.000 2.88 0.560 2.88 0.560 0 0.000 
3 0.5 0.25 3 6 0.184 0 0.000 0 0.000 2.88 0.140 2.88 0.140 0 0.000 
3 1.5 0.75 3 6 0.552 0 0.000 0 0.000 2.88 0.140 2.88 0.140 0 0.000 
3 4 2 3 6 1.472 0 0.000 0 0.000 2.88 0.140 2.88 0.140 0 0.000 
3 2 0.1 3 6 0.074 0 0.000 0 0.000 2.88 1.400 2.88 1.400 0 0.000 
3 0.5 2 3 6 1.472 0 0.000 0 0.000 2.88 0.018 2.88 0.018 0 0.000 

 
 

Injection Period 3 
Scn SFm SFv Sw Sr 

Length Flow 
W-1 

Conc 
W-1 

Flow 
W-2 

Conc 
W-2 

Flow 
W-3 

Conc 
W-3 

Flow 
W-4 

Conc 
W-4 

Flow 
W-5 

Conc 
W-5 

1 1 0.1 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 0.2 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 0.4 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 0.5 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 0.6 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 0.8 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 1 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 1.25 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 1.5 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 1.75 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 2 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
2 1 0.1 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
2 1 0.2 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
2 1 0.4 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
2 1 0.5 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
2 1 0.6 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
2 1 1 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
2 1 1.5 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
2 1 2 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 1 0.1 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 1 0.2 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 1 0.4 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 1 0.5 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 1 0.6 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 1 1 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 1 1.5 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 1 2 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
4 1 0.1 3 6 0.074 0 0.000 2.88 0.700 0 0.000 0 0.000 0 0.000 
4 1 0.2 3 6 0.147 0 0.000 2.88 0.350 0 0.000 0 0.000 0 0.000 
4 1 0.4 3 6 0.294 0 0.000 2.88 0.175 0 0.000 0 0.000 0 0.000 
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4 1 0.5 3 6 0.368 0 0.000 2.88 0.140 0 0.000 0 0.000 0 0.000 
4 1 0.6 3 6 0.442 0 0.000 2.88 0.117 0 0.000 0 0.000 0 0.000 
4 1 1 3 6 0.736 0 0.000 2.88 0.070 0 0.000 0 0.000 0 0.000 
4 1 1.5 3 6 1.104 0 0.000 2.88 0.047 0 0.000 0 0.000 0 0.000 
4 1 2 3 6 1.472 0 0.000 2.88 0.035 0 0.000 0 0.000 0 0.000 
5 1 0.1 3 6 0.037 0 0.000 0 0.000 0 0.000 0 0.000 5.76 0.350 
5 1 0.2 3 6 0.074 0 0.000 0 0.000 0 0.000 0 0.000 5.76 0.175 
5 1 0.4 3 6 0.147 0 0.000 0 0.000 0 0.000 0 0.000 5.76 0.088 
5 1 0.5 3 6 0.184 0 0.000 0 0.000 0 0.000 0 0.000 5.76 0.070 
5 1 0.6 3 6 0.221 0 0.000 0 0.000 0 0.000 0 0.000 5.76 0.058 
5 1 1 3 6 0.368 0 0.000 0 0.000 0 0.000 0 0.000 5.76 0.035 
5 1 1.5 3 6 0.552 0 0.000 0 0.000 0 0.000 0 0.000 5.76 0.023 
5 1 2 3 6 0.736 0 0.000 0 0.000 0 0.000 0 0.000 5.76 0.018 
3 0.5 0.5 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 2 0.5 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 4 0.5 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 0.5 0.25 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 1.5 0.75 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 4 2 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 2 0.1 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 0.5 2 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 

 
 

Injection Period 4 
Scn SFm SFv Sw Sr 

Length Flow 
W-1 

Conc 
W-1 

Flow 
W-2 

Conc 
W-2 

Flow 
W-3 

Conc 
W-3 

Flow 
W-4 

Conc 
W-4 

Flow 
W-5 

Conc 
W-5 

1 1 0.1 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 0.2 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 0.4 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 0.5 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 0.6 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 0.8 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 1 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 1.25 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 1.5 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 1.75 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
1 1 2 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
2 1 0.1 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
2 1 0.2 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
2 1 0.4 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
2 1 0.5 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
2 1 0.6 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
2 1 1 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
2 1 1.5 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
2 1 2 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 1 0.1 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 1 0.2 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 1 0.4 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 1 0.5 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
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3 1 0.6 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 1 1 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 1 1.5 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 1 2 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
4 1 0.1 3 6 0.074 0 0.000 0 0.000 0 0.000 2.88 0.700 0 0.000 
4 1 0.2 3 6 0.147 0 0.000 0 0.000 0 0.000 2.88 0.350 0 0.000 
4 1 0.4 3 6 0.294 0 0.000 0 0.000 0 0.000 2.88 0.175 0 0.000 
4 1 0.5 3 6 0.368 0 0.000 0 0.000 0 0.000 2.88 0.140 0 0.000 
4 1 0.6 3 6 0.442 0 0.000 0 0.000 0 0.000 2.88 0.117 0 0.000 
4 1 1 3 6 0.736 0 0.000 0 0.000 0 0.000 2.88 0.070 0 0.000 
4 1 1.5 3 6 1.104 0 0.000 0 0.000 0 0.000 2.88 0.047 0 0.000 
4 1 2 3 6 1.472 0 0.000 0 0.000 0 0.000 2.88 0.035 0 0.000 
5 1 0.1 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
5 1 0.2 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
5 1 0.4 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
5 1 0.5 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
5 1 0.6 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
5 1 1 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
5 1 1.5 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
5 1 2 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 0.5 0.5 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 2 0.5 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 4 0.5 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 0.5 0.25 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 1.5 0.75 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 4 2 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 2 0.1 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
3 0.5 2 3 6 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
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Table Summarizing Generated Contact Efficiencies 

 

 

          Volume Contact Efficiency Flow Contact Efficiency 

Num Scn Perm SFm SFv 

Conc 
= 

0.01 
* K2 

Conc 
= 0.05 
* K2 

Conc 
= 

0.10 
* K2 

Conc 
= 

0.25 
* K2 

Conc 
= 0.01 
* K2 

Conc 
= 0.05 
* K2 

Conc 
= 

0.10 
* K2 

Conc 
= 

0.25 
* K2 

1 1 Low1 1 0.1 26.47 22.05 20.30 18.22         
2 1 Low1 1 0.2 34.13 28.45 26.59 23.87         
3 1 Low1 1 0.4 40.36 34.36 31.88 29.04         
4 1 Low1 1 0.5 42.92 36.39 33.89 30.74         
5 1 Low1 1 0.6 43.19 37.18 34.42 31.19         
6 1 Low1 1 1 43.65 37.77 35.39 31.94         
7 1 Low1 1 1.5 43.18 37.73 35.25 31.92         
8 1 Low1 1 2 42.22 36.82 34.42 31.29         
9 1 Low2 1 0.2 37.38 30.40 28.04 25.20 69.85 61.60 59.09 53.26 

10 1 Low2 1 0.5         80.58 72.03 68.35 63.38 
11 1 Low3 1 0.2 36.28 29.95 27.63 24.78 71.74 65.36 61.76 56.50 
12 1 Low3 1 0.5         81.09 74.46 70.67 64.69 
13 1 Low4 1 0.2 37.54 31.37 28.93 25.93 71.40 63.16 59.61 54.74 
14 1 Low4 1 0.5         79.23 71.03 67.56   
15 1 Low5 1 0.2 37.22 30.85 28.65 25.82 72.26 64.40 62.37 57.20 
16 1 Low5 1 0.5         80.92 73.31 69.79 63.79 
17 1 Mid1 1 0.1 25.35 21.27 19.41 17.46 68.63 62.03 58.68 55.30 
18 1 Mid1 1 0.2 29.43 25.00 23.20 20.80 74.64 67.99 64.62 60.30 
19 1 Mid1 1 0.4 32.55 27.72 25.77 23.20 79.52 72.73 70.48 63.98 
20 1 Mid1 1 0.5 33.48 28.42 26.52 23.86 80.99 73.68 70.02 65.17 
21 1 Mid1 1 0.6 34.09 29.12 27.12 24.47 82.63 74.30 71.41 65.90 
22 1 Mid1 1 1 34.55 29.85 27.88 25.06 84.18 77.06 75.58 69.45 
23 1 Mid1 1 1.5 34.18 29.58 27.52 24.82 84.89 77.98 73.99 69.47 
24 1 Mid1 1 2 34.34 29.54 27.49 24.89 85.00 78.08 74.85 70.54 
25 1 Mid2 1 0.2 30.81 26.20 24.40 22.06 73.18 65.74 61.82 57.55 
26 1 Mid2 1 0.5         73.89 67.22 64.17 60.20 
27 1 Mid3 1 0.2 31.99 27.51 25.61 23.05 72.34 65.89 62.12 58.12 
28 1 Mid3 1 0.5         73.09 65.55 63.71 59.57 
29 1 Mid4 1 0.2 32.69 28.19 26.40 23.82 73.41 64.77 62.17 57.86 
30 1 Mid4 1 0.5         74.84 69.89 67.18 61.99 
31 1 Mid5 1 0.2 32.02 27.41 25.46 22.95 74.56 67.30 64.36 60.33 
32 1 Mid5 1 0.5         76.68 69.06 67.30 63.10 
          Volume Contact Efficiency Flow Contact Efficiency 

Num Scn Perm SFm SFv 

Conc 
= 

0.01 
* K2 

Conc 
= 0.05 
* K2 

Conc 
= 

0.10 
* K2 

Conc 
= 

0.25 
* K2 

Conc 
= 0.01 
* K2 

Conc 
= 0.05 
* K2 

Conc 
= 

0.10 
* K2 

Conc 
= 

0.25 
* K2 

33 2 Low1 1 0.1         62.27 54.61 50.30 46.54 
34 2 Low1 1 0.2 37.55 31.25 28.95 25.97 72.56 62.67 60.17 55.11 
35 2 Low1 1 0.4         81.44 72.85 68.72 62.81 
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36 2 Low1 1 0.5         90.42 79.15 76.05 68.43 
37 2 Low1 1 0.6         92.23 81.11 77.40 70.46 
38 2 Low1 1 1         93.54 84.38 79.99 76.03 
39 2 Low1 1 1.5         96.39 90.93 87.19 80.25 
40 2 Low1 1 2         98.81 92.92 89.72 83.38 
41 2 Low2 1 0.1         61.52 54.74 50.61 46.92 
42 2 Low2 1 0.2 36.90 30.40 28.17 25.68 71.56 63.86 60.59 54.97 
43 2 Low2 1 0.4         84.27 73.88 69.30 63.23 
44 2 Low2 1 0.5         86.62 77.19 73.32 65.87 
45 2 Low2 1 0.6         89.32 78.92 75.43 69.62 
46 2 Low2 1 1         93.91 86.01 83.99 75.55 
47 2 Low2 1 1.5         96.35 90.74 87.96 81.81 
48 2 Low2 1 2         98.34 93.67 90.12 85.05 
49 2 Low3 1 0.2 36.76 30.95 28.84 26.05 75.04 66.18 63.70 58.14 
50 2 Low3 1 0.5         85.75 77.25 73.21 67.76 
51 2 Low3 1 0.6         89.13 80.98 76.22 69.90 
52 2 Low3 1 1         93.79 85.66 82.77 77.77 
53 2 Low3 1 1.5         96.42 90.38 86.81 81.84 
54 2 Low3 1 2         97.55 92.88 88.99 84.44 
55 2 Low4 1 0.2 36.62 30.77 28.73 25.92 74.86 65.00 61.05 55.26 
56 2 Low4 1 0.5         89.15 79.47 75.77 69.16 
57 2 Low5 1 0.2 37.50 31.28 29.03 26.45 73.80 66.10 62.66 58.46 
58 2 Low5 1 0.5         86.43 77.59 73.73 68.18 
59 2 Mid1 1 0.1 21.98 18.39 16.96 15.18 70.42 64.68 61.01 56.28 
60 2 Mid1 1 0.2 26.22 22.20 20.53 18.33 80.15 71.59 68.12 63.77 
61 2 Mid1 1 0.4 29.96 25.34 23.65 21.10 87.59 79.18 75.56 70.85 
62 2 Mid1 1 0.5 31.22 26.59 24.71 22.21 89.26 82.00 77.50 73.63 
63 2 Mid1 1 0.6 32.23 27.29 25.40 22.88 91.15 83.11 80.38 74.75 
64 2 Mid1 1 1 34.29 29.21 27.23 24.50 94.89 88.25 84.14 78.87 
65 2 Mid1 1 1.5 35.63 30.58 28.34 25.49 96.27 91.20 87.67 81.88 
66 2 Mid1 1 2 37.02 31.69 29.32 26.31 97.32 91.98 89.76 83.26 
67 2 Mid2 1 0.2 28.15 23.90 22.22 20.14 76.09 68.68 64.71 58.94 
68 2 Mid2 1 0.5         89.83 80.65 77.03 70.87 
69 2 Mid3 1 0.2 28.62 24.28 22.61 20.24 77.89 68.02 64.85 60.22 
70 2 Mid3 1 0.5         89.76 79.38 76.17 69.92 
71 2 Mid4 1 0.2 30.42 26.18 24.44 21.95 75.07 66.94 63.16 58.37 
72 2 Mid4 1 0.5         89.51 80.57 77.47 71.41 
73 2 Mid5 1 0.2 29.29 25.07 23.25 20.67 79.14 69.99 67.20 62.76 
74 2 Mid5 1 0.5         88.35 80.70 77.58 71.87 
75 2 High1 1 0.2 28.97 24.73 23.03 20.50 87.09 79.63 76.65 72.89 
76 2 High2 1 0.2 25.03 21.31 19.90 17.95 75.01 65.37 63.07 59.16 
77 2 High3 1 0.2 28.19 24.33 22.65 20.26 81.83 73.49 70.39 65.79 
78 2 High4 1 0.2 31.53 26.81 24.99 22.02 88.82 81.56 79.18 74.81 
79 2 High5 1 0.2 28.84 24.82 23.11 20.53 93.06 87.61 85.37 81.66 
          Volume Contact Efficiency Flow Contact Efficiency 

Num Scn Perm SFm SFv 

Conc 
= 

0.01 
* K2 

Conc 
= 0.05 
* K2 

Conc 
= 

0.10 
* K2 

Conc 
= 

0.25 
* K2 

Conc 
= 0.01 
* K2 

Conc 
= 0.05 
* K2 

Conc 
= 

0.10 
* K2 

Conc 
= 

0.25 
* K2 

80 3 Low1 1 0.1 29.42 24.50 22.79 20.60         
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81 3 Low1 1 0.2 37.79 31.68 29.15 26.23         
82 3 Low1 1 0.4 42.39 35.86 33.41 30.15         
83 3 Low1 1 0.5 43.53 37.04 34.54 31.03         
84 3 Low1 1 0.6 44.36 37.78 35.22 31.94         
85 3 Low1 1 1 44.63 38.42 35.82 32.71         
86 3 Low1 1 1.5 44.25 38.48 35.75 32.44         
87 3 Low1 1 2 44.06 38.28 35.63 32.45         
88 3 Low2 1 0.2 36.62 29.96 27.84 25.24 72.47 63.51 60.96 55.26 
89 3 Low2 1 0.5 47.94 40.92 38.02 34.78 87.02 77.45 72.36 66.72 
90 3 Low3 1 0.2 36.50 30.86 28.62 25.77 74.09 66.78 63.48 57.59 
91 3 Low3 1 0.5 42.98 36.42 34.00 30.80 86.58 77.30 73.96 67.96 
92 3 Low4 1 0.2 37.73 32.00 29.68 26.88 75.30 66.27 61.75 56.52 
93 3 Low4 1 0.5 43.22 37.20 34.70 31.48 88.67 78.94 75.75 69.12 
94 3 Low5 1 0.2 37.79 31.59 29.42   74.53 66.07 63.18 57.26 
95 3 Low5 1 0.5 44.41 37.78 35.28 32.01 86.23 78.26 74.20 68.63 
96 3 Mid1 1 0.1 18.82 15.74 14.56 12.80 71.63 63.68 59.97 56.33 
97 3 Mid1 1 0.2 26.28 22.02 20.44 18.19 79.69 71.14 67.38 63.33 
98 3 Mid1 1 0.4 30.28 25.76 23.86 21.49 87.66 78.86 75.71 71.07 
99 3 Mid1 1 0.5 31.34 26.53 24.78 22.31 89.39 82.03 79.00 74.00 

100 3 Mid1 1 0.6 32.58 27.44 25.59 23.08 91.20 83.66 80.53 75.79 
101 3 Mid1 1 1 34.69 29.54 27.43 24.61 94.80 88.41 86.09 79.74 
102 3 Mid1 1 1.5 36.10 30.96 28.73 25.85 96.59 90.39 88.25 84.72 
103 3 Mid1 1 2 37.31 32.03 29.62 26.61 97.07 92.40 89.67 85.61 
104 3 Mid2 1 0.1 20.19 17.25 15.80 14.05 67.46 59.98 56.91 51.75 
105 3 Mid2 1 0.2 26.28 22.02 20.44 18.19 77.13 68.82 64.45 59.75 
106 3 Mid2 1 0.4 30.28 25.76 23.86 21.49 87.66 78.86 75.71 71.07 
107 3 Mid2 1 0.5 31.34 26.53 24.78 22.31 89.17 81.16 77.10 71.00 
108 3 Mid2 1 0.6 32.58 27.44 25.59 23.08 91.20 83.66 80.53 75.79 
109 3 Mid2 1 1 34.69 29.54 27.43 24.61 94.80 88.41 86.09 79.74 
110 3 Mid2 1 1.5 36.10 30.96 28.73 25.85 96.59 90.39 88.25 84.72 
111 3 Mid2 1 2 38.07 32.83 30.52 27.52 98.41 93.50 90.51 85.63 
112 3 Mid2 0.5 0.5 23.93 19.60 17.78 15.54 82.09 70.95 68.09 60.89 
113 3 Mid2 2 0.5 38.93 34.05 32.08 29.33 91.97 84.34 81.12 77.10 
114 3 Mid2 4 0.5 43.74 38.85 36.68 33.59 93.62 87.08 84.30 79.19 
115 3 Mid2 0.5 0.25 21.52 17.43 15.99 13.79 74.93 64.99 61.06 56.07 
116 3 Mid2 1.5 0.75 42.37 37.41 35.42 32.49 96.35 90.02 86.90 81.90 
117 3 Mid2 2 1 49.27 44.66 42.51 39.28 98.97 96.00 92.86 89.90 
118 3 Mid2 4 2 65.51 61.78 60.27 57.56 100.00 100.00 99.92 99.84 
119 3 Mid3 1 0.2 28.65 24.48 22.73 20.27 77.96 68.20 65.04 60.65 
120 3 Mid3 1 0.5 34.28 29.39 27.40 24.67 90.03 81.78 78.22 72.03 
121 3 Mid4 1 0.2 30.66 26.35 24.56 21.98 75.72 67.75 64.35 59.40 
122 3 Mid4 1 0.5 36.77 31.90 29.85 26.94 89.55 80.81 77.79 71.36 
123 3 Mid5 1 0.2 29.59 25.31 23.54 21.16 78.48 70.33 68.17 62.22 
124 3 Mid5 1 0.5 35.14 30.21 28.23 25.33 88.13 81.12 77.74 72.46 
125 3 High1 1 0.2 28.08 23.85 22.15 19.73 88.02 80.31 77.23 73.03 
126 3 High1 1 0.5 32.84 28.18 25.95 23.31         
127 3 High2 1 0.2 24.96 21.39 19.94 17.74 76.43 67.44 64.60 58.78 
128 3 High2 1 0.5 31.33 26.94 25.05 22.51         
129 3 High3 1 0.2 28.23 24.17 22.62 20.20 81.24 73.36 69.84 65.41 
130 3 High3 1 0.5 33.77 29.04 27.11 24.29         
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131 3 High4 1 0.2 32.55 27.75 25.77 22.89 89.45 84.08 80.67 77.59 
132 3 High4 1 0.5 38.25 33.25 31.15 27.72         
133 3 High5 1 0.2 28.42 24.50 22.72 20.36 93.75 90.08 85.08 82.81 
134 3 High5 1 0.5 34.75 30.16 28.31 25.36         
          Volume Contact Efficiency Flow Contact Efficiency 

Num Scn Perm SFm SFv 

Conc 
= 

0.01 
* K2 

Conc 
= 0.05 
* K2 

Conc 
= 

0.10 
* K2 

Conc 
= 

0.25 
* K2 

Conc 
= 0.01 
* K2 

Conc 
= 0.05 
* K2 

Conc 
= 

0.10 
* K2 

Conc 
= 

0.25 
* K2 

135 4 Low1 1 0.2 40.77 34.20 31.76 28.62 73.34 63.05 60.75 55.66 
136 4 Low1 1 0.5         86.76 76.67 72.61 68.29 
137 4 Low2 1 0.2 39.67 32.86 30.53 27.73 74.26 64.90 61.64 56.06 
138 4 Low2 1 0.5         87.27 77.61 73.52 66.81 
139 4 Low3 1 0.2 38.69 32.83 30.53 27.57 74.72 66.28 64.25 58.58 
140 4 Low3 1 0.5         84.93 75.66 72.01 66.68 
141 4 Low4 1 0.2 39.98 33.84 31.50 28.59 75.40 65.66 61.43 56.83 
142 4 Low4 1 0.5         84.93 75.66 72.01 66.68 
143 4 Low5 1 0.2 39.97 33.24 31.18 28.32 74.36 66.51 63.11 57.38 
144 4 Low5 1 0.5         86.54 78.20 73.43 68.91 
145 4 Mid1 1 0.1 23.27 19.47 17.99 16.07         
146 4 Mid1 1 0.2 25.65 21.59 19.89 17.68 74.94 65.98 61.91 57.30 
147 4 Mid1 1 0.4 32.28 27.39 25.36 22.57         
148 4 Mid1 1 0.5 33.91 28.71 26.66 23.94 90.73 83.53 81.11 75.63 
149 4 Mid1 1 0.6 35.15 29.93 27.70 24.86         
150 4 Mid1 1 1 39.12 33.22 30.77 27.62         
151 4 Mid1 1 1.5 42.28 36.18 33.49 30.07         
152 4 Mid1 1 2 44.12 37.95 35.18 31.40         
153 4 Mid2 1 0.1 24.04 20.45 19.14 17.16         
154 4 Mid2 1 0.2 33.30 28.76 26.68 24.23 73.99 64.64 60.81 55.12 
155 4 Mid2 1 0.5         89.55 81.43 78.76 72.84 
156 4 Mid3 1 0.2 27.16 23.01 21.26 18.90 72.34 62.47 59.31 53.77 
157 4 Mid3 1 0.5         91.02 82.31 80.10 74.83 
158 4 Mid4 1 0.2 33.33 28.70 26.79 24.02 70.06 61.23 57.63 52.76 
159 4 Mid4 1 0.5         90.05 81.81 78.24 71.96 
160 4 Mid5 1 0.2 25.65 21.59 19.89 17.68 74.94 65.98 61.91 57.30 
161 4 Mid5 1 0.5         88.23 83.10 79.57 75.31 
162 5 Low1 1 0.2 40.77 34.20 31.76 28.62 73.34 63.05 60.75 55.66 
163 5 Low1 1 0.5         86.76 76.67 72.61 68.29 
164 5 Low2 1 0.2 39.67 32.86 30.53 27.73 74.26 64.90 61.64 56.06 
165 5 Low2 1 0.5         87.27 77.61 73.52 66.81 
166 5 Low3 1 0.2 38.69 32.83 30.53 27.57 74.72 66.28 64.25 58.58 
167 5 Low3 1 0.5         84.93 75.66 72.01 66.68 
168 5 Low4 1 0.2 39.98 33.84 31.50 28.59 75.40 65.66 61.43 56.83 
169 5 Low4 1 0.5         84.93 75.66 72.01 66.68 
170 5 Low5 1 0.2 39.97 33.24 31.18 28.32 74.36 66.51 63.11 57.38 
171 5 Low5 1 0.5         86.54 78.20 73.43 68.91 
172 5 Mid1 1 0.1 24.64 20.03 18.37 15.60         
173 5 Mid1 1 0.2 31.23 25.08 22.72 19.56         
174 5 Mid1 1 0.4 37.60 30.16 27.30 23.25         
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175 5 Mid1 1 0.5 39.67 31.74 28.81 24.68         
176 5 Mid1 1 0.6 41.05 33.00 29.80 25.65         
177 5 Mid1 1 1 45.80 36.24 32.63 28.26         
178 5 Mid1 1 1.5 50.89 40.40 36.14 31.12         
179 5 Mid1 1 2 53.60 42.46 37.95 32.51         
180 5 Mid2 1 0.1 24.04 20.45 19.14 17.16         
181 5 Mid2  1 0.2 29.69 25.09 23.31 20.90 73.99 64.64 60.81 55.12 
182 5 Mid2  1 0.5         89.55 81.43 78.76 72.84 
183 5 Mid3  1 0.2 27.16 23.01 21.26 18.90 72.34 62.47 59.31 53.77 
184 5 Mid3  1 0.5         91.02 82.31 80.10 74.83 

 


