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ABSTRACT 

Remediation of dense nonaqueous phase liquids (DNAPLs) remains an important 

challenge for the environmental engineering community. Many characterization and 

remediation technologies rely on the mass transfer of solutes between the aqueous and 

DNAPL phases. Therefore, accurate description of the solute mass transfer rate is 

essential to the design and implementation of these applications. This research focused on 

modeling studies to quantify rate-limited interphase mass transfer between liquid-liquid 

phases within DNAPL source zones in laboratory and field-scale applications. Numerical 

modeling of experimental data from laboratory scale column experiments indicated that 

intra-NAPL diffusion offered negligible resistance to interphase mass transfer. Thus, a 

linear driving force approximation of aqueous phase diffusion adequately described 

interphase partitioning within homogeneous source zones. The effect of source zone 

heterogeneities on the effective mass transfer rate coefficient was explored through a 

series of 2D simulations. A predictive model for the upscaled mass transfer coefficient 

was developed and verified. The immobile phase spreading in the vertical direction, 

Reynolds number, pool fraction, and the effective organic phase saturation were 

identified as the parameters controlling partitioning rates. 3D field scale simulation of 

push-pull tracer tests was used to investigate the hypothesis that solute partitioning in 

heterogeneous source zones could be effectively described using the rate-limited model 

developed here, in contrast to the current practice based on a local equilibrium 

assumption. For the examples considered herein, the upscaled model was capable of 

estimating the overall NAPL saturation with less than three percent error, but not the pool 

fraction or the vertical spreading of NAPL.  

Results of this research may be used to estimate the mass exchange rate between 

the separate liquid phases in heterogeneous porous media and improve our understanding 



iv  

 

of the transport of partitioning solutes in DNAPL source zones. The models developed in 

this research, based on rate-limited partitioning as opposed to the current approach of 

using local equilibrium models, provide more precise methods to analyze field scale 

partitioning tracer tests. Partitioning tracer tests in conjunction with other site 

characterization methods provide techniques to quantity the presence and distribution of 

NAPL in the subsurface. Future research in this area should focus on diversifying and 

increasing number of 3D simulations over a broader range of parameter values, i.e. 

saturation and mass distribution metrics, to further explore the predictive potential of the 

developed model for estimating spatial distribution of the organic phase. 
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CHAPTER I 

I.  INTRODUCTION 

Many pollutants are released into the environment in the form of liquids with a variety of 

physical and chemical characteristics: dense or light, pure or multi-component, aromatic 

or non-aromatic, hydrophobic or hydrophilic. A common subsurface contamination 

source is the spill of non-aqueous phase liquids (DNAPLs), such as chlorinated solvents, 

at industrial sites. DNAPLs sink into the underground environment, and due to their low 

solubility in water, reside there for very long periods of time. The regions containing 

DNAPL components are known as source-zone regions (NRC, 2005; Wilson et al., 

1990). Further advancement in design of remediation strategies and management plans of 

DNAPL source zones requires a deep understanding of source zone characteristics (NRC, 

2012).   

Source-zone regions containing chlorinated ethenes exist at thousands of sites across the 

United States (ATSDR, 2013). These regions are formed as a result of widespread use of 

trichloroethene (TCE) and tetrachloroethene (PCE) as domestic and industrial solvents. It 

is now accepted that even though remediation techniques have significantly improved, no 

single technology will result in complete DNAPL mass removal from source zones 

(NRC, 2005; Stroo et al., 2003). The assessment of benefits, risks, limitations, and 

efficiency of partial mass removal technologies is possible when a true insight on source 

characteristics and processes occurring within the source zone is available. 

Source-zone regions contain multiple phases and numerous components; therefore, there 

is a high potential for interphase mass transfer processes to occur; DNAPL dissolution 

and liquid-liquid partitioning of solute components are two frequent interphase mass 

transfer processes in source-zone regions.  
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A potential application of the partitioning process for site characterization purposes is in 

partitioning tracer tests. Tracers with different partitioning capacities are used to estimate 

DNAPL mass content and distribution within a source zone. Inter-well (Jin et al., 1995) 

and single-well (Istok et al., 2002) tracer tests are two applications of this type. Analysis 

of these tests typically relies on simplified assumptions pertaining to the partitioning 

mass transfer relationship, such as equilibrium partitioning and uniform distribution of 

DNAPL (Davis et al., 2002; Davis et al., 2005; Istok et al., 2002; Willson et al., 2000). It 

has been shown that these assumptions may lead to inaccurate estimation of entrapped 

DNAPL saturation (Istok et al., 2002; Khachikian and Harmon, 2000; Willson et al., 

2000).  

In addition, the quantification of liquid-liquid partitioning in contaminated subsurface 

environments is essential when attempting to describe the fate and transport of DNAPL 

constituents within source zones. Partitioning of transformation byproducts into the 

NAPL can lead to underestimation of pollutant concentrations or source zone longevity 

(Carr et al., 2000). Moreover, in some bioremediation designs intended to break down 

hazardous chemicals to benign byproducts (e.g., biodegradation of chlorinated ethenes), 

sequestration of transformation products may cause the degradation chain to cease, 

effectively enhancing environmental threats (Ramsburg et al., 2011). Conversely, 

partitioning can be helpful to the remediation process when it is used to deliver required 

substrates to the subsurface (Pfeiffer et al., 2005). Few studies, however, have 

investigated the influence of partitioning kinetics on the fate and transport of degradation 

products or substrate components. This may be because the kinetics of the partitioning 

process in heterogeneous subsurface conditions is not yet fully studied (Khachikian and 

Harmon, 2000).   
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The above examples suggest the necessity for comprehensive study of the kinetics of 

mass transfer in source zones. An inclusive study of interphase mass transfer in 

subsurface environments includes the study of processes at both local scale and upscaled 

levels. At the local scale, the mechanisms controlling partitioning processes must be 

determined and their relative significance and impact on the fate and transport of solute 

components must be investigated. On the other hand, the influence of the intrinsic 

heterogeneity of subsurface media and the non-uniformity of DNAPL entrapment in 

porous media on the effective mass transfer rate must be determined.   

The goal of this dissertation is to study kinetic partitioning processes in chlorinated 

solvent source-zones at both the laboratory and field scales. The ultimate goal is to apply 

the developed knowledge in the design of a site characterization tool to quantify source 

zone characteristics. Mathematical and numerical tools are used to examine different 

approaches for describing partitioning in local regions. A wide range of kinetic 

assumptions are formulated, modeled, and quantitatively compared against each other 

and against experimental data to identify the dominant kinetic processes under different 

physical conditions. Once the analytical tools are developed and verified for local scale 

mass transfer rate, a comprehensive numerical and statistical study is conducted and a 

correlation between the upscaled mass transfer coefficient and the heterogeneity metrics 

is suggested. Finally, the developed upscaled model is used to design a single-well tracer 

test to be used as source-zone characterization tool.  

This doctoral dissertation comprises seven chapters. Chapter II provides a review of 

interphase mass transfer literature at different scales. The objectives and hypotheses of 

the dissertation are defined in Chapter III. Chapter IV presents a comprehensive 

investigation of modeling techniques and controlling factors for the rate limited 

partitioning process in laboratory-scale; portions of this chapter are published in 
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Ramsburg et al. (2011) and Ervin et al. (2011). An upscaled model is developed, tested, 

and verified in Chapter V to bridge between laboratory scale partitioning coefficients and 

field applications. Chapter VI presents a method to employ the upscaled mass transfer 

coefficient to assess DNAPL architecture in heterogeneous source zones. Finally, Chapter 

VII provides conclusions and future areas for research.  
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CHAPTER II 

II.  BACKGROUND 

II.1. Heterogeneous DNAPL Source–Zones 

Upon release at the ground surface, dense non-aqueous phase liquid (DNAPLs) will 

migrate through the subsurface under the influence of capillary, viscous and buoyancy 

forces (Wilson et al., 1990). The capillary hysteresis effect for the drainage-imbibition 

process causes the organic phase to be trapped in the pores of the porous media. The 

entrapped mass remains in the pores as discontinuous ganglia. Moreover textural 

interfaces in heterogeneous porous media may cause the organic phase to accumulate 

above a low permeability zone, forming DNAPL pools where the local organic saturation 

is higher than the residual saturation of the medium (Dekker and Abriola, 2000; Kueper 

et al., 1993). After a spill, the shape and composition of the entrapped organic phase is 

highly influenced by environmental factors including spill, flow and soil matrix 

characteristics. Christ (2005) classified these environmental factors as: the effect of spill 

characteristics (Dekker and Abriola, 2000; Kueper and Gerhard, 1995), spatial 

heterogeneity in soil properties (Dekker and Abriola, 2000; Essaid and Hess, 1993; 

Lemke et al., 2004), capillary forces (Dekker and Abriola, 2000; Lemke et al., 2004; 

Phelan et al., 2004), and NAPL composition (Bradford et al., 1998; Phelan et al., 2004). 

In addition, a recent study (Erning et al., 2012) examined the effect of background flow 

during the spill on a DNAPL source configuration.  

II.2. Significance of Modeling Partitioning in DNAPL Source-Zones 

II.2.1. Application in Site Characterization 

Obtaining a good understanding of source zone properties, including total entrapped mass 

and DNAPL distribution, is a prerequisite for design of any remediation or management 
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plan (NRC, 2012). Although soil coring and direct push sampling techniques are the most 

common methods for site investigation (Costanza J, 2000; Kram et al., 2001; Meinardus 

HW, 2002; NRC, 2005), partitioning tracer tests offer an alternative approach to 

characterization (Nelson et al., 1999). Interwell tracer tests (Deeds and Pope, 1999; 

Gelhar and Collins, 1971; Jin et al., 1995) and push-pull tracer tests (Davis et al., 2005; 

Haggerty et al., 1998; Istok et al., 2002; Schroth and Istok, 2006; Schroth et al., 2000) are 

two field tests that provide information about characteristics of DNAPL source-zones. 

These tests are designed based on partitioning of a solute (i.e., tracer) into and out of an 

organic phase. Most often a group of tracers, carefully selected to have a range of 

affinities for water and NAPL, is injected into a region suspected to be a source zone. The 

tracers have varying capacities to partition into the NAPL, so tracers migrate within the 

porous media at different rates creating a separation between their concentration 

breakthrough signals at the monitoring point. The difference in observed behavior of the 

tracers can be used as an indicator of unknown source zone properties such as NAPL 

saturation. 

In order to gain more accurate results from tracer tests, it is essential to have a good 

understanding of the liquid-liquid partitioning processes and also to have good analytical 

and numerical tools to interpret them properly. To date, the most common approach to 

analyze partitioning tracer tests is based on local equilibrium assumption, while some 

studies have shown that kinetic modeling leads to more realistic results (Ervin et al., 

2011; Istok et al., 2002).  

II.2.2. Application in Site Remediation 

The failure of traditional remediation methods, such as pump and treat, to effectively 

clean up porous media contaminated with DNAPLs and the increasing tendency to utilize 

more sustainable remediation technologies have motivated researchers to investigate 
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more innovative and less intrusive technologies. Biostimulated and bioaugmented 

reductive dechlorination techniques have proven promising for this purpose (Amos et al., 

2009; Christ et al., 2005; Lendvay et al., 2003; Nielsen and Keasling, 1999; Sharma and 

McCarty, 1996). Biological reductive dechlorination of PCE and TCE proceeds via a 

pathway which moves through cis-dichloroethene (cis-DCE) and vinyl chloride (VC) to 

benign ethene. However, high concentration releases of intermediate byproducts which 

are potentially more toxic and more mobile than original chloroethenes may pose 

environmental risks. Therefore, prior to the application of a reductive dechlorination 

strategy, the fate and transport of byproducts should be investigated. Physicochemical 

attenuation mechanisms such as sorption, dispersion, and interphase mass transfer can 

potentially influence the rate of production and transformation of byproducts. While the 

effects of sorption and dispersion on contaminant concentrations have been studied 

extensively (e.g., Brusseau and Rao, 1989; Weber et al., 1991), less is known about the 

role of mass transfer between adjacent liquid phases in contaminant attenuation. Two-

phase experimental studies have shown that significant cis-DCE and VC masses may be 

sequestered in the NAPL (Adamson et al., 2004; Carr et al., 2000; Ramsburg et al., 

2011). 

In addition to the role that partitioning degradation products can play in controlling 

remediation rate and progress, liquid-liquid partitioning can play a crucial role in the 

availability of electron donors. Electron donors are needed to sustain redox reactions, and 

may be added to the aqueous phase directly (e.g., H2) or in the form of fermentative 

organic substrates (Christ and Abriola, 2007). Several approaches for the delivery of 

electron donors to subsurface systems have been utilized: in one approach, soluble 

organic substrates (e.g., ethanol or lactate) is pumped, either at discrete periods or 

continuously, into the porous media (Amos et al., 2009; Christ and Abriola, 2007). 
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Alternatively, slow-release substrates such as edible oils and silicon-based organic 

compounds can be used as electron donors (Long and Borden, 2006; Yang and McCarty, 

2000; Yu and Semprini, 2002). In this case, injected substrates remain near the injection 

point and form a separate liquid phase. There are some studies that show chlorinated 

solvents could easily partition into the injected semi-soluble substrates (e.g., edible oils) 

near a DNAPL zone, therefore reducing the aqueous concentration of PCE and TCE. 

(Pfeiffer et al., 2005; Yu and Semprini, 2002). Partitioning of dissolved DNAPL 

constituents into the injected liquids potentially changes the toxicity in aqueous phase and 

alters the inhibition of transforming cultures, therefore it may be a controlling factor of 

the bioremediation process (Yu and Semprini, 2002). 

II.3. Component Partitioning Models 

In this dissertation, it is hypothesized that the existing conceptual models of the 

dissolution and sorption processes can be adapted to describe the liquid-liquid 

partitioning process. This hypothesis is investigated in the following chapters. This 

section reviews the existing conceptual approaches for describing these processes.  

Simulation of solute transport in a source-zone region containing a mobile aqueous phase 

and an immobile organic phase, under a steady state flow condition, is based on the 

solution of component mass balance equation (Abriola, 1989). In the models discussed in 

this study, it is assumed that the interphase reaction occurs only between the NAPL and 

aqueous phases and has no effect on the properties of the soil matrix. Assuming     as 

the bulk phase aqueous concentration [M∙L
-3

] of the solute, Equation 2-1 describes the 

mass transport in mobile phase:

 

 

     
 

  
                                 (2-1) 
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here   is the pore water velocity [L∙T
-1

],    is the three-dimensional hydrodynamic 

dispersion tensor for solute in aqueous phase [L
2
∙T

-1
] (Bear, 1979), n is the porosity [-] 

which is assumed to be temporally and spatially invariant, and Saq is the aqueous 

saturation [-] which is assumed to be temporally invariant. The term       on the right-

hand side of the equation is the source/sink term and describes the mass exchange 

between the mobile aqueous phase and immobile DNAPL per unit time per unit volume. 

The alternative conceptual modeling approaches for modeling partitioning differ in the 

way the source/sink term is described.  

Interphase mass transfer between DNAPL components and the aqueous phase has been 

studied mostly through the examination of DNAPL dissolution rate. Several experimental 

studies have been conducted to determine the dissolution rates of pure DNAPL 

components. In these studies, the dissolution process is typically quantified using a linear 

approximation for the diffusional flux across a stagnant film layer surrounding entrapped 

DNAPL ganglia (Imhoff et al., 1994; Miller et al., 1990; Powers et al., 1992; Powers et 

al., 1994b). The dissolution of multi-component DNAPLs (e.g., polycyclic aromatic 

hydrocarbons) differs from that of pure DNAPL in that intra-NAPL diffusion may cause 

additional resistance to the dissolution  (Ortiz et al., 1999). This may result in preferential 

dissolution of particular components. However, most studies suggest that the aqueous 

phase resistance is the limiting step for dissolution (Ghoshal et al., 1996; Mukherji et al., 

1997). Ortiz et al. (1999) suggested that intra-NAPL diffusional resistance was 

significant only in high viscosity NAPL mixtures. Using a mathematical model, Holman 

and Javandel (Holman and Javandel, 1996) demonstrated that diffusion within a light 

NAPL may create an important resistance when the diffusion path length is sufficiently 

large (NAPL pools). Brahma and Harmon (Brahma and Harmon, 2003) used a modeling 

approach to show that the dissolution time of a mixture of PCE-TCE-TCA would 
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increase by up to 30% when intra-NAPL resistance was taken into account. Below 

alternative approaches for modeling inter-phase mass transfer process are described.    

II.3.1. Equilibrium 

In this approach it is assumed that the flow rate is sufficiently slow such that the NAPL 

and aqueous concentrations can reach an equilibrium state at the grid resolution scale of 

the model. The ratio of the mass concentration in the organic phase to the mass 

concentration in the aqueous phase at equilibrium is known as the equilibrium partition 

coefficient (Abriola and Pinder, 1985): 

    
  

   
   (2-2) 

here    is the solute concentration in the NAPL, and    
  

 is the solute concentration at 

equilibrium state. The interface and solute concentrations in adjacent phases are 

schematically shown in Figure ‎II.1 (a). Local equilibrium partition may be functions of 

composition and must be determined empirically (Abriola and Pinder, 1985). Here it is 

assumed that     is constant for the range of common compositions in the subsurface 

environment, thus the sink/source term in Equation 2-1 can be written as (Brusseau and 

Rao, 1989):  

               

    

  
 (2-3) 

here    is NAPL saturation [-]. After incorporating Equation 2-3 in Equation 2-1, it can 

be seen that the effect of partitioning at equilibrium conditions can be captured by 

defining a retardation factor   ) in the advective-dispersive-reactive transport equation 

(Brusseau and Rao, 1989): 
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                        (2-4) 

    
     

   
 (2-5) 

This mathematical model suggests that regardless of the initial concentration gradient 

between the phases, the NAPL and aqueous phase reach equilibrium instantaneously. 

This assumption means that this model is valid only when other processes affecting 

solute transport (e.g., advection, hydrodynamic dispersion) are significantly slower than 

the partitioning process (Brusseau and Rao, 1989).  The models discussed next address 

the need for modeling rate-limited mass transfer processes.   

II.3.2. Linear Driving Force 

This model simplifies the mechanistic description of diffusive transfer with a linear 

approximation of diffusion model. A stagnant boundary layer is assumed to surround the 

organic phase. Component transfer is described by a mass transfer coefficient and is 

assumed to be a function of the concentration gradient across the layer. (Brusseau and 

Rao, 1989). The thickness of the boundary layer is a function of the viscosity and 

velocity of the aqueous phase. The diffusion across the film layer is considered to be the 

only rate-limited process; as a result, the solute concentration in the immobile phase is 

theoretically well distributed. Figure ‎II.1 (b) schematically shows the exchange of mass 

across the interface between a single component NAPL and a mobile bulk aqueous phase. 

Partitioning components move across the film layer through molecular diffusion. The 

concentration gradient across the film layer provides the driving force for the mass 

transfer. Equation 2-6 is a linear approximation of the Fick‟s first law for diffusion across 

the boundary layer (Miller et al., 1990; Powers et al., 1994a; Powers et al., 1992): 
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     (2-6) 

here   is the mass flux from aqueous phase to the NAPL            ,    is the mass 

transfer coefficient        , and    
    is the aqueous concentration at the interface 

between the phases. It is assumed the DNAPL and aqueous concentrations are in 

equilibrium at the interface, so    
    can be replaced by: 

   
      

        (2-7) 

where   
    is solute concentration in the NAPL at the interface. In a linear driving force 

model, it is assumed that concentration gradient within the NAPL is negligible; hence 

NAPL concentration at the interface is equal to   
  that is the volume averaged 

concentration within the NAPL phase. 

According to the film theory, the mass transfer coefficient is inversely related to the 

thickness of the boundary layer and directly proportional to the diffusivity of the 

partitioning component in the bulk phase. In order to use the Equation 2-6 to express 

mass flux between the phases, the specific interfacial area is needed to estimate the total 

mass exchange. Considering difficulties and uncertainties in having realistic insight into 

the actual value of the interfacial area         , researchers have lumped interfacial area 

and mass transfer coefficients together and presented empirical correlations for an 

effective or “lumped” mass transfer coefficient:   ,       (Powers, 1992). Using this 

parameter, the source/sink term of the aqueous phase mass transport equation can be 

represented as: 

             
  
 

   
  (2-8) 
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It is worth mentioning that models based on these assumptions are mathematically 

consistent with those known in the sorption literature as one-site kinetic sorption models 

(Leij et al., 1993; Vangenuchten and Wagenet, 1989).  
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(a)  

(b)  

(c)  

(d)   

Figure ‎II.1. Spatial variation of concentration at NAPL-aqueous interface for (a) local equilibrium 

assumption, (b) linear driving force model based on a film boundary layer (c) dual diffusion model, and 

(d) dual diffusion plus surface partitioning model; figure adapted and modified from Abriola and 

Bradford (1998) 
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II.3.3. Dual Diffusion Model 

In this approach, the intra-NAPL diffusion is also taken into account. Therefore, instead 

of a uniform averaged concentration inside the NAPL ganglia, a Fickian distribution is 

assumed. The dual diffusion problem is often simplified by assuming a uniform spherical 

geometry for NAPL ganglia (Brusseau and Rao, 1989). Equation 2-9 which is essentially 

the second Fick‟s law equation in a spherical coordinate system describes the mass 

distribution in each NAPL droplet. The following mathematical model is presented by 

Rasmuson and Neretnieks (1989), but originally goes back to (Deisler and Wilhelm, 

1953): 

     

  
    

      

   
 

 

 

     

  
  (2-9) 

here,      is the concentration at a certain point inside the NAPL droplet, where   is the 

radial dimension.    is the diffusion coefficient of the partitioning component in the 

NAPL, and here it is assumed to be temporally and spatially invariant. Assuming the non-

uniform distribution for solute concentration within the NAPL, an average value NAPL 

concentration can no longer be used for estimating the driving force of the sink/source 

term of the bulk phase. So in Equation 2-8, the term   
  must be replaced by the term 

       where   is the NAPL globule radius, and         refers to the solute concentration 

in NAPL at the interface. The boundary layer and solute concentrations at adjacent 

phases are schematically shown in Figure ‎II.1 (c).  

 Equations 2-1 and 2-9 describe the mass transfer in the aqueous and NAPL phases, 

respectively. A boundary condition at the interface is needed to couple these two 

equations in a mass conservative way. Assuming no mass accumulation on the interface, 

the mass flux inside the NAPL, at the inner side of the interface, must be equal to the 

mass flux in aqueous stagnant layer:  
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  (2-10) 

Rasmuson and Neretnieks presented an analytical solution for Equation 2-1 in this set of 

equations (Rasmuson and Neretnieks, 1980). Mendoza-Sanchez and Cunningham (2007) 

used a similar conceptual model, and developed a numerical solution of this system of 

equations to simulate the mass transfer within biofilms. 

II.3.4. Surface Partitioning  

The balance of mass flux inward and outward from the NAPL/aqueous interface is a key 

assumption in both the linear driving force and dual diffusion methods. Implementing 

this assumption means that no accumulation on the interface is allowed. However in 

those cases in which surface partitioning occurs, mass accumulation at the interface must 

be permitted. Liggieri et al. (1997) studied adsorption kinetics of alkylphosphines oxides 

at a water/hexane interface. Assuming unbalanced fluxes on the interface, it was 

suggested that the flux deficit is equal to the rate of change of the surface concentration. 

Equation 2-11 is the mathematical description of this assumption adapted for the 

partitioning problem of interest (Liggieri et al., 1997): 

  

  
        

      

   
    

      

  
 
   

 (2-11) 

Here   is the accumulation of mass at the interface (     ) and is dependent upon the 

aqueous concentration; therefore, it must be described by an isotherm equation. Invoking 

a local equilibrium assumption at the interface, surface accumulation can be described as 

a function of aqueous concentration at the interface. The interface and solute 

concentrations at adjacent phases are schematically shown in Figure ‎II.1 (d). Ervin et al. 

(2011) showed that for alcohol tracer components a Langmuir–type isotherm describes   

as a function of     
   . Here, unlike the dual diffusion model, the coupling equation 
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includes a time derivative; therefore, an iterative solution is needed to solve the described 

mathematical model. The developed solution for this approach is discussed in Chapter 

IV.  

To overcome the complexity of the model described above, an alternative 

conceptualization of surface partitioning is suggested here. In this approach the interface 

partitioning is modeled as the sorption capacity of an imaginary layer with infinitesimal 

thickness at the aqueous/NAPL interface. To describe this conceptualization in 

mathematical form, Equation 2-9 can be modified to include another term that describes 

the rate of change of the partitioned mass in this interface layer: 

  

     

  
    

   

  
       

      

   
 

 

 

     

  
   (2-12) 

Here    is the volume of the NAPL droplet, and     is the volume of the infinitesimal 

surface layer that contains sorbents. Herein the imaginary surface concentration,   , is 

defined as accumulated mass per volume of the surface layer        ; the real surface 

concentration is        where   is the thickness of the surface layer.     is defined as 

the product of the surface area of the entrapped NAPL droplet and the thickness of the 

imaginary layer. Using this definition, the model will be independent of the surface layer 

thickness (i.e.,  ). Assuming local equilibrium at the interface and a Langmuir-type 

isotherm for surface accumulation, a surface „retardation factor‟ can be defined as: 

        
         

                  (2-13) 

where    is the specific surface area of a single droplet      ;    and    are two 

Langmuir parameters as maximum surface accumulation         and half saturation 

concentration, respectively        . Care should be exercised that Equation 2-12 yields 

the retardation factor exclusively for the first computational node on the interface; for any 
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other node inside the NAPL globule, the retardation factor is equal to one. Equation 2-13 

can now be re-written as:  

  
     

  
    

      

   
 

 

 

     

  
  (2-14) 

where   is the retardation factor calculated as: 

   
     
    

  (2-15) 

The developed iterative solution for this approach is discussed in Chapter IV.  

II.4. Mass Transfer Coefficient 

The mass transfer coefficient in Equation 2-6 is directly proportional to the free liquid 

diffusivity of the solute and inversely to the thickness of the boundary layer. Empirical 

correlations for estimation of mass transfer coefficient from other system parameters are 

often presented in terms of dimensionless Sherwood number: 

   
    

   
 (2-16) 

where   is a characteristic length, and     is the solute diffusivity coefficient in aqueous 

phase. This dimensionless parameter is a measure of the relative rates of interphase mass 

transfer and molecular diffusion (e.g., Powers et al., 1991). The Gilland-Sherwood 

Correlation has been used by multiple researchers as the form of mass transfer coefficient 

(Geller and Hunt, 1993; Imhoff et al., 1994; Miller et al., 1990; Powers et al., 1992; 

Powers et al., 1994b). This form describes the Sherwood number as a function of 

Reynolds and Schmidt numbers: 

               (2-17) 

where        and    are empirical constants that are estimated by linear regression. In 

environmental applications the specific interfacial area cannot typically be measured. 
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Therefore, a modified Sherwood number (Miller et al., 1990) was also introduced as the 

dimensionless form of the lumped mass transfer coefficient: 

    
         

   
 (2-18) 

There have been several empirical studies for the estimation of DNAPL dissolution rate 

coefficients. Some of the most commonly used empirical correlations are listed in Table 

II.1. These correlations were obtained by measuring DNAPL dissolution in packed 

columns at quasi-steady state (Imhoff et al., 1994; Miller et al., 1990; Powers et al., 1992) 

or under transient conditions (Powers et al., 1994b). It should be noted that these 

correlations were developed under different experimental conditions, and there is an 

appropriate application range for each of the predictor variables under which the model is 

valid.  
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Table ‎II.1. Empirical correlations for mass transfer coefficient (Khachikian and Harmon, 2000; Nambi, 1999; Saba and Illangasekare, 2000) 

Equation System Correlation Valid Conditions Ref 

     

2-19 1D Column                                               

              

(Miller et al., 1990) 

2-20 1D Column                       
        

               (Powers et al., 1992) 

2-21 1D Column                                                      

           

              

(Imhoff et al., 1994) 

2-22 1D Column 
                               

      
  

   
 

 

 

                     

               

                

             

(Powers et al., 1994b) 

2-23 2D Cell                                                              (Saba and Illangasekare, 2000) 

2-24 2D Cell                                             

             

 

(Nambi and Powers, 2003) 

Definition of terms that are not defined in the text are:   , Schmidt number;    , uniformity index;      mean particle diameter;   , volumetric 

content of the NAPL;    , initial volumetric DNAPL content;   for Imhoff et al. (1994) distance from the dissolution inlet in a 1D column;   for 

Powrs et al. (1994b) normalized grain size (          );    and    for Saba and Illangasekare (2000) tortuosity factor and characteristic length 

equal to the length of the domain in the flow direction.    and     refer to the Reynolds number calculated with Darcy and interstitial velocities, 

respectively. 
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II.5. Upscaled mass transfer coefficients  

The empirical mass transfer rate coefficients discussed in the preceding section were 

obtained by fitting a single resistance linear driving force model to the results of 

laboratory scale tests in well-characterized systems. Comparative studies have 

demonstrated that these correlations provide reasonable predictions of mass transport in 

small-scale homogeneous porous media (Khachikian and Harmon, 2000; Mayer and 

Miller, 1996).  As the domain of interrogation/simulation increases, however, it becomes 

harder to meet the validation conditions implicit in the empirical correlations developed 

based on small-scale experiments.  

In a large scale domain, the spatial variability in porous media properties, flow paths, and 

NAPL mass entrapment will lead to a discrepancy between model assumptions and real 

conditions. In a theoretical study, Parker and Park (2004) showed that the heterogeneity 

in the flow and DNAPL mass distribution led to field scale mass transfer rate coefficients 

significantly smaller than those observed at the laboratory scale. To address this 

discrepancy, the model domain can be subdivided into finer computational blocks, each 

small enough to provide homogeneous conditions similar to the conditions of correlation 

development. This approach, however, cannot easily be extended to field scale 

simulations, where heterogeneities within the interrogated zones are not fully 

characterized. Indeed, the primary application of most models in the field is for site 

characterization (i.e., estimation of property distribution). Furthermore, even if all 

heterogeneities were known, the explicit simulation of the domain would be 

computationally prohibitive.  

An alternative approach for simulation of multiphase transport processes in a 

heterogeneous system is the use of an upscaled mass transfer model. Such a model 

incorporates measures of heterogeneity or uncertainty into the mass transfer rate 
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correlation. There are a number of DNAPL dissolution investigations that have focused 

on the upscaling problem (e.g., Christ et al., 2006, 2010; Nambi, 1999; Parker and Park, 

2004; Saba, 1999; Saenton and Illangasekare, 2007). In a DNAPL dissolution process, 

the entrapped mass in the domain decreases as time elapses; hence, the upscaled models 

in these studies must be able to capture the temporal change in the mass transfer rate 

caused by the change in total mass. Conversely, when partitioning in a source-zone 

region is explored, the large difference between partitioning and dissolution time scales 

greatly reduces the impact of the mass removal on the partitioning rate. Most previous 

studies did not seek to develop an explicit correlation for the upscaled mass transfer 

coefficient. They instead developed a relationship between mass distribution/removal and 

down gradient mass flux. The upscaled model presented by Saenton and IIangasekare 

(2007) is the only model that has explored the mass transfer rate coefficient in a domain 

with fixed entrapped DNAPL mass.  

Saenton and IIangasekare (2007) used numerical simulations of DNAPL dissolution to 

develop an upscaled mass transfer rate coefficient as a function of measures of 

heterogeneity in the permeability field and DNAPL architecture. Using the net mass flux 

and the steady state concentration at the down gradient boundary as two independent 

observed data points, a regression model and Monte Carlo analyses were used to 

determine the parameters in their proposed upscaled correlation. To illustrate the 

importance of DNAPL entrapment architecture on mass transfer, heterogeneous 

realizations were generated. Heterogeneity in the permeability fields was modeled as a 

spatial correlated random field, assuming a log normal distribution of hydraulic 

conductivity with          of 4.18 (  is in        ), and a variance,     
 , of 1.22. The 

correlation lengths in the lateral (  ) and vertical (  ) direction were 0.5 and 0.05  , 

respectively. The DNAPL source zone architecture was generated from spill simulations 
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using a multiphase flow simulator UTCHEM. The release of 1.0   of PCE-DNAPL with 

release rate of 1.67       was simulated. The numerically generated domains were 

originally       long and 1.0m depth. The portion of the domains which contained the 

NAPL components was identified and cropped out and the rest of the analysis was 

conducted on these           domains. Three realizations were then selected for the 

rest of the analysis. Figure ‎II.2 depicts the selected domain for which the upscaled model 

was developed. 

The permeability field heterogeneities were described by mean, variance, and correlation 

lengths. The heterogeneity in DNAPL architecture was described by first and second 

normalized spatial moments. The dissolution process was simulated using eight different 

block sizes. Results obtained from the finest gird were used as „observation data‟. A 

Gilliland-Sherwood type equation was selected, and Monte Carlo numerical simulations 

and inverse problem techniques were used to estimate parameters of the model.  

Assuming a grid,       , coarser than the local heterogeneity scale, these authors 

suggested that the upscaled Sherwood number could be described by: 

                
          

  

  
 

     

 
      

      
 

 

     

 (2-25) 

here  
      

      
  is the ratio of the normalized second moment in z-direction to its maximum 

possible value. The maximum possible normalized second moment occurs when the mass 

is uniformly distributed.     is a local scale Sherwood number that must be estimated by 

the correlation developed by Saba and Illangasekare (2000). This correlation is presented 

in Table ‎II.1 as Equation 2-24. 
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Figure ‎II.3 depicts a comparison between mass fluxes predicted by coarse and fine grids. 

On the left-hand side figure a fine-scale Sherwood number is used for all simulations 

regardless of the block size, and in the figure on the right the “upscaled Sherwood 

number” (     ) is used for coarser grid simulations. An inspection of the figures indicates 

that use of the upscaled model led to a significant improvement in the match between 

predictions and observations.   
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Figure ‎II.2. Two-dimensional DNAPL domains used for developing the Saenton and 

Illangasekare (2007) correlation. The realization is 1.5 m long by 1.0 meter height 

divided to 24 columns and 40 rows. Taken from the original publication by Saenton and 

Illangasekare   
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(a)                                                  (b) 

Figure ‎II.3. Comparison of predicted and observed values of mass flux; (a) predicted by a 

local scale mass transfer coefficient; (b) predicted by upscaled model. Taken from 

Saenton and Illangasekare (2007) 
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II.6. Partitioning Tracer Tests 

As discussed in the previous sections, the partitioning extent of different liquid 

components varies over a relatively wide range. A Partitioning Tracer Test is a method of 

site characterization which has been developed based on this physical concept. Tracers 

are chemicals with different physical properties that can be added to the aqueous phase 

without substantial changes to the physical properties of the flowing fluid and porous 

media. Partitioning Interwell Tracer Tests (PITTs) were the first type of partitioning 

tracer tests employed in environmental systems for source-zone characterization 

(Annable et al., 1998; Deeds and Pope, 1999; Gelhar and Collins, 1971; Jin et al., 1995). 

When a group of tracers is injected into the aquifer, the conservative tracers stay in the 

aqueous phase. In contrast, partitioning tracers may be exchanged between the NAPL and 

aqueous phase. Solute concentration gradient between the phases provides the driving 

force for the mass exchange. The result is that the partitioning tracer pulse lags behind the 

conservative tracers moving with the aqueous phase (Jin et al., 1995). The equilibrium 

partition coefficient determines the extent of separation between tracers. For example in a 

TCE-DNAPL/water system, 1-pentanol, 1-hexanol, and 2-cctanol tracers with    ,     , 

and                partition coefficients at    , respectively (Ervin et al., 2011), 

separate to different degrees. The analysis of the chromatographic separation between 

tracers provides information about properties of the source zone. In general, the greater 

the lag between partitioning and conservative tracer pulses, the greater the mass within 

the source zone (Jin et al., 1995). 

PITTs can provide information about source zone properties on a large scale. The 

estimated properties are averaged between the injection and extraction wells, and the 

estimated values of the physical properties of the source zone are the effective values for 

this relatively large domain. Moreover, PITTs involve injections and extraction of large 
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quantities of water and may, thus, be impractical under many site conditions (Istok et al., 

2002). The single well or Push-Pull Tracer Test (PPTT) is an alternative to the Interwell 

test. This test is conducted in a much smaller domain and so provides averaged data over 

a local zone around the test well (Huang et al., 2010; Istok et al., 2002).   

Tomoch et al. (1973) used PPTTs in the oil industry to estimate the residual oil saturation 

in the field. Since then PPTTs have been used in environmental engineering to estimate a 

variety of different properties including: longitudinal dispersivity (Gelhar and Collins, 

1971), effective porosity (Hall et al., 1991), solute sorption (Cassiani et al., 2005; Istok et 

al., 1999; Schroth et al., 2000), the rate of solute degradation (Haggerty et al., 1998; Istok 

et al., 2001; Istok et al., 1997; Schroth and Istok, 2006; Snodgrass and Kitanidis, 1998), 

NAPL saturation (Davis et al., 2002; Davis et al., 2003; Davis et al., 2005; Istok et al., 

2002), and the rate of mass transfer into zones of immobile water (Haggerty et al., 2001). 

In all of the above mentioned applications, an analytical or numerical simulator was 

employed to use the well observations to estimate the parameters in question. The 

methods used by researchers to simulate push pull tracer tests and the simplifying 

assumptions associated with these methods are briefly reviewed below. 

II.6.1. State of the art modeling approaches for PPTTs 

 In the majority of publications on PPTTs, the flow field around the well is assumed 

steady and uniform (e.g., Davis et al., 2002, 2005; Haggerty et al., 1998; Istok et al., 

2001, 2002). This assumption reduces many complexities of the problem and a simple 

analytical expression can describe the flow field: 

     
 

         
 (2-27) 
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here  

 

is the volumetric flow rate;   is the screened height of the well;   is the porosity 

of the porous media; and   is the distance from the center of the well.  

In these studies, the advective dispersive transport equation is solved in a homogenous 

zone around the well. Because of the hypothetical symmetry around the well, the 

transport equation may be solved in a 1-D radial coordinate system. As was discussed in 

Section ‎II.3.1, a simplified approach of modeling the partitioning process is to assume 

that the tracer concentration is at equilibrium between the NAPL and aqueous phases. 

Using this approach, the partitioning can be modeled by incorporating a retardation factor 

into the aqueous phase transport equation. When a PPTT is performed, at least two 

tracers, a partitioning and a conservative one, are injected into the formation and then 

extracted from the same well. The breakthrough of the conservative concentration is used 

as the basis of the comparison, and the retardation of the partitioning tracers is estimated 

based on it.  

To the best of my knowledge, to date in all applications of the PPTT for the estimation of 

source zone saturation, local equilibrium is assumed for analysis of the well data.  

However, multiple studies have shown that this assumption can lead to unrealistic 

parameter estimates (Davis et al., 2002; Davis et al., 2003; Davis et al., 2005; Istok et al., 

2002).  

II.6.2. Equilibrium versus Rate-Limited Partitioning 

To evaluate the validity of the equilibrium partitioning assumption, a group of 

researchers (Istok et al., 2002) conducted a series of laboratory and field scale 

experiments. In the laboratory experiments, they packed a wedge-shaped aquifer cell with 

a known amount of NAPL emplaced in the domain. They analyzed the results of the 

conducted tracer test using the conventional method and an equilibrium partitioning 
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assumption. The following mass balance equation was employed to estimate the effective 

NAPL content: 

   
   

       
 (2-28) 

During the test they monitored the tracer concentration at the well location, as well as at a 

series of monitoring points in the interrogation zone. Istok et al. (2002) reported that the 

estimated organic phase saturation was close to the actual average value when they used 

the concentration data at the well to estimate the retardation factor. However, they 

observed that when they used the same retardation factors, the model was not able to 

predict the spatial tracer propagation data observed at the monitoring points. On the other 

hand, when they estimated the retardation factor using the concentration data at the 

monitoring points, the model was no longer able to predict the well signals. Figure ‎II.4 

(a) shows the difference between the predicted and observed breakthrough curves at the 

well location for the latter case. As is shown in the figure, the model fails to reproduce 

the separation between the tracers with different partitioning potentials. Istok et al. (2002) 

attributed this failure to the equilibrium partitioning simplifying assumption. To explore 

this hypothesis further, they repeated the test with a flow rate as low as a quarter of the 

original flow rate. The lower bulk phase velocity in the domain provided more time for 

the tracers to reach equilibrium state, and reduced the rate-limited partitioning effect. 

Figure ‎II.4 (b) presents the result of this experiment: as a consequence of the lower flow 

rate, the separation between the tracers was reduced and the model prediction and 

experiments were in better agreement. Istok et al. (2002) concluded that the inappropriate 

application of the equilibrium assumption explained the discrepancy between the 

observed and predicted well signals.  
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To overcome the oversimplified assumptions associated with the conventional approach 

to analyzing PPTT results, a group of researchers (Huang et al., 2010) recently presented 

a new analytical solution. Their model accounts for advection, longitudinal and 

transverse (vertical) dispersion, first order degradation, and rate limited interphase 

partitioning. This analytical solution is employed later in this dissertation for verification 

of a rate-limited simulator. 
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(a)                                                                    (b) 

 

 

  

Figure ‎II.4. Concentration breakthrough at the well during the pull phase (pumping out); the 

experiment shown on the right (b) is performed under a flow rate as ¼ of the flow rate of the 

experiment shown on the left (a). Taken from Istok et al. (2002) 

 

 

 



33  

 

CHAPTER III 

III.  OBJECTIVES AND HYPOTHESES 

The formation of DNAPL source zones and the environmental risks associated with them 

are discussed in Chapter II. The potential impacts and applications of component 

partitioning processes in source-zone regions and the common approaches for modeling 

partitioning processes in small and large scale domains are also discussed in the 

preceding chapter. It was shown that there is a need to study the rate-limited process of 

partitioning at different scales. The primary objectives of this research are: 

(i) to expand our knowledge of the kinetic processes that control liquid-liquid phase 

partitioning in porous media at different scales (i.e. laboratory and field scale 

applications) and under different conditions (e.g., flow rate and spatial NAPL 

distribution)  

(ii) to apply this knowledge to determine test parameters (e.g. flow rate, phase 

duration) and interpret the results of field characterization tests for quantification 

of key features of the source-zone. 

To achieve these overall objectives, the following sub-objectives and hypotheses are 

identified:  

Objective 1: Assess the conceptual models and mathematical formulations that 

capture the kinetics of liquid-liquid mass transfer at the laboratory scale 

Development of a conceptual model to describe the physical reality under investigation is 

the first step. Several methods have been used to conceptualize the sorption process 

(Brusseau and Rao, 1989), or NAPL dissolution process (Miller et al., 1990; Powers et 

al., 1992; Powers et al., 1994b). The resistance of the aqueous stagnant layer located at 
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the interface is a common feature of all these models. Apart from this common point, the 

models are different in their assumptions regarding the mass distribution within the 

immobile phase and mass accumulation on the surface. There is also a need to investigate 

whether the existing models for describing NAPL dissolution and sorption are capable of 

describing liquid-liquid partitioning. 

Hypothesis 1: Conceptual models developed for sorption and NAPL dissolution are able 

to describe partitioning in liquid-liquid systems.  

Hypothesis 2: Existing correlations used to predict the rate of NAPL dissolution are valid 

for prediction of rate limited mass transfer of solutes into and out of NAPL ganglia in a 

small-scale homogeneous medium. 

Objective 2: Determine the minimum level of complexity that features 

representation of reality 

A variety of rate-limited processes determine the fate and transport of partitioning solutes 

in source-zone regions. Advection and hydrodynamic dispersion in mobile aqueous 

phase, aqueous diffusion in immobile boundary layer, surface accumulation, and intra-

NAPL diffusion processes contribute, to different extents, to the determination of the 

solute concentrations in aqueous and organic phases. Depending on the physical 

conditions of the multiphase system, e.g., flow rate in aqueous phase, or physical 

properties of the components in the system, e.g., diffusivity of solutes in aqueous and 

organic phases, one of the processes may dominate the others, or a number of the 

processes may each contribute to shape the mass flux behavior. In a DNAPL source-

zone, it is necessary to know to what extent the plume response is sensitive to each of the 

rate-limited processes occurring within the domain. The level of complexity needed in 

modeling efforts may be adapted depending on the answer to this question.  



35  

 

Hypothesis 3: Mass transport in the mobile phase and interphase mass transfer between 

immobile NAPL and mobile aqueous phase are the processes that compete to shape the 

downstream mass flux behavior in source zones. 

Hypothesis 4: The rate of liquid-liquid partitioning is determined by competing 

processes, i.e., diffusion to the surface, surface partitioning, and intra-NAPL diffusion.  

The dominant process in controlling interphase mass transfer can be identified by 

measuring its relative significance in the partitioning. The relative significance of the 

competing processes is described in the form of non-dimensional groups, i.e., Biot and 

Damkohler Numbers. A series of sensitivity analyses is performed to identify conditions 

wherein each of the rate limited mass transfer processes becomes dominant. 

Objective 3: Develop a feature-dependent model to predict the upscaled mass 

transfer coefficient  

According to Hypotheses 1 to 4, the local-scale mass transfer coefficient measured in 

laboratory experiments may be used to model partitioning processes in local zones 

wherein NAPL distribution and field properties are uniform. However in a field 

application, neither perfect homogeneity nor perfect information about the field ever 

exists. In a source-zone region, the distribution of the NAPL components and non-

uniform flow patterns will influence the mass transfer rate coefficient. Some features of 

the source-zones such as statistical characteristics of the hydraulic conductivity field and 

measures of NAPL content and distribution describe heterogeneities in the field. Some of 

these features influence the effective mass transfer rate more than others. A feature-

dependent upscaled model uses metrics of heterogeneity to estimate the effective mass 

transfer rate. The objective is to identify the most influential features and develop the 

upscaled model to estimate the effective mass transfer rate.  
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Hypothesis 5: The effective mass transfer coefficient of a heterogeneous domain is 

controlled by physical characteristics (e.g. NAPL content and distribution) of the domain. 

To test this hypothesis, the correlation between heterogeneity metrics and the upscaled 

(effective) mass transfer rate is explored through statistical analysis. 

Objective 4: Characterize properties of the source-zone with field-scale push-pull 

tracer tests  

The state-of-the-art analysis of the results of Push-Pull Tracer Tests (PPTTs) is based on 

a local equilibrium partitioning assumption. It was shown in Section ‎II.6 that the models 

developed based on this assumption could not predict the results of the push-pull tracer 

tests. As a result, the estimated NAPL saturations were neither accurate nor precise. Here 

a computational tool that incorporates rate limited partitioning will be used to interpret 

well test data for improved parameter estimation. The upscaled model developed to 

achieve Objective 3 provides an effective mass transfer coefficient for the interrogated 

domain. The feasibility of designing a new approach to the operation and analysis of the 

Push-Pull Tracer Tests will be examined.  

Hypothesis 6: During a field-scale push-pull tracer test, local equilibrium may not be 

easily and uniformly reached throughout the domain. A rate-limited partitioning analysis 

for parameter estimation will yield more accurate estimates of metrics describing NAPL 

content and distribution. 

To test this hypothesis, a series of PPTTs in 3D heterogeneous source zones are 

numerically simulated. The results of the tracer tests are interpreted based on rate limited 

partitioning to estimate NAPL saturation and mass distribution metrics. The obtained 

NAPL saturation estimates from rate limited analysis is compared with the estimates 

obtained by local equilibrium model.   
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CHAPTER IV 

IV.  QUANTIFICATION OF LIQUID-LIQUID PARTITIONING 

IV.1. Introduction 

The quantification of liquid-liquid partitioning in contaminated subsurface is essential 

when attempting to describe the fate and transport of hydrophobic components in the 

source-zone. The partitioning component may have emanated from degradation of the 

contaminant or may have been intentionally injected into the subsurface environment for 

a specific purpose, such as its application as a partitioning tracer. Partitioning of 

degradation products in immobile NAPL is often proposed as a physical-chemical 

mechanism influencing contaminant bioavailability (e.g., Ramsburg et al., 2010). 

Therefore, the degradation rates and success of the remediation plan depends on the fate 

and transport of the degradation byproducts (Adamson et al., 2004; Amos et al., 2007; 

Carr et al., 2000; Christ and Abriola, 2007; Cope and Hughes, 2001; Ramsburg et al., 

2010; Ramsburg et al., 2011; Yang and McCarty, 2002). The significance of studying the 

partitioning process is discussed in Section II.2‎0 in more details. Despite its significance, 

the kinetic process of partitioning is not deeply investigated.  

The first descriptions of kinetic partitioning were based on two-region models where 

interphase mass transfer occurs between a mobile aqueous and an organic phase. Two-

region partitioning has been modeled by assuming well distributed mass in both phases 

and using a linear driving force expression to describe the rate limited mass transfer 

across the boundary layer between the phases (Toride et al., 1993; Vangenuchten and 

Wagenet, 1989; Vangenuchten and Wierenga, 1976). Diffusion into the mobile phase, if 

it occurs slowly enough, can cause a second source of resistance against partitioning 

(Carta and Bauer, 1990; Huang et al., 1984; Li et al., 2003; Rao et al., 1980; Rasmuson 
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and Neretnieks, 1980; Rasmuson and Neretnieks, 1981; Willson et al., 2000). The 

purpose of this part of the dissertation is to investigate the validity of the following 

hypothesis: 

 The conceptual and mathematical models developed for other interphase mass 

transfer processes such as sorption and NAPL dissolution are applicable to model 

liquid-liquid partitioning.   

 Existing correlations for estimation of the dissolution rate are valid for modeling 

mass transfer rate across the boundary layer surrounding the NAPL.  

 At different physical conditions, i.e., flow, NAPL morphology, different 

competing processes dominate the partitioning process. 

These hypotheses are investigated via the following tasks: 

 Model development: Numerical models are developed to simulate liquid-liquid 

partitioning in laboratory scale. Considering the conceptual similarity between 

liquid-liquid partitioning and other interphase mass transfer processes, i.e., 

DNAPL dissolution and sorption, alternative mathematical models describing 

interphase mass transfer processes are adapted and modified to describe the 

liquid-liquid partitioning process, and the numerical solution of each 

conceptualization is developed. The alternative conceptual modeling approaches 

differ in description of solute exchange between the DNAPL and aqueous phase 

(equilibrium, linear driving, intra-NAPL diffusion, and surface partitioning).  

 Data analysis and model selection: The developed numerical models are used to 

examine experimental data produced in 1D column experiments. The purpose of 

modeling the experiments is to determine whether numerical models are able to 

predict experimental results and to determine which model best describes the 
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liquid-liquid partitioning process for laboratory test conditions. Two sets of 

column experiments are used in this task (described in Section IV.3). The 

experiments primarily differ in properties of the investigated DNAPL and 

partitioning solutes, so the models will be examined for a range of material 

properties.   

 Sensitivity analysis: The effect of considering alternative mathematical models is 

measured by computing a mean square error between the effluent breakthrough 

curves predicted by the models. The relative significance of the processes in 

determining the deviation between breakthrough curves is explored via a series 

of sensitivity analysis. This analysis leads to the determination of the rate-

controlling mass transfer mechanism in different flow rate and material property 

combinations. 

All the experimental works that will be referred in the following sections were 

conducted by Dr. Rhiannon E. Ervin (Ervin et al., 2011) where partitioning of alcohol 

tracers is discussed, and by Mr. Scott R. Douglas (Ramsburg et al., 2011) where 

partitioning of degradation byproducts is explored; citations to each study are 

provided when they are needed. 

IV.2. Simulation of Partitioning in Columns Containing Entrapped DNAPL 

The alternative conceptual approaches for interphase partitioning behavior, including 

equilibrium, linear driving force, dual diffusion, and dual diffusion plus surface 

partitioning are discussed in Section ‎0II.3 (i.e. linear driving force, dual diffusion, and 

dual diffusion plus surface partitioning). Herein these approaches are implemented in a 

numerical simulator to explore the mechanisms controlling tracer transports in columns 

containing uniform distribution of entrapped DNAPL. For column experimental methods, 

refer to Section IV.3. The developed models assume that the aqueous phase is the only 
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mobile phase, and the entrapped PCE-DNAPL (Columns 1 and 2) and TCE-DNAPL 

(Columns 3) content are distributed uniformly as spherical singlets. This assumption is 

supported by visualization of DNAPL distribution within porous media with similar 

grain-size distributions (Schnaar and Brusseau, 2005). Within the models, DNAPL 

dissolution is assumed negligible, this assumption is consistent with the experimental 

methods used. Two coupled governing equations are needed to describe mass transport in 

the columns. Considering the above mentioned assumption, a 1D advective-dispersive-

reactive transport equation describes solute transport in mobile aqueous phase. A uniform 

distribution (in linear driving force models) or a diffusion equation (in the models 

allowing for intra-NAPL diffusion) describes solute concentration within the NAPL 

phase, and a mass balance equation between the phases couples the governing equations. 

The conceptual models of describing partitioning are discussed in Section II.3. Here, for 

each of the models, a Crank-Nicolson finite-difference solutions is developed to simulate 

the 1D column experiments. In the following section, the governing equations, boundary 

conditions and solution techniques of the numerical models are discussed.  

Linear Driving Force: The linear driving force approach assumes that mass exchange 

rate is proportional to the concentration gradient between the solute concentrations at the 

organic surface. Intra-NAPL diffusional resistance is ignored, and distribution of 

components inside the NAPL is assumed to be uniform. Assuming steady flow condition 

and spatially uniform distribution in 1D flow (consistent with experiment condition), 

Equation 4-1 describes mass transfer in bulk aqueous phase. The concepts and 

assumptions of the model is discussed in Section II.3. Table ‎IV.1 summarizes the set of 

equations that is used to simulate the column experiments with linear driving force 

model. This system of equations is solved simultaneously, details of the Finite-Difference 

solution is presented in Appendix I. 
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Table ‎IV.1. Governing equations and boundary conditions used in simulation of column 

experiments with the linear driving force model 

Governing Equations 
1
:  

Solute transport in aqueous phase 
2
 

    

  
   

    

  
   

    
 

   
 

 

     
        

  
 

   
  

(4-1) 

Mass balance equation solved for each grid block aqueous phase 

    

   
 

  
        

  
 

   
  

(4-2) 

Boundary Conditions: 

Inlet boundary condition  

   ,                       

  
 
   

 
(4-3) 

Outlet boundary condition  

     

  
 
   

      
(4-4) 

1. See nomenclature for definition of terms 

2. Simplified form of Equation 2-1 adapted for a 1D uniform, and homogeneous porous 

media describing the column experiments  
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Table ‎IV.2. Governing equations and boundary conditions used in simulation of column 

experiments with the dual diffusion model 

Governing Equations 
1
:  

Solute transport in aqueous phase 
2
 

    

  
   

    

  
   

    
 

   
 

 

     
        

      

   
  

(4-5) 

Solute transport in DNAPL  

     

  
    

      

   
 

 

 

     

  
  

(4-6) 

Boundary Conditions: 

Inlet boundary condition 

   ,                       

  
 
   

 
(4-3 duplicate) 

Outlet boundary condition  

     

  
 
   

      
(4-4 duplicate) 

Boundary condition at the center of NAPL ganglion 

      

  
 
   

   
(4-7) 

Constitutive Equation: 

 Mass balance at NAPL-aqueous interface (   ) 

  
      

  
 
   

        
      

   
  (4-8) 

Constitutive equation to convert mass transfer coefficient: 

      
       

 
  (4-9) 

Constitutive equation for estimation of NAPL ganglia size 

                     
               (4-10) 

1. See nomenclature for definition of terms 

2. Simplified form of Equation 2-1 adapted for a 1D uniform, and homogeneous porous 

media describing the column experiments 
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Dual Diffusion Model: As it is discussed in Section II.3, the difference between the 

linear driving force and dual diffusion model is that in the dual diffusion model the 

assumption that the NAPL is well mixed is relaxed. Therefore the driving force for 

interphase mass transfer is based on the concentration at the surface of the droplet 

(          
). It is assumed that the mass distribution within the NAPL droplet is controlled 

purely by diffusion. The equations and boundary conditions describing the dual diffusion 

model are summarized in  

Table ‎IV.2. Equations 4-5 and 4-6 describe solute transport in aqueous phase and 

DNAPL, respectively. A constitutive equation balances the mass flux on the surface 

(Equation 4-8) (Rasmuson and Neretnieks, 1980). The flux balance equation essentially 

needs to be written as a function of mass transfer coefficient (          ), this is while 

other governing equations are derived based on the lumped mass transfer coefficient 

(        ). The definitions and differences of these coefficients are discussed in Section 

II.4. The specific surface area between the NAPL and aqueous phase is needed to convert  

   to   . Here the model assumes that all of the NAPL surface area is accessible to the 

tracer, and that this surface area can be calculated assuming a uniform distribution of 

spherical droplets (Equation 4-9). Previous studies have measured the average droplet 

radius of entrapped NAPL for various sand fractions (e.g., Powers, 1992; Schnaar and 

Brusseau, 2005). Here a regression model developed by Ramsburg et al. (2011) is used to 

estimate an effective DNAPL drop radius based on the NAPL content and textural 

characteristics of the granular medium (Equation 4-10). An existing numerical model 

(Mendoza-Sanchez and Cunningham, 2007) was modified to simultaneously solve this 

system of equations. The solution was validated against an existing semi-analytical 

solution (Rasmuson and Neretnieks, 1980). See Appendix II for the details of the Finite-

Difference solution. 
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Dual Diffusion Model plus Surface Partitioning: A key assumption in both the linear 

driving force and dual diffusion conceptual models is that mass fluxes toward and away 

from the NAPL/aqueous interface are equal, such that no surface accumulation occurs. In 

a surface partitioning model, tracer accumulation at the interface is permitted, adding a 

third resistance to tracer mass transport. Depending on conceptual model looking at this 

phenomenon, stored mass on the surface may act as either an additional source/sink of 

the mass in the system with no direct effect on the kinetic of the partitioning or as another 

barrier layer resisting mass transfer into and from NAPL ganglia. The concepts are 

discussed in Section II.3.‎0 Here the solutions of both approaches are presented: 

1- Surface in equilibrium with aqueous phase at interface:  

It is known that the surface concentration is not independent of the aqueous 

concentration, and should be described by an isothermal equation. Ervin (2012) 

conducted a series of batch experiments to study interaction of alcohol tracers and the 

aqueous-NAPL (TCE) interface. Surface accumulation for 1-hexanol and 2-octanol at the 

aqueous-NAPL interface was quantified by measuring equilibrium interfacial tensions 

over a range of solute concentrations (35-4600      for 1-hexanol, and 170-900      

for 2-octanol). The two Langmuir parameters, maximum surface accumulation       

     and half saturation concentration            were measured by fattening Equation 

4-11 to the interfacial tension data. The fitted values of    and    are reported in 

Table ‎IV.3. 

                
   

  
  (4-11) 

here    and   are the interfacial tensions         measured in the absence of the alcohol 

and at alcohol concentration    , respectively.  
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Here unlike the dual diffusion model, fluxes toward and away from the interface are not 

necessarily equal, and the deficit of the mass transfer is saved on the surface. Equation 2-

11 indicates that the rate of change in surface concentration is equal to the difference 

between the fluxes (Liggieri et al., 1997). It is assumed that surface partitioning is at local 

equilibrium with aqueous phase at NAPL-aqueous interface. Hence, isotherm parameters 

can be used to estimate surface partitioning:   

    

   
   

      
   

 (4-12) 

The complexity of this system is emanating from the fact that there is excessive number 

of constitutive equations that must be satisfied:    
    is concurrently at equilibrium with 

both NAPL concentration at the interface, and surface concentration (see Figure ‎II.1 for a 

schematic representation of concentrations at NAPL-aqueous interface). Therefore, 

Equation 2-11 that serves as a coupling equation for mass transfer equations in NAPL 

and aqueous phase has a time dependent term. The chain rule can be used to rewrite 

Equation 2-11 as: 

  

    
   

 
    

   

  
        

      

   
    

      

  
 
   

 (4-13) 

now Equation 4-12 can be used to take the derivative of surface concentration in respect 

to aqueous concentration:  

  

    
   

   

  

       
    

  (4-14) 

The derivative of aqueous concentration in respect to time  
    

   

  
  can be obtained by 

solving the mass balance equations in NAPL and aqueous phase. An iterative solution is 

developed to solve this system of equations. At the end of each time step, Equations 4-13 
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and 4-14 are used to obtain the constitutive equations for the next time step. Then the 

system of equations is solved for the next time step, and the obtained surface and aqueous 

concentrations are to check if interim constitutive conditions are met. The iteration 

process continues until initial and obtained constitutive conditions converge. Figure ‎IV.1 

shows a flow chart of the scheme used to solve this system.   

2- Modeling surface partitioning as sorption in an imaginary boundary layer:  

In this approach the interface partitioning is addressed as the sorption capacity of an 

imaginary layer with infinitesimal thickness at the aqueous-NAPL interface. It is 

hypothesized that the entire surface partitioning capacity is concentrated in this tiny layer, 

and the surface partitioning in the model can be conceptualized as sorption within this 

layer. The mathematical model of this approach is fully described in Section II.3.4. 

Figure ‎IV.2 shows the algorithm developed to solve this system. In this approach at each 

time step, an initial retardation factor (Equation 2-14) is estimated based on the 

concentrations at the end of the previous time step. System is solved and retardation 

factor updates based on the new estimated saturation. Iteration continues until the initial 

and estimated time steps converge. 
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Figure ‎IV.1. First algorithm for solving partitioning model with dual diffusion 

resistance and surface accumulation 
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Figure ‎IV.2. Second algorithm for solving partitioning model with dual 

diffusion resistance and surface accumulation 
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IV.3. Analysis of Experimental Data 

The results of two studies are used to explore the performances of the modeling 

approaches described above. All experiments are conducted by Dr. Rhiannon Ervin and 

Mr. Scott Douglas. A brief summary of the experiments is presented here to illuminate 

the basis for the simulations and to explain how the model parameters are chosen to 

perform these simulations. 

Both studies included batch and column experiments to explore equilibrium state and 

rate-limited partitioning behavior of liquid components. In the first study, partitioning of 

cis-DCE in PCE-NAPL (Ramsburg et al., 2011), and in the second, partitioning of 

alcohol tracers (i.e. 1-pentanol, 1-hexanol and 2-octanol) (Ervin et al., 2011) into TCE-

NAPL, were tested. The first system represents conditions in the subsurface, in which 

partitioning byproducts are released by reductive degradation of chloroethene. The latter 

study represents applications in which alcohol partitioning tracers are used for source-

zone characterization purposes. Liquid-liquid equilibrium experiments were conducted in 

glass tubes, where the NAPL, aqueous phase, and the partitioning component were 

allowed to equilibrate for at least 72 hours at controlled temperature. Analysis showed 

(Ramsburg et al., 2011) that at low cis-DCE concentrations typical of those observed 

under field conditions, the partitioning can be captured using a linear partition coefficient 

of 105 volume of aqueous phase over volume of NAPL (
   

     
 . Similar analyses 

obtained equilibrium partition coefficients equal to 4.20, 17.4, and 149 (
   

     
) for 1-

pentanol, 1-hexanol, and 2-octanol, respectively (Ervin et al., 2011). 

The column experiments were conducted to study the rate-limited interphase mass 

transfer. Short transport lengths (35 and 50 cm for cis-DCE/PCE and alcohol tracer/TCE 

systems, respectively) and relatively fast flow rates were used to ensure the rate-limited 
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partitioning could occur. Comparison of the experimental effluent concentration with 

modeling results obtained under equilibrium conditions confirmed that the 

nonequilibrium condition was obtained during the experiments. Columns were packed by 

uniform sand, and subsequent to water saturation, a uniform saturation of entrapped 

NAPL was obtained by imbibitions and drainage of NAPL/water. Conservative tracer 

tests were conducted before and after the introduction of DNAPL to characterize the 

porous medium used in each column experiment. Subsequent to the completion of the 

second conservative tracer test, a pulse of aqueous solution containing partitioning solute 

was introduced to the column. Experiment parameters are reported in Table ‎IV.3. For 

details on experiment conditions, see Ramsburg (2011) and Ervin (2011). 

Input Parameter Estimation:  Column parameters are needed to run numerical simulations 

of 1D partitioning experiments. The methods used to estimate these parameters are 

briefly discussed here; the values of these parameters are reported in Table ‎IV.3. 

The diffusion coefficient of the solute components in both water and NAPL were 

calculated using published empirical correlations (Hayduk and Laudie, 1974; Wilke and 

Chang, 1955). Morphology of the entrapped NAPL ganglia is another aspect of the tested 

systems that should be evaluated prior to the simulations. The blob sizes determine the 

diffusion path length within the NAPL as well as the specific surface on which the 

interphase mass transfer occurs. There are studies showing that the average NAPL 

ganglia size is directly related to the median soil grain size, uniformity index, and 

volumetric content of the entrapped NAPL (Brusseau, 2009; Powers et al., 1992; Schnaar 

and Brusseau, 2005). Here a similar correlation introduced by Ramsburg et al. (2011) was 

used to approximate the ganglia size. 
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The empirical correlation presented by Powers et al. (1992) was use to estimate the 

lumped mass transfer coefficient across the boundary layer. This correlation yields the 

modified Sherwood number (i.e., Sherwood number calculated with the lumped mass 

transfer coefficient) as a function of the characteristics of flow and porous medium. The 

lumped mass transfer coefficient is sufficient for use in the linear driving force model; 

however, in those modeling approaches that count for intra-NAPL diffusion as well, the 

specific surface area is needed to balance the fluxes at the interface. Given the average 

size of ganglia (estimated by Equation 4-10), and taking the assumptions that NAPL 

ganglia form perfect spherical droplets, the specific surface area was estimated and used 

to convert    to    (see Equation 4-9).  

To explore the hypothesis that the surface accumulation may influence the overall 

partitioning rate, Ervin et al. (2011) measured equilibrium interfacial tensions at the 

NAPL-aqueous interface over a range of solute concentrations. The fitted isotherm 

parameters (see Equation 4-11) are reported in Table ‎IV.3. 
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Table ‎IV.3.  Physical properties of column experiments used herein 

Parameters Column-1 Column-2 Column-3 

Dimensions 
  

   

Column length (mm) 34.5 34.6 50.0 

Column diameter (mm) 48.0 48.0 48.0 

Porous Media 
  

   

Sand size [ASTM sieve size] 45-50 20-30 45-50 

Porosity (-) 0.37 0.36 0.39 

Sand d50 (mm) 0.328 0.725 0.326 

Uniformity index (-) 1.09 1.16 1.09 

Dispersivity (mm) 0.81 3.37 3.20 

NAPL PCE PCE TCE 

NAPL saturation (%) 0.132 0.111 0.168 

NAPL ganglia diameter (mm) 0. 282 0.526 0.297 

Partitioning Solutes cis-DCE cis-DCE 1-pentanol 1-hexanol 2-octanol 

Maximum surface conc. 

(mol/m
2
) 

- - 6.60 4.80 3.60 

Half saturation conc. (mol/L) - - 2330 330 35.0 

Diffusivity of the solute in the 

aqueous phase (cm
2
/sec)  

1.07 x 10
-5

 1.07 x 10
-5

 0.80 x 10
-5

 0.76 x 10
-5

 0.65 x 10
-5

 

Diffusivity of the solute in 

NAPL  (cm
2
/sec) 

1.21 x 10
-5

 1.21 x 10
-5

 2.40 x 10
-5

 2.20 x 10
-5

 1.90 x 10
-5

 

Solute partition coef. (Laq/LNAPL) 105 105 4.2 17.4 149.0 

Experiment Conditions 
  

   

Volumetric flow rate  (cm
3
/min) 2.0 2.0 2.2 

Pulse duration (PV) 17.70 18.20 2.30 2.30 2.30 

Solute influent conc. (mg/L) 167 166 1070 380 180 

See columns B and C in Ramsburg et al. (2011) for experimental conditions of Columns 1 and 2, 

respectively. See Ervin et al. (2011) for Column 3. 
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IV.4. Simulation Results and Discussion 

Three 1D column experiments are simulated and analyzed to explore the kinetics of 

solute mass exchange during aqueous phase flow. Experimental parameters are 

summarized in Table ‎IV.3. Columns 1 and 2 are packed with #50-60 and #20-30 size 

sand grain, respectively. Partitioning of cis-DCE in residual PCE-NAPL is explored in 

these columns. Column 3 is packed with #45-50 size sand grain and partitioning of 

alcohol tracers (1-pentanol, 1-hexanol, and 2-octanol) in TCE-NAPL is examined in it. In 

all three columns, a nonreactive tracer (bromide) is used to estimate dispersivity and 

entrapped NAPL saturation. All column experiments were simulated with the 

equilibrium, linear driving force and dual diffusion models. In addition, tracer transport 

in Column 3 was explored via the surface partitioning model.  

Breakthrough curves (BTCs) from the column experiments are presented in Figure ‎IV.3 

for Columns 1 and 2, and Figure ‎IV.4 for Column 3. From a modeling point of view, two 

factors are to be investigated: first, how the model predictions match with the 

experimental data, and second which mathematical model is capable of providing the best 

predictions for each system. In this research, the difference between predictive 

capabilities of the alternative models is quantified by estimating the mean squared error 

(MSE) between the predicted and experimental normalized effluent concentrations.  

Inspection of Figures IV.3 and IV.4 reveals that in all three columns, the equilibrium 

model is incapable of capturing observed breakthrough of partitioning solutes, suggesting 

that the mass exchange within the columns is rate limited. Also shown in Figures IV.3 

and IV.4 are the MSE values corresponding to each BTC obtained by the models. The 

MSE values, in conjunction with visual inspection of the BTCs, reveal that only for 1-

pentanol (in Column 3) the mass exchange between the NAPL and aqueous phases can be 

described by a local equilibrium model. In this case, the breakthrough estimate of the 
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local equilibrium model is in the same range of MSE values as the rate limited models 

(MSEs of         and          for the equilibrium and linear driving force models, 

respectively). The small partition coefficient of 1-pentanol (equilibrium partition 

coefficient 4.2 Laq/LNAPL) causes that the 1-pentanol exchange between the NAPL and 

aqueous phase reaches equilibrium faster than other examined partitioning tracers. Hence, 

there is less deviation between the BTCs of equilibrium and rate limited models. MSE of 

the rate limited BTC estimate for partitioning of 2-octanol tracer (equilibrium partition 

coefficient 149.0 Laq/LNAPL) in Column 3 falls in the same order of magnitude as MSE of 

the equilibrium model, however the visual inspection of the BTCs on Figure IV.4 (c) 

clearly elucidates that the partitioning is rate limited. The increase in the MSE of the rate 

limited model in 2-octanol‟s case is caused by the sudden jump at the beginning of the 

breakthrough curve. This perturbation is discussed further in the following section. The 

BTCs of cis-DCE in Columns 1and 2 (Figure IV.3) and BTC of 1-hexanol in Column 3 

indicate that the mass exchange in these columns is rate limited, in these cases the MSE 

of BTC estimates obtained by rate limited models is one to two orders of magnitude 

smaller than the MSE of BTC estimates based upon local equilibrium assumption. The 

best prediction is obtained in Column 2, for which the obtained MSE of the linear driving 

force model is       , while the equilibrium model obtains a MSE of        . In 

Column 1, the prediction of the linear driving force model is only slightly better than the 

equilibrium model (MSE of        for linear driving force model versus        for 

local equilibrium). Ramsburg et. al (2011) examined Columns 1 and 2 and attributed the 

observed difference prediction error to accessibility of DNAPL in columns. An 

accessibility parameter was added to modify the interfacial area and used an as adjustable 

parameter to fit the effluent data from columns.  It was shown that an accessibility factor 

of 0.67 is needed to fit the effluent breakthrough concentration of Column 2. This number 
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is consistent with the report of Powers et al. (1994b) that the accessible interfacial area 

ranges from 30% to 72% for the finest sand fraction, as in Column 2. 

Inspection of simulated BTCs in both Figures IV.3 and IV.4 reveals that in all cases, the 

predicted BTCs are visually coincident. Comparing MSE values supports the visual 

observation. For instance, in Column 3, while the MSE of linear driving force model for 

prediction of 1-hexanol breakthrough is        , the difference between MSEs of dual 

diffusion and linear driving force model is only       . Similar performances in all 

rate-limited models indicate that a common mechanism in all three models is determining 

the rate of the aqueous-NAPL mass transfer. The common rate limiting process between 

all methods is diffusion across the aqueous boundary layer around the NAPL-aqueous 

interface. The insignificant difference between the models‟ predictions suggests that the 

rate of mass transfer across the boundary layer is significantly smaller than either the rate 

of mass transfer within the NAPL or the rate of mass accumulation on the surface. This 

conclusion was verified by examining the distribution of the solute components within 

the NAPL ganglia. The dual diffusion model solves solute distribution within NAPL 

ganglia. Figure ‎IV.5 (a) presents aqueous concentration profiles of Column 2 that are 

obtained by the dual diffusion model at three time snapshots. The vertical line in this 

figure marks an arbitrarily selected length along the column. Figure ‎IV.5 (b) shows 

distribution of NAPL concentration inside a NAPL droplet at the marked length. The 

aqueous concentration is normalized with influent aqueous concentration, and the Intra-

NAPL concentration is normalized by maximum possible NAPL concentration (the 

NAPL concentration at equilibrium with influent aqueous concentration). The figure 

shows that despite average NAPL concentration and therefore total accumulated mass 

within the NAPL droplet changing with time, the distribution of mass within the droplet 

remains uniform all the time. The uniform distribution of mass inside the NAPL droplet 
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proves that the diffusion within the NAPL is much faster than the diffusion across the 

film layer. It is worth mentioning that the NAPL concentration profiles presented in 

Figure ‎IV.5 may be misleading; these uniform profiles may suggest that there is no 

diffusion influence inside the NAPL. However, if the same NAPL concentration profiles 

are plotted on a different scale for NAPL concentration, a Fickian diffusion profile will 

be visible. Figure ‎IV.6 provides a magnified view of one of the same NAPL 

concentration profiles shown in Figure ‎IV.5. Here a diffusion profile can be seen; 

however, the concentration gradient between the center and the surface of the droplet is 

less than 1.0 percent.  

The equal performances of the models inevitably suggest that the simplest model, i.e., the 

linear driving model, is sufficient for modeling column experiments examined herein. 

None of the considered processes in more elaborate models proved influential on the 

shape of the breakthrough curves. The mass transfer coefficient used for these 

simulations was estimated by empirical correlation of Powers et al. (1992). Considering 

more column experiments in a variety of Reynolds numbers and residual NAPL 

saturations, Ramsburg et al. (2011) showed that the mass transfer correlation presented 

by Imhoff et al. (1994) may obtain more accurate predictions (smaller MSE between 

predicted and observed BTCs) if the experiment parameters are inside the range of 

parameters employed for correlation development. An important aspect of the presented 

simulations is that these empirical correlations were developed for DNAPL dissolution. 

Apparent perturbation in the BTC of solutes with high partitioning potential: The 

predicted BTC of the 2-octanol in Column 3 shows a perturbation in effluent 

concentration. Figure IV.4 (c) shows that following a sharp rise, the effluent 

concentration swiftly drops around pore volume two. Similar behavior is not observed for 

other tracers. The primary difference of 2-octanol with other examined tracers is the high 
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equilibrium partition coefficient of 2-octanol for partitioning into TCE. Figure ‎IV.7 (a) 

presents a magnified view of the 2-octanol BTC. Inspection of the figure indicates that 

the beginning of the drop is concurrent with the end of the pulse injection. The 

concentration drop continues within the first 1.0 pore volume flushing, and then 

concentration starts slowly increasing again. It is hypothesized that this perturbation 

relates to the difference in time scales of mass transfer in advection and partitioning, such 

that during the first pore volume flushing, the aqueous phase concentration changes more 

quickly from advection than from partitioning. This happens because the high partition 

coefficient builds a small driving force for back partitioning of 2-octanol into bulk 

aqueous phase. In order to investigate this hypothesis, a sensitivity analysis was 

conducted to show that an increase in mass transfer coefficient works as an opposite 

effect to the small driving force and therefore smoothes out the perturbation. Figure ‎IV.7 

(a) presents two breakthrough curves numerically obtained for transport of the 2-octanol 

tracer in Column 3. In one simulation, the mass transfer coefficient is obtained by Powers 

et al. (1992) correlation. In the second, the mass transfer coefficient is increased by a 

factor of 2.0. Inspection of the BTCs indicates that the perturbation does not occur in 

simulation with the increased mass transfer coefficient. Figure ‎IV.7 (b) and (c) depict the 

aqueous concentration profiles corresponding to these simulations. The concentration 

profiles are presented for two time points: point A at the end of pulse injection, and point 

B one pore volume after A. Concentration profiles corresponding to the simulation with 

Powers et al. (1992) correlation are presented in Figure IV.7 (b). The figure shows that all 

along the column, the aqueous concentration at A is higher than at B, suggesting that the 

effluent concentration at B is lower. In contrast, Figure IV.7 (c), which corresponds to the 

simulation with increased mass transfer coefficient, indicates a concentration profile 

higher at a later time (B) than at a prior time (A), suggesting the effluent concentration is 

increasing over time.  
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(a) 

 

(b) 

Figure ‎IV.3. Normalized effluent concentration of cis-DCE in (a) Column 1 and (b) 

Column 2; the numerical values presented next to each BTC are the mean square error of 

predictions. 
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(a)  

(b)  

(c)  

Figure ‎IV.4. Normalized effluent concentration of (a) 1-pentanol, (b) 1-hexanol, and (c) 

2-octanol in Column 3. The numerical values presented next to each BTC are the mean 

square error of predictions. 
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(a) 

 

(b) 

Figure ‎IV.5. Concentration profiles obtained by dual diffusion model for Column-2; (a) 

Aqueous concentration along the column; (b) NAPL concentration inside a droplet; the 

vertical dashed line on the (a) marks the location of droplet shown on (b) along the 

column. Three snapshots in time are given in a short-dashed, solid, and long-dashed line 

for 0.5, 1.0, and 1.5 times of pulse time, respectively.  
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Figure ‎IV.6. Concentration profile obtained by dual diffusion model within a single 

NAPL droplet located at half length of Column 2 at time equal to 0.5 pulse time (i.e., half 

of the influent pulse injected) 
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Figure ‎IV.7. Sensitivity of the perturbation observed in simulated BTCs of 2-octanol transport in Column 3; (a) BTCs for two simulations 

conducted with mass transfer coefficients    (Powers et al., 1992), and     ; (b), and (c) concentration profiles at the end of pulse time (A) and 

one pore volume after the pulse time (B) obtained by simulations with    and     , respectively. 
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IV.5. Relative Significance of Rate-Limited Processes 

IV.5.1. Sensitivity Analyses  

To study the relative significance of processes which contribute to the fate and transport 

of partitioning components in a 1D homogeneous porous media, a series of sensitivity 

analyses were performed. The effect of parameters such as flow rate, equilibrium 

partitioning coefficient, mass transfer coefficient, NAPL saturation, NAPL blob size, and 

diffusion coefficient were explored. In each analysis a single parameter was changed, and 

all other parameters were kept constant. A quantitative measure is needed to compare and 

report the difference between the models. In the previous section where models were 

compared with experimental data, the mean squared error (MSE) between the model 

prediction and observed data were reported. In a sensitivity analysis, simulations are 

conducted for imaginary combinations of parameters; thereafter no experimental data is 

available for simulated scenarios. Here, for each combination of simulation parameters, 

the deviation between normalized breakthrough concentrations obtained by linear driving 

force and dual diffusion models is computed using an MSE function. It should be noted 

that here MSE shows the deviation between the predictions of the models, and does not 

imply the prediction errors.  

Figures IV.8 and IV.9 present the results of the sensitivity analysis. A set of column 

experiment parameters similar to those of Column 2 was chosen as the start point of the 

analysis. The column experiment was simulated with the linear driving force and dual 

diffusion models, and the MSE between the BTCs was computed. These simulations are 

presented in Figure ‎IV.8 with a data point. This point is labeled with the letter O, as 

origin. Starting from origin, new simulations were developed by changing input 

parameters one at a time. The input parameters that were explored are: flow rate, 

equilibrium partitioning coefficient, mass transfer coefficient, NAPL saturation, NAPL 
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ganglion size, and diffusion coefficient. Results of these analyses suggest that the change 

in the NAPL ganglion size, intra-NAPL diffusion coefficient, and mass transfer rate 

coefficient lead to the deviation of the increase of MSE between dual diffusion and linear 

driving force models. The impacts of these parameters on MSE are presented in 

Figure ‎IV.8. Each point in Figure ‎IV.8 corresponds to a pair of simulations; the 

simulations‟ corresponding BTCs are shown in Figure ‎IV.9. These results suggest that 

increasing intra-NAPL diffusion resistance by decreasing diffusivity or increasing 

diffusion pathway by increasing ganglia size, gradually increases the role of intra-NAPL 

diffusion and ultimately leads to a situation in which diffusion within the NAPL 

dominates. 

 Another interesting observation is that the deviation factor slightly increases with an 

increase in mass transfer coefficient. This is due to the fact that a higher mass transfer 

rate coefficient alters the ratio of the resistances in both the film layer and within the 

NAPL, in favor of intra-NAPL resistance. However, this change is not strong enough to 

change the dominant rate-limited process.  

IV.5.2. Non-Dimensional Groups  

At least two rate-limited mechanisms are involved in the liquid-liquid partitioning 

process: (a) diffusive mass transfer across a film layer around the organic phase, and (b) 

diffusion within the organic phase. However, the rate-limited processes that control the 

fate and transport of partitioning components in porous media are not limited to the 

partitioning processes. The study of non-dimensional groups provides more insight into 

the relative importance of the processes and helps to distinguish the dominant process 

under any given condition.  
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Hand et Al. (1984) presented the dimensionless form of mass transport equations for a 

fixed-bed adsorption system. They showed that five dimensionless groups describe such a 

system. Two of these groups are Stanton Number and Diffusion Modulus: Stanton 

number is a measure of the bed length as compared to the length of mass transfer zone for 

the case in which mass transfer across film layer controls the inter-phase mass transfer 

rate; and Diffusion Modulus is a measure of bed length relative to the length of the 

transfer zone for the situation in which the intra-NAPL diffusion is the dominant rate-

limited process.  

The third dimensionless group that Hand et al. (1984) introduced is the Biot Number, 

which is simply the ratio of the Stanton Number to Diffusion Module. Using the concept 

presented by Hand et al. (1984), Willson et al. (2000) defined the Biot Number for tracer 

partitioning application as: 

   
    

      
 (4-17) 

By definition Biot Number is the ratio of the liquid-phase mass transfer rate to the intra-

NAPL mass transfer rate. As    increases, the liquid phase mass transfer rate becomes 

faster as compared to the NAPL diffusion, so large Biot Numbers mean that the intra-

NAPL diffusion is the dominant rate-limited process.  

Biot Number shows the relative significance of the partitioning processes as compared to 

each other, but it does not show whether the partitioning has a significant role in the fate 

and transport of solute components. To answer this question, the Damkohler number is 

defined for the partitioning system as the ratio of the mass transfer rate in the film layer 

to the advection rate: 
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 (4-18) 

A large Damkohler number means that either the flow rate is high or mass transfer rate is 

fast. In either case, the partitioning process does not have a major role in the fate of solute 

components.  

In the sensitivity analysis which was discussed in the previous section, a single parameter 

(e.g., mass transfer coefficient or NAPL diffusion coefficient) was changed and its effect 

on MSE was observed. Another sensitivity analysis was performed to explore the effect 

of the Biot and Damkohler numbers on MSE. Figure ‎IV.10 shows the results of this 

sensitivity analysis. The figure presents a cluster of curves; each curve represents a 

constant Damkohler number. Inspection of Figure ‎IV.10 reveals that for all examined 

Damkohler numbers moving from a lower to a higher Biot Number, the MSE between 

predictions of the dual diffusion and linear driving force models increases with an 

exponential rate. The value of the Damkohler number cannot change the shape of the 

MSE-Biot number curve; however, it can shift the place of the curve along the horizontal 

axis. This matter suggests that the Biot and Damkohler numbers together determine the 

relative importance of the competing rate-limited processes. Figure ‎IV.11 shows the MSE 

values as contours in a Biot-Damkohler space. Moving from the upper-right corner of the 

plotted Biot-Damkohler space to the lower-left corner, the MSE values increase, 

suggesting that the contribution of the intra-NAPL diffusion in interphase mass transfer 

rate is increasing. The curvature of the contour lines supports the conclusion that the role 

of intra-NAPL diffusion in determining the overall mass transfer rate should be assessed 

by considering both Biot and Damkohler numbers. Figure ‎IV.11 indicates that for       

ratios below 200 the difference between MSEs obtained by linear driving force and dual 

diffusion models is more than 1.0 percent.  
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Figure ‎IV.8. The impact of the intra-NAPL diffusion coefficient, NAPL ganglia size, and 

mass transfer coefficient on deviation between the normalized breakthrough 

concentrations predicted by dual diffusion and linear driving force models. The labels 

next to each data point correspond with a BTC plot presented in Figure ‎IV.9 under the 

same label. 
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(a)   

(b)   

(c)   

Figure ‎IV.9. Sensitivity of the BTCs obtained by dual diffusion and linear driving force models to (a) 

intra-NAPL diffusion coefficient, (b) NAPL ganglia size, and (c) mass transfer coefficient 
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(a) 

 

(b) 

Figure ‎IV.10. The impact of the Biot and Damkohler numbers on deviation between the 

normalized breakthrough concentrations predicted by dual diffusion and linear driving 

force models; (a) and (b) the mean square error shown in linear and logarithmic scales, 

respectively. 
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Figure ‎IV.11. Contours of log(MSE) in Biot-Damkohler space; MSE values present the 

deviation between the normalized breakthrough concentrations predicted by dual 

diffusion and linear driving force models. 
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IV.6. Conclusions 

Based on the simulations and analyses presented in this chapter, the following 

conclusions have been drawn: 

 Partitioning of cis-DCE in PCE and alcohol tracers in TCE are investigated. 

Existing, dissolution-based empirical correlations for mass transfer coefficients 

are found to capture the kinetics of the liquid-liquid partitioning in columns 

packed with medium size sand that contain uniformly entrapped DNAPL.  

 Sensitivity analyses suggest diffusion of the examined alcohol tracers within 

TCE-DNAPL ganglia, and surface accumulation have negligible influence on the 

fate and transport of solute components, implying that a single aqueous phase 

resistance, in the form of a linear driving force, can capture the transport of 

partitioning components within ganglia-dominated source zones.  

 The Biot Number quantifies the relative importance of two competing rate-

limited processes: aqueous phase mass transfer and intra-NAPL diffusion. The 

sensitivity analysis on the Biot Number suggests that in pool-dominated sources 

where NAPL forms interconnected zones with the diffusion paths about 2 mm or 

longer (assuming all other parameters in the range of parameters used for the 

simulations presented in this study), the intra-NAPL diffusion becomes the 

dominant controlling process.  

 Regardless of the dominant process in control of partitioning, the Damkohler 

Number can quantify the relative significance of partitioning in comparison to 

advection. A small Damkohler number means that the fate and transport of the 

components are not strongly influenced by partitioning, and advection has a more 

important role in the mass transport. 
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It must be emphasized that all of these conclusions are valid only for local zones where 

entrapped DNAPL is uniformly distributed. The influence of non-uniformities such as 

flow bypassing, flow fingering, field heterogeneities, etc., on the mass transfer rate is 

discussed in the following chapter.  
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CHAPTER V 

V.  UPSCALED MASS TRANSFER RATE COEFFICIENT  

V.1. Introduction 

In the preceding chapters it was shown that a linear driving force model can describe the 

partitioning process in small-scale homogenous porous media. Also it was shown that the 

empirical correlations originally developed for estimation of the DNAPL dissolution rate 

can be used to estimate the liquid-liquid partitioning rate. According to these results the 

mass transfer rate can be locally estimated for local homogeneous zones within the 

porous media if the source zone is well characterized. These conditions were provided in 

small scale laboratory experiments.  

In the field applications, the migration and entrapment of organic liquids in the 

subsurface is strongly influenced by fluid properties and release characteristics and by 

small and large scale heterogeneities in subsurface textural properties; in particular, 

spatial variations in permeability and capillary properties lead to the formation of 

complex and non-uniform distributions of DNAPL mass (Bradford et al., 2003; Dekker 

and Abriola, 2000; Essaid and Hess, 1993; Farthing et al., 2012; Kueper and Gerhard, 

1995; Lemke et al., 2004).  

The application of local scale mass transfer coefficients for simulation of tracer 

partitioning in heterogeneous source zones is valid only when (a) heterogeneous 

properties are characterized at the same level (scale) as was used for development of the 

local scale model and (b) computational grid blocks are small enough to capture the 

spatial variability of the properties at this scale. Both conditions cannot feasibly be met in 

a field scale simulation. Experimental studies have shown that the effective mass transfer 
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rate in a heterogeneous domain is significantly smaller than those estimated by local scale 

models when effective properties are used (Nambi, 1999; Parker and Park, 2004). 

An alternative approach for the simulation of multiphase transport behavior in 

heterogeneous systems is the use of upscaled mass transfer models. Such models 

incorporate measures of heterogeneity or uncertainty into the mass transfer rate 

correlations. A number of DNAPL dissolution investigations have focused on the 

upscaling problem (Christ et al., 2010; Nambi, 1999; Parker and Park, 2004; Saba, 1999; 

Saenton and Illangasekare, 2007). In typical DNAPL dissolution processes, the entrapped 

mass (and associated interfacial area) in the domain decreases with time; hence, the 

upscaled models in these studies must be able to capture the temporal changes in the 

mass transfer rate caused by changes in total mass. When partitioning in a source-zone 

region is explored, however, the large difference between partitioning and dissolution 

time scales greatly reduces the impact of mass removal on the partitioning rate. This 

difference renders most existing upscaled models, which were developed for upscaling 

mass transfer rate within a time domain, inappropriate for application to partitioning 

processes. 

The need for interpretation of the partitioning tracer tests based on rate-limited interphase 

mass transfer is discussed in Section ‎II.6.2. The goal of this part of the dissertation is to 

develop an upscaled mass transfer rate coefficient to be used in field scale applications 

such as tracer tests. To achieve this goal it is hypothesized that: 

 The effective mass transfer rate in a heterogeneous source zone is controlled by 

physical heterogeneities in the field; hence, a group of heterogeneity metrics can 

be identified to describe the effective (upscaled) mass transfer coefficient. 

This hypothesis is investigated through the following steps: 
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 A database of heterogeneous source zones is numerically generated. These 

source zones are generated using a set of existing DNAPL spill simulations. The 

collected set of source zones provides a diverse array of hydraulic conductivity 

and mass distribution properties.  

 The metrics of heterogeneity in hydraulic conductivity field and in entrapped 

mass distribution that could potentially affect the effective mass transfer rate are 

computed for the source zones.  

 A series of partitioning tracer tests simulations are numerically developed. These 

simulations are used to estimate the effective mass transfer coefficient of each 

realization at different tracer test conditions. 

 Regression models are developed and verified to identify the critical metrics that 

control the effective mass transfer rate, and to develop a predictive correlation for 

the mass transfer coefficient.  

V.2. Methods 

A local scale mass transfer coefficient is used in a fine-grid two-dimensional model to 

simulate a series of partitioning tracer tests in heterogeneous DNAPL realizations. The 

outputs of these simulations are adopted as observation data. For each test, a one-

dimensional model is fitted to the results of the 2D simulations and the effective mass 

transfer coefficient is estimated. A regression model is developed for the prediction of the 

effective mass transfer coefficient based on the characteristics of the realizations. 

V.2.1. Model Development for Simulation of Partitioning Tracer Tests 

A two-dimensional simulator was developed to simulate partitioning tracer tests in 

heterogeneous fields. The space was discretized to grid units of        . A widely-

used groundwater flow model, MODFLOW (Harbaugh, 2005), was coupled with the 

implementation of the linear driving force model (described in Section ‎II.3.2) in a 
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MATLAB (MATLAB, 2008) script. The flow was simulated under the constant flux 

boundary conditions in a confined aquifer. The transport equation (Equation 2-1) was 

discretized in 2D space and solved using a Crank-Nicholson finite difference approach. 

Equation 2-3, which describes the mass balance equation in the organic phase, was 

sequentially solved at each grid block with one time step lag in respect to the aqueous 

phase transport equation.  

An empirical correlation was used to estimate the local lumped mass transfer rate 

coefficient at each grid block. The Nambi and Powers (2003) correlation, which has a 

broader validation range for organic phase saturation, was selected: 

     
      

 

  
                 

         (5-1)  

here     is the modified Reynolds number; in which the mean grain size,    , describes 

the length scale and the seepage velocity,  , represents the velocity component.  

Also, the linear driving force model was used in a 1D upscaled model. Here, the entire 

domain was considered as an upscaled unit. All the properties including the velocity field 

and NAPL saturation were uniform. The mass transfer coefficient in this model was 

uniform and represents the effective mass transfer rate for the entire domain. A method 

for estimation of the upscaled (effective) mass transfer coefficient is presented in the rest 

of this chapter. 

V.2.2. Source-Zone Metrics 

The migration and entrapment of organic liquids in the subsurface is strongly influenced 

by both small and large scale heterogeneities in subsurface textural properties (Bradford 

et al., 2003; Dekker and Abriola, 2000; Essaid and Hess, 1993; Farthing et al., 2012; 

Kueper and Gerhard, 1995; Lemke et al., 2004). Heterogeneities in the background 
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permeability field and in the NAPL entrapment distribution largely influence the 

groundwater pattern through the porous media. The effective mass transfer coefficient, in 

turn, is largely determined by groundwater flow in the aquifer. Those properties of the 

source zones that possibly influence the effective mass transfer coefficient are explored to 

identify the controlling factors of the upscaled mass transfer coefficient.   

The permeability fields are generally characterized by porosity, mean and variance of 

   , and correlation lengths in the horizontal and vertical directions. The correlation 

lengths are obtained by constructing the semivariogram of the fields and fitting an 

exponential variogram model to it (Lemke et al., 2004). 

The NAPL content in a domain is described by the overall mean saturation (  
   ). Apart 

from the total NAPL content, distribution of mass within the domain is a critical factor in 

controlling the effective mass transfer coefficient. Pool fraction (PF) is a metric that 

describe the ratio of mass stored within pools (Sn> residual) to the total entrapped mass 

(Christ et al., 2010). The shape of the distribution of the entrapped mass is another 

physical factor that could affect the effective mass transfer rate. The first and second 

spatial moments of the saturation matrix are used to quantify the NAPL distribution 

within the domain. The horizontal and vertical centers of mass are given by normalized 

first moments: 

   
   

   
     and        

   

   
 (5-2)  

the second spatial moment is a measure of mass spread about the center of mass, and is 

estimated in the horizontal and vertical directions by: 

   
  

   

   
         and       

  
   

   
     (5-3)  
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here    , is the moment of rank zero and is equivalent to the total mass in the domain. It 

is used to normalize the moments of higher ranks. The spatial moments of the mass 

distribution are defined as (Essaid and Hess, 1993; Kueper and Gerhard, 1995; Lemke et 

al., 2004):  

                         

 

  

 

  

 

(5-4)  

where   is the density of DNAPL, and      are horizontal and vertical distances of each 

node from the origin of the coordinate system. The first (center of mass) and second 

(spreading) moments estimated by equations given above are dimensional parameters; 

thus, they are converted to dimensionless forms by dividing them by the corresponding 

domain length in the corresponding exponent.  

V.2.3. Generation of Heterogeneous Source-zone Realizations 

Christ et al. (2010) used the University of Texas Chemical Compositional Simulator 

(UTCHEM, 2000) and MT3D (Zheng and Wang, 1999) to simulate PCE-DNAPL 

infiltration, redistribution, and dissolution in 16 realizations (Set 1). The permeability 

fields used for generating these realizations are representative of a statistically 

homogeneous permeability field in Oscoda, Michigan (Abriola et al., 2005; Drummond et 

al., 2000). The permeability fields were generated using a sequential Gaussian 

simulations (SGS) algorithm (Lemke et al., 2004). The low variance in hydraulic 

conductivity of this field results in formation NAPL realization with low pool fractions. 

In order to have a richer database including realizations with more persistent pooling, Dr. 

John Christ used a similar approach with an increased     for the permeability fields to 

generate a set of additional 17 NAPL realizations (Set 2). The parameters used in the 

simulations are reported for both sets in Table ‎V.1.  
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To obtain two-dimensional source zone realizations representative of a range of 

heterogeneity metrics, a vertical plane was passed through the DNAPL release point and 

one or two two-dimensional rectangular (40 cm high x 120 cm long) subsections were  

manually selected from each transect plane. The size of these 2D subsections was 

selected as representative of the scale of the zone interrogated in a PPTT. In practice the 

screen length can be between 25cm to 3.0m; the common well screen size is 10ft long; in 

the field tracer tests (Davis et al., 2002; Davis et al., 2005; Pitterle et al., 2005), various 

interval lengths less than 10ft were employed. The 120 cm length is representative of the 

radius of influence of single well tracer tests (Istok et al., 2002; Pitterle et al., 2005).  

The numerically generated dissolution mass removal data (Christ et al., 2010) were used 

to generate three or four DNAPL distribution scenarios from each 2D subsection. The 

selected location of the 2D domains was fixed in 3D space. Four snapshots at equal time 

intervals were taken from each domain and as independent realizations. The use of the 

same location at different mass removal stages, as opposed to using different locations, 

was preferred because it provided a variation of NAPL saturations and distribution 

architectures within the exact same permeability field. However in some cases, the third 

and fourth snapshots were expelled because the entire mass within the marked 2D frame 

was dissolved out during the first two stages. Using this technique, a total of 180 

saturation matrices were selected out of 65 two-dimensional permeability fields. The 

process of fixing 2D frames within the 3D domains and selecting four temporal snapshots 

during the dissolution process is demonstrated in pictures for an example in Figure ‎V.1. 

The same approach is used for all 33 three-dimensional domains. 

The permeability fields used in this research were generated using the SGS algorithm 

(Lemke et al., 2004). Although field statistical parameters were specified in the algorithm 

(see Table ‎V.1), the actual field statistics within any individual realization may vary from 
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the target values. Thus, the average and variance values used in this study were calculated 

directly from SGS output data for each 3D permeability field. The vertical correlation 

lengths are obtained by constructing the semivariogram of the generated fields. The 

horizontal correlation length could not be estimated using this approach; because the 

horizontal dimensions of 3D permeability realizations in the database were smaller than 

the simulated horizontal correlation length. Figure ‎V.2 summarizes the statistical 

parameters of the permeability realizations, and Figure ‎V.3 summarizes the statistics of 

the mass distribution metrics for all realizations used in this research. 
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Table ‎V.1 Characteristics of the realizations and input parameters in numerical simulations  

Permeability Field Set 1 Set 2 

 Number of realizations 16 17 

 Algorithm used SGS SGS 

 Porosity 0.36 0.36 

               (K in    ) 26.0 26.0 

        
  0.29 1.0 

 Vertical correlation length:    ( ) 0.36 0.10 

NAPL Release Set 1 Set 2 

 Spill Volume ( ) 128 128 

 Release rate (         ) 0.32 32.0 

 

Release ( ) 400 4 

Max residual organic saturation 0.15 0.15 

Domain size ( )             

 Grid          (  )                  

Tracer Tests Tracer 1 Tracer 2 Tracer 3 

 Tracer Bromide 1-hexanol 2-octanol 

 Partition coefficient             - 17.4 149 

 Injection concentration        840 380 140 

 Molecular diffusivity in water                                          
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(c) 

 

 

 

 

Figure ‎V.1. Two-dimensional domains cropped out of three-dimensional numerically 

generated realizations; (a) 3D PCE-NAPL realizations generated by UTCHEM; (b) 2D 

vertical plane selected at the center of SZ, the marked rectangular region at the center marks 

the location and dimensions of the selected 2D regions for developing the upscaled model; (c) 

NAPL saturation in the selected region at four different time snapshots during the dissolution 
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Figure ‎V.2. Statistical characteristics of the generated permeability fields; (a) average of 

hydraulic conductivity,               (K in    ); (b) variance of  hydraulic conductivity, 

       
 ; (c) correlation length in vertical direction,    ( ); each box, the central mark is 

the median; the edges of the box are the 25th and 75th percentiles; the bars extend to the 

most extreme data points. 
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Figure ‎V.3. Distribution of six source-zone characteristics in the selected database of two-dimensional realizations; (a) pool fraction; (b) center of 

mass in x-direction; (c) center of mass in z-direction; (d) NAPL saturation; (e) vertical spreading; and (f) horizontal spreading; on each box plot, the 

central mark is the median, the edges of the box are the 25th and 75th percentiles, the bars extend to the most extreme data points excluding outliers, 

and outliers are marked individually. 
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V.3. Simulations 

V.3.1. Fine Scale Simulation of Partitioning Tracer Tests  

A series of tracer test simulations were performed with the developed fine scale 

simulator. The effluent breakthrough curve obtained by the fine scale model was taken as 

observation data. Tracer test simulations were performed under conditions representative 

of field tracer tests. A pulse of a group of tracers, including one non-partitioning (aka 

conservative), i.e., bromide, and two partitioning alcohol tracers, i.e., 1-hexanol, and 2-

octanol, were introduced to the domain. These selected tracers differ in their partitioning 

capacities from non-partitioning to highly partitioning, leading to chromatographic 

separation of tracers during the test. Tracers were uniformly injected across the left-hand 

boundary of each two dimensional sub-domain and a flux-averaged concentration at the 

right-hand boundary was observed. One pore volume (1PV) of the tracer solution was 

injected, and followed by background solution flushing until either more than 99 percent 

of the injected mass was recovered or 40 PV of background solution was flushed through 

the domain. Tracer characteristics and simulation conditions are summarized in 

Table ‎V.1. For each 2D domain (from a total of 180 domains) four tracer tests were 

simulated with flow rates ranging from 1 to 40         . 

All simulations were performed with the developed fine scale simulator in a finely 

discretized         two-dimensional grid. This level of discretization was chosen to 

permit resolution of the local flow field within the heterogeneous blocks at a scale 

consistent with the use of the local mass transfer coefficients. These simulations 

produced 480 sets of tracer breakthrough curves for further analysis (observation tracer 

data). 
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V.3.2. Effective Mass Transfer Rate Coefficient Estimation 

The purpose of this step is to lump the influence of all heterogeneities, i.e., 

heterogeneities in the permeability field and in the organic mass distribution, into an 

effective mass transfer coefficient. The one-dimensional upscaled model was used to 

model the same tracer tests simulated with the fine scale model (the fine scale simulation 

results will be called data).  

The effective mass transfer coefficient was fit individually for all 480 analyzed tracer 

tests. The non-partitioning tracer data first was used to fit the effective porosity and 

dispersivity. The fitted values for the dispersivity and effective porosity were embedded 

in the model, and the upscaled model was fit to the breakthrough curves of 1-hexanol and 

2-octanol tracers. A single effective mass transfer coefficient was used to simultaneously 

fit both tracer breakthrough curves. However, the 2-octanol data was weighted 5 times 

more than of the 1-hexanol in optimization algorithm. These weights were chosen based 

upon the higher potential of 2-octanol to partition (partition coefficient of 149            

for 2-octanol versus 17.4           for 1-hexanol). The fit was performed using the 

lsqcurvefit function from MATLAB optimization tool that solves non-linear curve fitting 

problems in the least squares sense. To obtain a quantitative understanding of the 

goodness of the fits, the mean squared error (MSE) between the observed and predicted 

breakthrough curves was calculated separately for all tests. Figure ‎V.4 depicts the 

distribution of MSE for all 480 simulations. Box plots present the distribution of MSEs 

classified according to the characteristics of the permeability fields. In both sets, more 

than 90 percent of the simulations fall within a range 2.7 times the standard deviation 

around the mean. Predicted and observed tracer breakthrough curves are shown for four 

representative simulations on Figure ‎V.4 (b). These examples are selected to represent 

different MSE value ranges.   
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(a)                                   (a)  (b) 

 

Figure ‎V.4. Mean squared errors between the fit and observed breakthrough curves; (a) 

Distribution of mean squared errors between breakthrough curves for all simulations; and 

(b) demonstration of breakthrough curves for 4 samples representative of different MSE 

value ranges; solid lines show prediction and dashed lines represent observation data. 
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V.4. Mass Transfer Correlation Development 

Once effective mass transfer rate coefficients were obtained for a wide range of source-

zone configurations, a statistical analysis was performed to develop a constitutive 

equation descriptive of the mass transfer rate as a function of source-zone metrics. 

Considering the statistical methods, a good model explains as much of the variance of the 

response variable with a small number of predictor variables. The cost of adding 

additional variables is that the degree of freedom decreases, making it more difficult to 

find significance in hypothesis tests and increasing the width of confidence intervals 

(Helsel and Hirsch, 2002).  

The potential predictors were divided into three groups: (1) permeability field 

characteristics, i.e., average and variance of     and vertical correlation length of the 

permeability field (  ); (2) DNAPL mass distribution characteristics, i.e., overall average 

organic saturation (  
   ), pool fraction ratio (used as     ), center of mass in   and   

directions (used as dimensionless forms      and     ), and variances of mass 

distribution around center of mass in   and   directions (used as dimensionless forms 

   
     and    

    ); and (3) the flow characteristics which were described by average 

Reynolds number (  ) in the domain. The average Darcy‟s velocity and the domain 

dimension in the flow direction were used for the estimation of Reynolds number to 

describe the characteristic velocity and length scale, respectively (       , where   is 

kinematic viscosity of aqueous phase).  

These variables are physically independent; however, they may be numerically 

correlated. A matrix scatter plot (not shown here) was used to diagnose the potential 

interdependencies between predicators in this group. Results showed that the    value 

between the vertical spreading and center of mass in vertical direction, and the horizontal 

spreading values, is 0.92, and 0.82, respectively, indicating a strong numerical correlation 
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between these variables. Thereafter these variables were excluded from analysis. All 

other variables were considered as potential predictors. 

A multivariable power function was selected for the form of the predictive model. This 

form was selected because with a logarithmic transformation, a Multiple Linear 

Regression (MLR) model could be used to develop the model in a systematic way. The 

predictor variables were estimated in dimensionless forms, and a combined 

dimensionless group also represented the upscaled mass transfer coefficient: 

  

  

    
      

     
         

   (5-5)  

here          are the predictor variables. The effective mass transfer coefficient (        ) 

was described as the ratio of an upscaled Sherwood number                   over the 

Schmidt number            . This form was chosen to remove the effect of the 

aqueous molecular diffusion based on the hypothesis that the upscaled mass transfer 

coefficient is merely a function of physical measures of the domain rather than molecular 

properties of the tracers. This hypothesis was endorsed in the previous section where one 

effective mass transfer coefficient was estimated to simultaneously fit the breakthrough 

curves of two different partitioning tracers.  

Multiple models with increasing number of predictors in the model were developed. At 

each stage one variable was added to the best model of the previous stage, and the best 

model was evaluated based on three main statistics: adjusted r-squared; standard error of 

the model:  ; and predicted residual sums of squares: PRESS (Helsel and Hirsch, 2002). 

Normal distribution of residuals, variance inflation factor (an index for the severity of 

multicollinearity between variables), and statistical significance of the coefficients were 

checked for all models.  
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Table ‎V.2 summarizes the coefficients, standard error of coefficients, and the 

corresponding    values of the best model at each step for up to five predictors. Detailed 

statistics and parameters of the regression models are presented in Appendix IV. 

The    value increases from model 1 to 5 at the cost of adding more variables. The best 

overall model was decided by comparing the improvement in the statistics of the models 

when more variables are added. Figure ‎V.5 shows how these statistics improve when 

more predictors are added. The graphs on the top row of this figure present the absolute 

values of the statistics, and the graphs on the bottom show the percentage of the 

improvement after adding additional predictors. The improvement percentages are 

calculated in comparison to the statistics of the first model. As Figure ‎V.5 suggests, the 

improvement in prediction accuracy is insignificant for the first four models. At least one 

percent gained improvement in all three statistics was chosen as the criterion for adding 

more parameters. Based on this criterion, Model 4 was chosen as the best model:  

 
  

  

 
                           

   
 

           
             =0.833 (5-6)  

According to this model, the Reynolds number, pool fraction ratio, spreading of the 

organic mass in vertical direction, and effective saturation are the most important 

measures that control the effective mass transfer coefficient in the domain. Figure ‎V.6 

depicts the predictive performance of Model 4 for all observation data points.  
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Table ‎V.2. Coefficients and standard errors of the developed regression models 

Model 
1
 # 1 2 3     5 

Number of variables ( ) 1 2 3 4 5 

variable coefficient   coefficient        

-                                                           

   
                                                          

      
 

                                        

        
  

                                 

  
       

   
                      

        
    

          

    
     

     
   (pred) 0.41 0.78 0.817 0.831 0.835 

   Equation 5-5 describes the general form of the regression models. 

2. Selected as the best model     
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Figure ‎V.5. Selecting the best model based on the statistics of the regression models; (a) 

standard error of the models; (b) adjusted R-squared value; (c) prediction error sum of 

squares: PRESS; The graphs on the top row present the absolute value of the statistics. 

The graphs on the bottom show the gained improvement by adding one more predictor 

parameter at a time to the model. The horizontal lines on the lower row figures mark the 

one-percent improvement criterion. 
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Figure ‎V.6. Predicted versus observed effective mass transfer coefficients for the best 

model (model 4) 
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V.5. Model Verification 

V.5.1. Test against a New Dataset 

A dataset that was never seen by the model during the training phase was used to evaluate 

the predictive capability of Model 4. In addition to the evaluation of the general 

performance of the model, this test aimed to study the effect of the domain‟s length on 

the effective mass transfer rate coefficient. The training dataset consisted of source-zone 

realizations of uniform sizes. However, the effect of the domain size was implied in the 

model where the domain length was used as the characteristic length in the definition of 

Reynolds and Sherwood numbers. It was needed to explore whether the regression model 

could capture the effect of the variability in the domain length.  

Nine new two-dimensional domains with the same size as the ones used in the training 

process were chosen (    domain size). These realizations were generated from 3D 

realizations of Set 2 following the same approach described for the training data. Each of 

the domains was used to generate three elongated hypothetical realizations. The 

elongated domains were 2 ,  , and    long and consisted of repetitive modules of the 

main realization. Figure ‎V.8 demonstrates the saturation matrices for one set of the 

domains with non-uniform lengths. The domain shown on the top of the figure is the 

basic unit and the longer domains are generated by repetition of the same unit. This 

approach was chosen to achieve a series of 2D realizations that were identical in all 

aspects except for their lengths. Following this approach a total of 36 realizations in four 

different sizes were obtained.  

The tracer test simulations and effective mass transfer rate estimations were performed 

for two different flow rates (10 and 40       ). A total of 72 new data points were 

generated. Figure ‎V.7 shows the observed and predicted mass transfer coefficients 

estimated under the slower flow rate (10       ) for all examples. The predicted and 
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observed effective mass transfer rates are plotted separately for each set of domains with 

varied lengths. A consistent trend is ostensible in all examples: the effective mass transfer 

coefficient has an inverse relationship with the domain length. A similar trend was 

observed for the faster flow rate as well. Figure ‎V.10 illustrated the predictive 

performance of the developed model (Model 4 selected as best model) for all 72 test data 

points (9 series, 4 lengths, 2 flow rates). The R-squared value between the model‟s 

predicted and observed values is higher than 0.9, indicating a high prediction precision.  

Apart from mode prediction accuracy, the observed declining trend in the mass transfer 

coefficient with increase in domain length is worthy of attention. This matter can be 

attributed to the physical shading effect caused by low permeability and NAPL 

containing zones. The longer the domain is, the stronger shading will occur, and the 

smaller interface area is accessible to the partitioning components. The shading effect is 

illustrated in Figure ‎V.9. The streamlines are shown for the same example shown in 

Figure ‎V.8. There are four domains including 1 to 4 similar modules. Moving from the 

shortest to the longest domain, the heterogeneities within the domains cause more and 

more bypassing; the active interface area and the effective lumped mass transfer 

coefficient decline as a result.  

However, it should be considered that the change in the effective mass transfer 

coefficient with change in the domain length is relatively small when compared to the 

ranges in which the effective mass transfer coefficient may vary due to other factors. The 

comparison of the scales on Figure ‎V.8 and Figure ‎V.10 clarify this point.  
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Figure ‎V.7. Correlation between the length of the domains and effective mass transfer coefficients 



97  

 

 

Figure ‎V.8. NAPL saturation distribution for an example set of the domains with similar 

organic phase properties and varied lengths 

 

Figure ‎V.9. Streamlines formed under an equal flow rate in the domains with similar 

properties but different lengths. The number of streamlines is constant for all the 

domains. 
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Figure ‎V.10. Predicted versus observed effective mass transfer coefficients for the test 

dataset 
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V.5.2. Test against Experimental Data 

Three sets of experimental partitioning tracer test studies are selected to examine the 

predictive capability of the developed model.  These studies are of interest because they 

collectively cover a wide range of the source-zone properties including domain size. The 

lengths of the examined zones are     to   times the length of the domains in the 

training dataset. This aspect helps to verify the length dependency of the effective mass 

transfer coefficient that was observed and confirmed in the previous stages. These 

analyses are presented in this section. 

V.5.2.1.   Aquifer Cell experiment by Ervin (2012) 

To examine the predictive capability of the developed model against real data, a two-

dimensional aquifer cell experiment (Ervin, 2012) was modeled. Dimensions of the 

experimental aquifer cell and partitioning tracer test experimental conditions were similar 

to those of numerical simulations used to generate the upscaled model. This resemblance 

provides a unique possibility to test the performance of the developed model against 

experimental data.  

The aquifer cell consisted of Ottawa Federal Fine sand as the background, and F-70 

Ottawa sand formed the low permeability zones within the background. Dimensions of 

the box, sand structure, and DNAPL distribution within the box are shown in 

Figure ‎V.11. A one-centimeter thick F-70 lens (28.2 cm long) was placed at the up-

gradient end of the box, and triangular low permeability zones (3.6 cm tall) formed on 

each end of the lens in an effort to direct the TCE-DNAPL to fill the area above the lens. 

Aquifer cell parameters are summarized in Table ‎V.3 .The flow in the cell was driven by 

implying a constant head pressure on two fully penetrated vertical source lines on the left 

and right hand sides of the domain. A pulse of 0.31 PV tracer solution was followed by 

flushing with background solution at 4.9       . The tracer solution consisted of 
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bromide, 1-hexanol, and 2-octanol tracers. The tracer and background flushing solutions 

were saturated with TCE to assure no NAPL dissolution took place during the test. 

A one-dimensional model was used to simulate this experiment. The overall mean TCE 

saturation, 1.1 %, was assigned to the entire domain. Conservative tracer data were used 

to fit the effective porosity and dispersivity of the model. For partitioning tracers, the 

interphase mass transfer rate was estimated by regression Model 4. Predictor variables 

were estimated based on a grid size-wise consistent with the regression model 

requirements (            blocks in horizontal and vertical directions, respectively). 

Averaging saturation values in this relatively coarse grid caused them to fall below the 

residual organic saturation value in all grid blocks, suggesting that all the organic mass is 

stored as ganglia (     . This is in spite of the fact that residual saturation can locally 

reach to values as high as 0.7 when it is explored through finer grids. Table ‎V.3 

summarizes the box experiment parameters as well as estimated values of the predictor 

variables. 

Figure ‎V.12 demonstrates the predictive performance of Model 4 for two partitioning 

tracers. The arrival time of the peak of the curves is successfully predicted. To explore 

the significance of this observation, a sensitivity analysis (not shown here) proved that in 

this setup both the peak arrival time and the peak magnitude are actually sensitive to the 

effective mass transfer rate coefficient.  
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Table ‎V.3. Parameters of the first aquifer cell experiment used for model verification 

Parameter Value 

Cell parameters 
1
 

Box Dimensions (cm)           
Packed Height (cm) 32.5  

Mass Ottawa Federal Fine (g) 4868  

Mass F-70 (g) 521  

Average Bulk Density (     ) 1.54 
 

Average Porosity 0.42 

Total Pore Volume (mL) 1303  

TCE-DNAPL Volume (mL) 13.5  

Overall TCE-DNAPL Saturation (%) 1.04 

Tracer test parameters 

Flow Rate (mL/min) 4.9 

Reynolds Number 0.0074 

Mass distribution measures 

PF
2
 0 

  
    0.011 

     0.135 

     0.240 

   
     0.0015 

   
     ~ 0 

1. Cell parameters from Ervin (2012) 

2. Pool fraction is computed for an averaging grid 

consistent with the resolution used in model 

development 
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Table ‎V.4. Properties of the second and third aquifer cell experiments used for model verification   

Parameter Test N1 Test J1 Test J2 Test J3 Test J4 Test J5 

Reference Nelson et al. (1999) Jawitz et al. (2003) 

Cell parameters
1
       

Box Dimensions (cm)                       

Effective Height: H (cm) 71.0 8.85 10.4 13.0 16.7 29.0 

 Zone 1 Zone 2  

Sand 70-mesh 20/30 mesh 20/30 mesh Ottawa  

Bulk Density (     ) 1.637
 

1.759 1.76 

Porosity 0.384 0.338 0.34 

DNAPL component TCE TCE n-decane 

Local DNAPL saturation 0.111 0.092 0.035 0.047 0.047 0.047 0.047 

Tracer test parameters       

Tracer DMP 6M2H 

Tracer-NAPL partition coef. 46.5 25.0 

Pulse Width 15 hrs (~ 1.30 PV) ~ 0.15 PV 

Tracer influent conc. (mg/Lit) 180 300 540 540 540 540 

Reynolds Number 41.4 23.9 6.30 19.30 20.41 21.72 

Mass distribution measures       

  
    0.01 0.020 0.022 0.018 0.014 0.008 

     -0.0022 0.22 0.26 0.30 0.34 0.41 

     0.5177 0.50 0.50 0.50 0.50 0.50 

   
     0.0028 0.025 0.019 0.012 0.0076 0.0025 

   
     0.0124 0.062 0.062 0.062 0.062 0.062 

1. Cell parameters from Nelson et al. (1999) for Test N1 and from Jawitz et al. (2003) for tests J1 to J5 
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V.5.2.2.  Aquifer cell experiment by Nelson et al. (1999) 

Nelson et al. (1999) conducted an experiment in a 2.2 m long by 1.1 m high by 0.053 m 

wide flow cell. An injection well and an extraction well, each 0.71 cm long, were 

installed at opposite ends of the aquifer cell (Figure ‎V.13). A medium-grained sand 

(20/30 mesh) was used as the main porous medium, and a fine-grained sand (70 mesh) 

was used to form a low permeability region in the box. Two zones, each 0.8 m long by 

0.1 m high, containing TCE were emplaced in the flow cell. Zone 1 contained residual 

TCE within the low permeability region. The local NAPL saturation in this zone was 

11.1%. The second zone contained the background sand mixed with TCE to reach to 

9.2% residual saturation (geometry shown in Figure ‎V.13). After establishing a 50 

       steady state flow in the cell, a pulse of tracer solution containing bromide and 

2,4-dimethyl-3-pentanol (DMP) was injected for 15 hours (about 1.3 PVs). The pulse was 

followed by 150 hours of flushing with clean water. Tracer test parameters and tracer 

properties are summarized in Table ‎V.4; more details about the experiment can be found 

in Nelson et al. (1999). The tracer breakthrough curves at the extraction well and also at 

local side ports located right after the NAPL containing zones were reported.   

The developed model was used to simulate the aquifer cell experiments with an upscaled 

one-dimensional model. Overall saturation and uniform 1D flow was assumed, and 

conservative tracer data was used to estimate the effective dispersivity of each tracer test. 

The effective mass transfer rate coefficient was uniformly assigned to the entire domain. 

The estimated values of predictor variables are reported for all experiments in Table ‎V.4. 

Figure ‎V.14 shows the predicted and observed DMP tracer breakthrough curve for the 

experiment conducted by Nelson et al. (1999). The long tail of the data during the 

flushing period is a specific indicator of the partitioning effect. The BTC shown on 

logarithmic scale (Figure ‎V.14) shows that the model is capable of predicting the 
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partitioning tail. For the first 100 hours, (approximately 9 PVs) of flushing the prediction 

and data match very well. The discrepancy between the model and data after this point 

shows that the effective mass transfer rate of the real data is slightly slower than the 

model prediction. This matter may be attributed to the slow dissolution of DNAPL, and 

eventual decrees in saturation and mass transfer coefficient during the experiment. 

V.5.2.3. Aquifer cell experiment by Jawitz et al. (2003) 

The third experimental study was conducted by Jawitz et al. (2003). They used a 0.62 m 

long by 0.39 m high by 0.014 m wide aquifer cell. Similar to the former study, an 

injection and an extraction well existed at opposite ends of the aquifer. They conducted 

five tracer tests (called tests J1 to J5 in this dissertation) in the aquifer cell. A 5 cm high 

layer of 20/30 mesh Ottawa sand mixed with n-decane NAPL was emplaced at the 

bottom of the chambers and clean sand was added to the chamber to reach to a total 

height of  . The total height, flow rate, and NAPL saturation vary in tests J1 to J5. 

Figure ‎V.15 shows the geometry of the boxes and Table ‎V.4 summarizes the parameters 

of the tracer tests. For each tracer test, a pulse of 0.15 PVs was delivered to the injection 

well and followed with clean water flushing. Methanol was used as the conservative 

tracer, and 2,2-dimethyl-3-pentanol (DMP) and 6-methyl-2-heptanol (6M2H) as the 

partitioning tracers. The tracer breakthrough at the effluent chamber was reported for all 

the tracers. More details about the experiments can be found in Jawitz et al. (2003).  

The partitioning tracer tests in the aquifer cell were simulated with a 1D upscaled model 

following the same approach described for other two experiments. Figure ‎V.16 shows the 

predicted breakthrough curves for 6M2H tracer in Jawitz et al. experiments. These results 

similarly suggest that the model is capable of predicting the late time tailing 

concentrations. Predictive simulation of DMP tracer in this series of experiments gave 

similar results (not shown here). 
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The selected experimental data are different in their properties. The dimensions of the 

domain in Nelson et al.‟s experiment are about twice as long as the domain dimensions in 

the training dataset of this work. Conversely, the length of the domain in Jawits et al.‟s 

and Ervins‟s work is about half of the domains used for developing model 4. These 

results suggest that the developed model can successfully estimate the effective mass 

transfer coefficient of the heterogeneous zones in the dimension range of interest. 

  



106  

 

 

Figure ‎V.11. First two-dimensional aquifer cell test used to verify developed model, 

Ervin (2012)  

 

 

(a)                                                                    (b) 

Figure ‎V.12 Breakthrough curves for the partitioning tracer test conducted by Ervin 

(2012); (a) 1-hexanol tracer; (b) 2-octanol tracer; circles show the measured effluent 

concentration, solid lines are BTCs predicted by the developed upscaled model. The 

smaller figures on the upper right corner show the same BTCs on a logarithmic scale. 
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Figure ‎V.13. Second 2D aquifer cell test used to verify developed model, Nelson et al. 

(1999) 

 

Figure ‎V.14. Breakthrough curves for the partitioning tracer test conducted by Nelson et 

al. (1999): the circles are the measured concentration at the extraction well and the solid 

line is prediction by the developed upscaled model. The smaller figure on the upper right 

corner shows the same BTC on a logarithmic scale. 
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Figure ‎V.15. Third 2D aquifer cell test used to verify developed model, Jawitz et al. (2003) 
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Figure ‎V.16. Breakthrough curves for the partitioning tracer test conducted by Jawitz et al. (2003) the circles are the measured concentration at the 

extraction well and the solid lines are predictions by the developed upscaled model 
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V.5.3. Comparison with Other Upscaled Models 

The upscaled mass transfer coefficient introduced by Saenton and Illangasekare (2007), 

S&I, is presented in Section ‎II.5. As it is discussed there, S&I hypothesized that the 

upscaled mass transfer coefficient necessarily needs to contain information on the field-

scale heterogeneity and DNAPL entrapment architecture.  

Unlike the model suggested in this study, S&I‟s model does not seek an effective mass 

transfer coefficient for the entire domain. Alternatively, it upscales the mass transfer 

coefficient within the individual computational blocks; consequently the block sizes are 

one of the variables in their model. Assuming a grid,      , coarser than the local 

heterogeneity scale, they suggested that the upscaled Sherwood number could be 

described by: 

                 
           

  

  
 

     

  
      

      
 

 

     

 (5-7)  

the definition parameters are presented in Section ‎II.5 in full details. Here it just suffices 

to recall that     is the local scale Sherwood number that must be estimated by a 

laboratory-scale empirical correlation presented by Saba and Illangasekare (2000). The 

other terms in the equation are modifiers that adjust the mass transfer coefficient for the 

upscaled domain. 

S&I‟s correlation was employed to predict the partitioning rate of the tracer test 

simulations performed in this study. The dimension of the 2D domains in this study lay in 

the range of grid block sizes for which the S&I model is developed. Therefore, the entire 

domain can be considered as a single upscaled block. Farthing et al. (2012) have also 

employed S&I models for modeling an aquifer cell experiment in a similar approach. The 

ratio of the upscaled block size to the sub-grid block size (     ) is in the range of data 
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S&I used. The spatial moments of mass distribution were calculated based on the grid 

size in which the local heterogeneities were initially generated.  

S&I suggest that for the estimation of    , the constant and the exponents of the local 

scale correlation must be readjusted for each setup. Here, in order to use the upscaled 

model in a predictive way, the same values reported by Saba and Illangasekare (2000) are 

used. A performed sensitivity analysis confirmed that the upscaled mass transfer 

coefficient is not significantly sensitive to the local scale mass transfer rate; this matter is 

reported also by other researchers (Farthing et al., 2012). 

The S&I model is used to predict the effective mass transfer coefficients for the tracer 

test simulations developed in this research. Figure ‎V.17 depicts the predicted versus 

observed data. The poor performance of the S&I model in prediction of the effective 

mass transfer coefficients can be attributed to the statistically poor dataset used for 

developing that model. The other contributing factors are discussed in the next section. 
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Figure ‎V.17. Predicted effective mass transfer coefficients given by Saenton and 

Illangasekare (2007) upscaled model  
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V.6. Discussion of the Results 

The metrics descriptive of heterogeneity in hydraulic conductivity field and in DNAPL 

distribution that could affect the effective mass transfer rate are examined. Considering a 

regression analysis among all examined metrics, mass spreading in vertical direction, 

Reynolds number, pool fraction ratio, and overall average mass saturation are the most 

crucial predictors of the upscaled mass transfer coefficient. Reynolds number is the only 

predictor that describes the tracer test conditions. All other variables are measures of 

mass distribution. The overall mean organic phase saturation describes the overall 

partitioning capacity of the domain. The vertical spreading and pool fraction ratio 

describe how this capacity is spatially distributed inside the domain. These variables are 

indicators of the shape of the entrapped mass. The direct relation between the effective 

mass transfer coefficient with vertical spreading, and its inverse relation with pool 

fraction ratio prove the hypothesis that in a heterogeneous domain the accessibility to the 

DNAPL containing regions significantly limits the overall mass transfer rate.  

The comparison of the model presented in this work with an existing upscaling model 

(Saenton and Illangasekare,2007), highlight a major difference between the models 

suggested for \upscaling the tracer partitioning and dissolution processes: both studies 

investigate the association between the effective mass transfer coefficient and metrics of 

heterogeneity. However, unlike the S&I model, here measures of heterogeneity in 

hydraulic conductivity fields were found to be of less significance and were ultimately 

removed from the presented correlation in this research. This difference can be caused 

either due to the intrinsic difference between the dissolution and partitioning processes, 

or due to the differences in the approaches toward selection and representation of the 

permeability fields used in each study. 
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Since the S&I model is developed based on 3 statistically similar permeability fields, the 

predictive application of the model is limited to similar permeability fields. This can be a 

contributing factor to the poor prediction accuracy of the S&I model when it is tested for 

a dataset with variety in hydraulic conductivity characteristics.  

 Another difference between the upscaled models of the partitioning and dissolution 

processes is the significance of the Reynolds number. In S&I‟s work first the local scale 

Sherwood number is calculated, and then it is modified by the upscaling factors. So the 

Reynolds number in the upscaled model inherently has the same exponent as in the local 

scale correlation. In the approach presented in this work, the Reynolds number exponent 

was directly fit to the upscaled data. This approach suggested a higher relative 

significance for the Reynolds number in the upscaled model.  

On the other hand, two reasons can be mentioned why permeability field characteristics 

did not show a high predictive significance in this work. Firstly, it can be attributed to the 

relatively small size of the domains. The dimensions of the blocks in which the effective 

mass transfer rate was estimated were rarely more than twice the correlation length. This 

ratio is higher in S&I‟s database (20 and 3.2 in z and x directions, respectively). 

Secondly, it is known that source-zone architecture is strongly influenced by permeability 

field characteristics. Dekker and Abriola (2000) showed that in permeability fields 

simulated by SGS algorithm, the variance of     and the vertical correlation length are 

critical parameters in determining source-zone architecture. This correlation causes the 

permeability field and mass distribution measures to be interdependent. The lack of a 

meaningful correlation between the effective mass transfer coefficient and the 

permeability field metrics could be because these metrics are indirectly represented 

through the pool fraction ratio and vertical spreading metrics.  
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V.7. Conclusion 

The effective mass transfer coefficient was numerically estimated for 480 tracer tests in 

180 DNAPL realizations. Regression analysis was performed to study the correlation 

between the upscaled mass transfer coefficient and different characteristics of the 

realizations. The predictive potential of the model was explored by testing it for a second 

dataset. The model was verified against three sets of existing partitioning tracer test 

experiments. The results of the analysis can be summarized as: 

 An upscaled mass transfer coefficient correlation was developed for application 

to field-scale applications. 

 The most significant parameters influencing the magnitude of the upscaled 

coefficient were vertical spreading of the NAPL, Reynolds number, pool 

fraction, and average saturation, in that order. 

 For relatively small injection domains, metrics of heterogeneity in the NAPL 

distribution tend to control observed tracer breakthrough (permeability field 

heterogeneity does not have a large effect on effective mass transfer). 
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CHAPTER VI 

VI.  ASSESSMENT OF SOURCE-ZONE FEATURES USING A PUSH-

PULL TRACER TEST 

VI.1. Introduction 

Effective characterization of nonaqueous phase contaminants in the subsurface region 

requires information about the amount and distribution of contaminants. Partitioning 

tracer tests are used to quantify the amount of non-aqueous phase in the subsurface. This 

test involves injection of a group of tracers into the field followed by extraction of the 

groundwater and measurement of the separation between the partitioning and non-

partitioning tracers. The extraction can be conducted from a separate well at a distance 

from the injection well or from the same well at which the injection occurs. The former is 

called a Partitioning Inter-well Tracer Test (PITT), and the latter is known as a 

Partitioning Push-Pull Tracer Test (PPTT). Interwell tracer tests usually sweep a larger 

volume of the aquifer and therefore obtain the effective characteristics for a larger 

domain. The focus of this chapter is on PPTTs; however, the presented method is not 

conceptually restricted to this application.  

Conventionally, results of the PPTTs are analyzed by using a transport model that 

assumes local equilibrium partitioning between the NAPL and the aqueous phase. In their 

influential work, Istok et al. (2002) conducted a series of laboratory and field PPTT 

experiments and showed that the conventional method can detect the presence of NAPL 

in the field. However, Istok et al. suggested that: 

“the ability of the push-pull partitioning tracer test to quantify NAPL 

saturation was not unequivocally demonstrated in this study, transport 

models assuming homogenous NAPL distribution and linear equilibrium 
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partitioning were unable to describe all features of injection- and extraction- 

phase breakthrough curves, even under controlled laboratory conditions. In 

particular, the effects of diffusion-limited mass transfer between aqueous 

and NAPL phases may be important in the spatially variable velocity field 

near the injection-extraction well.” 

Istok et al. (2002) reported that the presence of organic mass in the interrogated zone can 

be detected through an apparent dispersion effect on the pull phase breakthrough curve. 

They suggested that the estimation of mass content by fitting an equilibrium-based 

retardation factor leads to under prediction of the NAPL content. 

In this chapter it is hypothesized that the upscaled model developed in the preceding 

chapter can be used in a simulator to estimate the effective values of the model variables 

within the interrogated zone. This hypothesis is investigated through modeling efforts: 

results of push pull tracer tests in heterogeneous source zones are numerically generated; 

the upscaled mass transfer model is incorporated into a 3D model and used with a 

parameter estimation algorithm is to estimate variables.  

VI.2. Model Development 

a) Fine-Scale 3D Simulator: A simulator is first developed to model PPTTs in 

three-dimensional Cartesian coordinate space. The simulator consists of two modules for 

solving flow and mass transport equations, respectively. The flow module is the 

MODFLOW (Harbaugh, 2005) code which solves the equation:  

 

  
   

  

  
  

 

  
   

  

  
  

 

  
   

  

  
    

  

  
   (6-1) 

Where       is the hydraulic head,       , and            are the hydraulic conductive 

of porous medium in three main directions,    is the specific storage of the aquifer, and 
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        is the injection/extraction term. During a push-pull tracer test, the tracer solution 

is injected when the flow reaches steady state condition. Therefore the flow is in transient 

state only for a period of time between the push and pull phases. Considering the short 

time it takes for the flow to reach the new steady-state condition (short time in 

comparison to the duration of the phases), it is assumed that the flow equation can be 

solved for the steady state condition.  

The simulator solves Equation 6-1 for a 3D domain; the interrogated zone is discretized 

into a           grid. In all fine-scale simulations presented in this chapter the 

domain sizes are                . The test well is positioned at the horizontal center 

of the domain. It is assumed that the screened zone of the well is         . The 

sink/source terms are assigned to 8 adjacent nodes along the well-screen, which is located 

at mid-depth of the domain. This arrangement causes the flow to be injected into a 40-

cm-height zone at the center of the domain. No-flow boundary conditions  
  

  
=0) are 

applied to both the top and bottom boundaries of the 3D domain. Variable-head boundary 

conditions, consistent with the imposed flow field, are applied to the other four faces of 

the domain.  

A relative permeability function (Kalualuarachichi and Parker, 1992) is incorporated into 

the model to account for the reduction in permeability due to the presence of the organic 

phase: 

       
            

   
 

 
 

 

 (6-2) 

    
 

   
 

(6-3) 
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where     is the relative permeability, and     is the Vangenuchten parameter. The 

estimated relative permeability from Equation (6-2) is a modifier for the intrinsic 

permeability of the field: 

   
 

       
 

 
 (6-4) 

where    
 is the intrinsic permeability in    direction. The permeability distribution of the 

field and NAPL saturation matrices used for simulation of the PPTTs are adopted from 

the NAPL realizations discussed in the preceding chapter. These permeability fields are 

heterogeneous and anisotropic.  

Tracer transport is simulated with the linear driving force model that is discussed in the 

preceding sections. The 3D discretization of governing equations and the developed 

finite-difference solution and are presented in Appendix VI. 

b) Upscaled 3D Simulator: the same finite-difference model used for the fine scale 

simulations was modified to simulate the test under the upscaled conditions. The major 

differences between the upscaled and fine scale simulators are listed below:  

i) In the upscaled model, field parameters, i.e., NAPL saturations, permeability, and 

porosity, are constant effective values within the interrogation zone. The fine scale model 

contained the heterogeneity information in a           resolution. 

ii) The flow field in the upscaled model is estimated based on the radially 

symmetric approximation: 

     
 

         
 (6-5) 

where   is the pumping rate,   is the distance from the well, and    and   are the 

length of the screened zone of the well and the effective porosity, respectively. 
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iii) The upscaled mass transfer correlation expression developed in Chapter ‎V is 

incorporated into the upscaled model to represent the mass transfer of tracer between the 

NAPL and aqueous phase.  

VI.3. Forward Simulations 

VI.3.1. The effect of the spatially variable velocity field 

The upscaled mass transfer coefficient presented in Chapter ‎V was developed based on 

tracer test data obtained from 2D rectangular aquifer cells. During each individual tracer 

test, the flow rate and hence the Reynolds number were constant within the domain. The 

correlation between the flow rate and mass transfer coefficient, however, was still 

observed through the repetition of the tests with different flow rates. That is why the final 

presented upscaled model includes the Reynolds number: 

  

  

    
                           

   
 

  
         

           (5-6 duplicate) 

In a 3D domain including well injection/extraction terms, the velocity field is highly 

variable within the domain. When Equation 5-6 is used in the upscaled simulations, the 

Reynolds number is spatially variable and is inversely related to the distance from the 

well. Other predictor variables, i.e., the pool fraction, vertical spreading, and effective 

saturations, considered as source zones properties, are constant for each realization.  

The first and second spatial moments of the NAPL distribution are needed to estimate the 

vertical spreading. The following definitions were used to estimate the first and second 

spatial moments in vertical direction in a 3D domain: 

                             

 

  

 

  

 

  

 (6-6) 
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 (6-7) 

Estimation of the vertical spreading from spatial moments is discussed in Section ‎V.2.2. 

Before using the developed upscaled model in 3D space, the validity of the model for 

application to a spatially variable velocity field was investigated. For this purpose, a 

series of push-pull tracer tests was performed in hypothetical, radially symmetric 

realizations. To produce these realizations, 2D spill realizations were rotated around the 

test well to provide the symmetric 3D realizations. Using this method, the 3D realization 

features are identical to the features of the 2D realizations; the only difference is in the 

velocity field.  

Three 2D realizations were selected from the database (see Chapter ‎V for the database),. 

These specific examples were selected because the upscaled model predicted the 

effective mass transfer coefficients for these realizations in 2D domains with a high 

accuracy. Also those examples were selected because their parameter values span across 

a wide range. The parameters of the simulated realization are reported in Table ‎VI.1. 

Figure ‎VI.1 illustrates the procedure of generating a radially symmetric realization for 

Example 1.  

Radius of influence: an issue that must be resolved for upscaled modeling of PPTTs is 

the estimation of the travel distance for each individual tracer. The travel distance is 

needed to determine the effective value of the parameters (i.e., NAPL saturation, pool 

fraction ratio, and vertical spreading) in the upscaled correlation. The effective radius of 

influence of the conservative tracer can be estimated based on the injected volume and 

height of the screened zone. Given that the total injected volume is equal for all tracers, 

the travel distance of each partitioning tracer is related to the travel distance of the 
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conservative tracer. In the conventional method of modeling PPTTs, the constant of 

proportionality is an equilibrium-based retardation factor. However, in the rate-limited 

analysis the relationship is unknown; the effective radius depends on the mass transfer 

coefficient. 

For this model verification test, the travel distances for partitioning tracers were extracted 

from the fine-scale simulations and manually entered into the upscaled model. Here, the 

travel distance is defined as the distance from the well where          . Since the 

distribution of the NAPL is symmetric only in the horizontal plane and not in the vertical 

plane (see Figure ‎VI.1), the adopted travel distance is averaged over the height of the 

interrogated zone. The estimated travel distances for these simulations are summarized in 

Table ‎VI.2. As it appears in the table the travel distances are equal for Examples 2 and 3. 

This is because in these examples the entrapped mass has not occupied the entire height 

of the interrogated zone, thus the injected solution bypasses the NAPL-containing zone. 

In Example 1, as opposed to Examples 2 and 3, the mass is distributed more uniformly 

within the height of the interrogated zone, hence the travel distances of the partitioning 

tracers are different and shorter than the travel distance of the conservative tracer. The 

cross sections of the interrogated zones are presented in Figure ‎VI.2. 

Results: The simulated PPTTs included injection of a tracer solution that consisted of 

bromide, 1-hexanol, and 2-octanol alcohol tracers. The tracer solution was pumped into 

the aquifer from a 40-cm-length screened zone in the well. The test included 4 hours of 

tracer injections followed by 15 hours of groundwater extraction at the same pumping 

rate. These tests are simulated with both the fine scale and the upscaled simulators; and, 

the breakthrough concentration of the tracers at the pumping well (aka, well signals) are 

compared. As in the 2D case, the conservative tracers are used to fit the effective 

dispersivity and porosity for the upscaled model. Using the fit dispersivity and porosity, 
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the predicted breakthrough of the partitioning tracers are then simulated with the upscaled 

model. Figure ‎VI.2 presents comparisons of predicted and “observed” (i.e., numerically 

generated by the fine-scale model) well signals for the 2-octanol tracer for all three 

simulated examples. Inspection of the figure reveals that the upscaled model successfully 

reproduces the observed breakthrough curves. The accuracy of predictions is quantified 

by mean squared errors (MSE) between the observed and predicted BTCs. Table ‎VI.4 

reports MSEs for 3D simulations under both rate-limited and equilibrium assumptions. 

The calculated MSEs for 2D domains are also reported in the table. Inspection of the 

table suggests that MSEs for 2D and 3D rate limited predictions are in the same range of 

values and are at least one order of magnitude smaller than the MSEs obtained by local 

equilibrium assumption. The BTCs obtained for Examples 2 and 3 with local equilibrium 

assumption are also shown in Figure ‎VI.2 to visualize the obtained improvement in BTC 

prediction with rate-limited assumption.  

VI.3.2. PPTT in Heterogeneous source-zone regions 

In the previous section, it was shown that the developed upscaled model can capture the 

effect of the spatially variable velocity field. Therefore, the three-dimensional simulator 

was next used to simulate Push-Pull Tracer Tests in numerically generated heterogeneous 

source zones. Two 3D DNAPL realizations were chosen from the numerically generated 

dataset discussed in the previous chapter. Each tracer test was simulated with the fine 

scale model as well as the upscaled model. The modeling approach was similar to the 

approach used for modeling PPTTs in symmetric realizations and is not repeated here. 

The NAPL realizations used for these simulations are illustrated in Figure ‎VI.3 (a) and 

Figure ‎VI.4 (a), A comparison of fine and upscaled breakthrough curves are presented in 

Figure ‎VI.3 (c,d) and Figure ‎VI.4 (c,d) for linear and logarithmic scales. Use of the 

logarithmic scale allows one to see the prediction accuracy for the tailing (late time 
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concentrations). The MSEs between the observed and predicted BTCs with rate limited 

and equilibrium assumptions are reported in Table ‎VI.4. MSEs are significantly (2 orders 

of magnitude) smaller when the rate limited model is used. Visual inspection of the 

figures reveals that the upscaled and fine scale simulations match very well: this will be 

clearer when BTCs are compared with BTCs obtained with equilibrium-assumption 

based model. Figure ‎VI.5 shows BTCs predicted with both assumptions for 2-octanol 

tracer in Example 5; the improvement is consistent with that MSE values suggested. 

Figure ‎VI.6 shows a group of BTCs obtained for different tracers with equilibrium 

assumption. This figure is comparable to Figure ‎VI.4 (c). Inspection of these figures 

suggests that, unlike the rate limited model, the equilibrium-based model cannot capture 

the separation between tracers. This observation is consistent with the Istok et al. (2002) 

report on inadequacy of equilibrium-based models for analyzing PPTTs. 

Breakthrough curves in the logarithmic scale show that the prediction error increases for 

late time concentrations. The error is more pronounced for the conservative tracer, and 

decreases as the partition coefficient increases. This suggests that the source of the error 

is not in the partitioning rate. It should be noted that the fine scale results are obtained 

with a 3D model in which mass transfer into the upper and lower layers of the 

interrogated zone is permitted through the transverse dispersion and diffusion processes. 

This phenomenon is not captured in the upscaled model which assumes horizontal, 

radially symmetric transport. It is postulated that this leads to a discrepancy between the 

BTCs at very low concentrations.  

The parameters of the upscaled model are reported in Table ‎VI.3. Note that here, unlike 

the radially symmetric mass realizations, the distribution of mass around the test well is 

sporadic and radially irregular. Consequently, the effective travel distance of the 

partitioning tracers is very close to the travel distance of the non-partitioning tracer. In 
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this set of simulations, the radius of influence of all three tracers was assumed equal to 

the radius of influence of the conservative tracer. This represents a simplification of the 

problem assuming that, in the PPTT all tracers sweep equal fractions of the interrogated 

zone. This assumption helps to reduce the complexity of the model and is useful for 

parameter estimation (see the next section). The assumption is valid as long as high-

saturation interconnected NAPL zones are not uniformly located around the test well. An 

examination of the realization database that contains 190 three-dimensional NAPL 

realizations suggested that for realistic NAPL spill scenarios and field characteristics 

similar to those used in this research, the organic phase does not tend to form large zones 

containing interconnected NAPL pools. Consequently, the effective radius of influence is 

not expected to be significantly different for the tracers. 

  



126  

 

Table ‎VI.1. Parameters of the upscaled model used for simulation of PPTTS in radially 

symmetric domains 

 

NAPL saturation 

  
    (%) 

Vertical Spreading 

   
     

Pool Fraction 

   

Example 1 7.0 0.068 0.30 

Example 2 2.1 0.003 0.88 

Example 3 5.3 0.010 0.9 

 

 

Table ‎VI.2. Travel distances of conservative and partitioning tracers used in radially 

symmetric simulations  

 

Bromide 1-hexanol 2-octanol 

Example 1 2.4 (m) 2.0 (m) 0.8 (m) 

Example 2 2.4 (m) 2.4 (m) 2.4 (m) 

Example 3 2.4 (m) 2.4 (m) 2.4 (m) 

 

 

Table ‎VI.3. Parameters of the upscaled model used for simulation of PPTTs in 

heterogeneous domains 

 
 

NAPL saturation 

  
    (%) 

Vertical Spreading 

   
     

Pool Fraction 

   

Example 4 0.205 0.072 0.448 

Example 5 0.690 0.085 0.169 
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(a) 

 

(b) 

 

 (c) 

Figure ‎VI.1. Example 3D radially symmetric DNAPL realization used for investigation 

of the effect of spatially variable velocity field; (a) 2D numerically generated spill 

realization used to generate the 3D realization; (b) 3D radially symmetric filed obtained 

by radial offset of 2D domain; (c) cross sections of the 3D domain and location of the test 

well at the center 
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(a) 

(b) 

  (c) 

Figure ‎VI.2. Well signals of radially symmetric simulations for 2-octanol tracer; ; (a) 

Example 1, (b) Example 2, and (c) Example 3; the figure on the left side of each BTC is a 

cross section of the domain that shows the NAPL distribution around each well. Solid 

line shows the upscaled model, and the dashed line shows results of the fine scale 

simulation. MSE values are reported in Table ‎VI.4. 
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 (a)                                      (b)  

(c)                           (d)  

Figure ‎VI.3. Forward simulation of a PPTT in a heterogeneous source zone (Example 4); (a) 3D heterogeneous NAPL realization and location of 

the test well, horizontal planes mark the interrogation zone; (b) a horizontal cross section at the middle of the interrogation zone; (c) and (d) 

concentration breakthrough curves of the pull phase at the well location, in linear and logarithmic scales, respectively. MSE values are reported in 

Table ‎VI.4.                            
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(a)                             (b)  

(c)                       (d)  

Figure ‎VI.4. Forward simulation of a PPTT in a heterogeneous source zone (Example 5); (a) 3D heterogeneous NAPL realization and location of 

the test well, horizontal planes mark the interrogation zone; (b) a horizontal cross section at the middle of the interrogation zone; (c) and (d) 

concentration breakthrough curves of the pull phase at the well location, in linear and logarithmic scales, respectively. MSE values are reported in 

Table ‎VI.4.                            
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Figure ‎VI.5. Equilibrium and rate-limited prediction of a PPTT in a heterogeneous 

region; dashed line shows observed BTC for 2-octanol; solid lines show the upscaled and 

equilibrium predictions (Example 5). MSEs are reported in Table ‎VI.4. 

 

 

Figure ‎VI.6. Predicted breakthrough curves of Example 5 with local equilibrium 

assumption 
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VI.4. Sensitivity Analyses 

The major utility of the upscaled model is to implement it in a parameter estimation 

algorithm to determine the source zone characteristics. To guide this parameter 

estimation, a sensitivity analysis was first performed.  

The Push-Pull Tracer Test performed as Example-5 was selected as the basis of the 

comparison. The breakthrough curve obtained from the fine scale simulation was adopted 

as the observation data. The developed correlation for estimation of the upscaled mass 

transfer coefficient, i.e., Equation 5-6, includes three unknown parameters: NAPL 

saturation, vertical spreading, and pool fraction ratio. Therefore, a three-dimensional 

search space was defined (Figure ‎VI.7).  The lower and upper limits of the variables were 

selected considering the acceptable range of each parameter and the range of those 

variables in the database of 3D realizations. The search space was discretized with a 

uniform grid and the upscaled model was run for all combinations of the parameters 

within the search space. For each upscaled simulation, the difference between the 

observed and predicted breakthrough curves was quantified by measuring the sum of the 

squared errors at equal time intervals:   

                                  
 

 

   

 (6-8) 

where          specify the coordinate of a given point within the search space;   is the 

number of points on the time axis of the breakthrough curves; and   , and    are the 

normalized concentrations at the     node along the time axis obtained by the upscaled 

and fine scale simulations, respectively.  

Figure ‎VI.7 illustrates the values of the error function 6-8 within the search space. Here 

the 3D search space is shown from two perspectives. It appears from the figure that the 
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error function has a monotonic pattern with one global minimum. The 2D cross sections 

of the error function matrix help to better visualize this. Figure ‎V.6 a, b and C present the 

cross sections of the 3D space at   
         ,       , and 

   
 

      , respectively. As 

one moves along the axes of these plots, the distances between the contour lines reveals 

the sensitivity of error function to each parameter. It is apparent from the figures that the 

error function is significantly more sensitive to the NAPL saturation than to the other 

variables. These cross sections will be discussed further in the parameter estimation 

section.  

By definition each node inside the error function matrix corresponds to an upscaled 

simulation. In order to see how the shapes of the corresponding breakthrough curves 

change in response to changes in the variables, a few breakthrough curves are shown in 

Figure ‎VI.9. The breakthrough curve labeled as the fine scale simulation is the result of 

the fine-scale simulation of Example 5. Figure ‎VI.9 includes three graphs; on each graph 

one of three predictor variables is changing. Two other variables are kept constant equal 

to the actual values in Example 5. The upscaled BTC that employs the actual values for 

all three variables is shown in the same color as the fine scale simulation.  

These graphs suggest that the late time breakthrough concentration is sensitive to all three 

predictor variables. However, the sensitivity is more pronounced for average saturation. 

This observation is consistent with what was observed from the 2D contours presented in 

Figure ‎V.6. It is also apparent that for all three cases, the upscaled model BTC is the 

closest to the results of the fine-scale model (i.e. minimum prediction error) when the 

actual values of the same parameters are used. This observation suggests that the model 

can be used for parameter estimation. 
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Sensitivity to Flow Rate: The upscaled correlation presented the effective mass transfer 

rate as a function of aqueous phase velocity. It was hypothesized that changing the ratio 

between the injection and extraction pumping rates could change the extent of separation 

between tracers. This is important because it suggests that a tracer can be used in multiple 

pumping settings to provide multiple independent well signals, or the ratio of 

injection/extraction pumping rates can be optimized to maximize separation between 

tracers.  

To investigate the effect of injection/extraction pumping rates on separation of tracers, 

another PPTT with different pumping rates was simulated. All the test parameters but the 

pumping rates and phase durations were equal to the test parameters in Example 5. In the 

new simulation the injection rate was decreased to half of that in Example 5, and the 

injection phase duration was doubled to keep the injected volume equal. In contrast for 

the extraction phase, the flow rate was doubled and the phase duration was decreased 

proportionally. The pumping rates and phase durations for both simulations are reported 

in Table ‎VI.5. The obtained BTCs for all 3 tracers at both pumping scenarios are shown 

in Figure ‎VI.10. It seems that the BTCs suggest that tracers have been separated to 

different extents in the two tests. However, when time       is converted to the relative 

form of ratio of the extracted volume over the injected volume,                , the 

observed separation between tracers of the same type disappears. Figure ‎VI.11 presents 

the scaled BTCs obtained for 2-octanol tracer at both pumping scenarios. The difference 

between the BTCs when          
  changes from 1.00 to 0.25 is not visually 

distinguishable. This observation can be explained by the fact that in the mass 

transfer equation the temporal concentration change due to partitioning is 

described by a linear expression (i.e., Equation 4-1). Since in the two pumping 

scenarios, the duration of the phases are proportionally scaled to the flow rates 
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regardless of whether partitioning is happening at a slower or faster rate, the 

effluent concentration at the well always reaches a certain value at the same 

dimensionless time           . This observation rejects the hypothesis that changing 

the ratio of the flow rates could provide additional information for parameter estimation.  
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(a) 

 

(b) 

Figure ‎VI.7. Sensitivity analysis: values of the error function in the search space; the 

figures illustrate sum of squared errors (equation 6-8) in the search space from two 

perspectives: (a), and (b). Numbers are unit less and show the relative error magnitude. 
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(a)   

(b)  

(c)  

Figure ‎VI.8. Sensitivity analysis; 2D plots of the values of the error function within the 

search space presented in Figure ‎VI.7 at (a)    
         ; (b)       ; and (c) 

   
 

      ; 

Numbers are unit less and show the relative error magnitude. 
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(a)  

(b)  

(c)  

Figure ‎VI.9. Sensitivity of the well signal to the upscaled predictors; (a) sensitivity to 

vertical spreading; (b) sensitivity to pool fraction ratio; (c) sensitivity to average 

saturation.; solid lines show the upscaled simulations and dashed lines show the observed 

BTC.   
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Table ‎VI.4. Mean squared errors for upscaled simulations 

 MSE 

Example Type Model Bromide DMP 2-octanol 

1 
Radially 

Symmetric 

2D 2.2E-3 - - 

3D 2.2E-3 - - 

2 
Radially 

Symmetric 

2D - - 2.87E-4 

3D (rate-limited) 
0.70E-3 

- 0.80E-3 

3D (equilibrium)  0.51E-2 

3 
Radially 

Symmetric 

2D - - 1.9 E-3 

3D (rate-limited) 
0.73E-3 

- 0.54E-3 

3D (equilibrium) - 0.67E-2 

4 Heterogeneous 
Rate-limited 

3.45E-4 
- 3.82E-4 

Equilibrium - 0.20E-2 

5 Heterogeneous 
Rate-limited 

9.4E-5 
7.8E-5 1.56E-4 

Equilibrium 8.4E-4 8.02E-3 

 

 

Table ‎VI.5. Pumping rates and phase durations for the sensitivity analysis to flow rates 

Simulation 
    

    
 

phase Flow Rate 

(     ) 

 

 

Duration 

(  ) 

Example 5 

(mean-mean) 
1.00 

Injection 

Extraction 

0.750 
 

4.0 

0.750 
 

15.0 

Example 5 

(slow-fast) 
0.25 

Injection 

Extraction 

0.375 
 

8.0 

1.500 
 

7.5 
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Figure ‎VI.10. Sensitivity of PPTT breakthrough curves to flow rates; two clusters of the 

curves are shown, the dashed lines show the BTCs obtained by the upscaled simulator 

under slow-fast pumping rate condition. The solid lines are the BTCs obtained under the 

mean-mean flow rate condition. 

 

 

Figure ‎VI.11. Slow-fast and mean-mean BTCs for 2-octanol: dimensionless time is 

described as the ratio of the extracted volume over the injected volume. 
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VI.5. Parameter Estimation 

The ultimate purpose of developing the upscaled model was to use it in a parameter 

estimation approach to predict field upscaled parameters. To achieve this aim, a model 

that employed the developed correlation for the upscaled mass transfer coefficient was fit 

to the results of the tracer tests. The effective values of vertical spreading, pool fraction, 

and NAPL saturations were three fitting parameters that were concurrently estimated for 

each tracer test. The “lsqcurvefit” function from the MATLAB optimization tool was 

used to minimize the mean squared errors between the breakthrough curves obtained 

from fine scale and upscaled simulations. The optimization algorithm used for the least 

squares minimization is the Trust-Region-Reflective (TRR). This is one of the alternative 

options for fitting least squares in MATLAB. Another alternative algorithm, Levenberg-

Maquardt, was also used in a simple example. Since the results were not significantly 

different, the faster algorithm, TRR, was selected for the rest of the study. After 

optimization, the residuals and Jacobian were transferred to the “nlparci” function to 

evaluate the 95% confidence intervals of the estimated parameters. The parameter 

estimation was performed in two steps; firstly, the conservative tracer data were used to 

fit the effective porosity and effective dispersivity of the upscaled model; and secondly, 

the partitioning tracer data were used to estimate the effective NAPL saturation, pool 

fraction ratio, and vertical spreading. Two partitioning tracers were used, and their BTCs 

were fit simultaneously.  

Feasibility of the method: The applicability of the parameter estimation approach 

described above was demonstrated by evaluation of the upscaled variables for a series of 

2D domains. A total of 50 two-dimensional tracer test simulations in heterogeneous 

source zones were randomly selected from a pool of 480 simulations that were developed 

and used in Chapter V. The parameter estimation method described above was used to 



142  

 

estimate the upscaled parameters. The accuracy of estimations are quantified by 

calculating two metrics; the correlation coefficient between the estimated and actual 

values (   , and root-mean-square deviation (RMSD). The correlation coefficients 

between the estimated and observed values are 0.82, 0.79, and 0.45 for vertical spreading 

of NAPL, pool fraction, and NAPL saturation, respectively. Figure ‎VI.12 compares 

estimated parameters against their actual values for all 50 domains. The perfect 

estimation line and one RMSD zone around it are also marked on the figures. The RMSD 

values for vertical spreading of NAPL, pool fraction, and NAPL saturation are 0.065, 

0.133, and 0.021, respectively. RMSD describes standard deviation between the predicted 

and actual values. Care should be taken that RMSD is a scale-dependent metric and 

cannot be used to compare the prediction accuracy between the variables.  The values of 

RMSD can be normalized by the range of actual values of each variable to obtain a 

comparable metric (NRMSD). The NRMSD values for vertical spreading of NAPL, pool 

fraction, and NAPL saturation are 0.971, 0.173, and 0.255, respectively. The decreasing 

order of R-squared values between the predicted and actual values is consistent 

with the order of variable significances in the developed upscaled correlation (see 

Table ‎V.2 for the details of the regression model). However, the NRMSD metric 

indicates that the relative prediction error for vertical spreading is higher than 

pool fraction and NAPL saturation. The scatter plots shown on Figure ‎VI.12 (a) 

reveals a consistent upward bias in vertical spreading estimates that explains the high R-

squared of the data.  Figure ‎VI.13 shows the predicted and estimated variables for a fewer 

number of 2D examples; here the data points corresponding to a given example are 

shown with an assigned color and shape in all three scatter plots. This helps to distinguish 

each example and so make it possible to compare the estimated and predicted values of 

all three variables concurrently. The four examples shown on Figure ‎VI.13 were selected 
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to represent the range between the best and worst cases on Figure ‎VI.12; this was done by 

considering the MSEs between the observed breakthrough curve and the breakthrough 

curve obtained by fitting the upscaled model. Examples 1 to 4 with MSEs equal to 

      ,       ,        and       , respectively, were selected to be 

shown on Figure ‎VI.13, Inspection of Figure ‎V.4 indicates that the MSEs of 90 percent 

of 2D simulations developed in Chapter V fall in this range. Figure ‎VI.13 suggests that 

the difference between estimated and actual upscaled parameters is related to the MSE 

between the observed and upscaled breakthrough curves. These observations confirm that 

the suggested approach can be used to estimate the upscaled parameters. 

 



144  

 

 

 

Figure ‎VI.12. Comparison of estimated and actual values for: (a) vertical spreading, (b) pool fraction, and (c) NAPL saturation. Blue circles show 

values of parameters obtained for 2D simulations; red triangles and green squares show values of parameters for 3D simulations, in Examples 4 

and 5, respectively. The middle 45-degree-line represents the perfect estimation and the other two lines mark root-mean-square deviation below 

and above perfect estimation. Vertical spreading of Example 4 is an outlier and is not shown on plot (a); see Table ‎VI.6 for its values. 

(a) (b) (c) 
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Figure ‎VI.13. Concurrent comparison of estimated and actual values for: (a) vertical spreading, (b) pool fraction, and (c) NAPL saturation for four 

selected 2D realizations. The middle 45-degree-line represents the perfect estimation, and two dashed lines mark root-mean-square deviation 

below and above perfect estimation. 

(a) (b) (c) 
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Table ‎VI.6. Estimated source zone parameters with PPTTS conducted in heterogeneous 

source zones; parameters are estimated using the upscaled model developed in this 

research and the local equilibrium model.  

 
Parameter 

 Method 

NAPL 

saturation 

  
    (%) 

Vertical 

Spreading 

   
     

Pool 

Fraction 

   

Example 5 

Actual - 0.690  0.081 0.169 

Rate-limited 

analysis  

Fit (linear) 0.660 0.041 0.365 

Fit (Log) 0.584 0.010 0.490 

Equilibrium 

analysis 

2-octanol 8.590 N/A N/A 

DMP 10.70 N/A N/A  

Example 4 

Actual - 0.205 0.072 0.449 

Rate-limited 

analysis  

Fit (linear) 0.185 0.252 0.351 

Fit (Log) 0.260 0.488 0.010 

Equilibrium 

analysis 

2-octanol 4.31 N/A N/A 

DMP 3.85 N/A N/A  

 

 

 

Table ‎VI.7. Margin of error for the estimated parameters with rate-limited analysis 

  
NAPL saturation 

  
    (%) 

Vertical Spreading 

   
     

Pool Fraction 

   

Example 5 
Fit (linear)   0.004   >10   >10 

Fit (Log)   0.004   >10   >10 

Example 4 
Fit (linear)   0.005   >10   >10 

Fit (Log)   0.006   >10   >10 
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Parameter estimation in 3D heterogeneous source-zones: The same PPTT simulations 

developed in Section ‎0VI.3.2 were used to explore the parameter estimation approach for 

three-dimensional heterogeneous source zones. Similar to the approach used for 

predictive simulation of PPTTs, observed tracer test data were numerically generated by 

a fine scale model that employed a local scale mass transfer coefficient. Estimated and 

actual values of the upscaled parameters are summarized in Table ‎VI.6. These values are 

shown on Figure ‎VI.12 along with the data points corresponding to the 2D domains. 

Inspection of Figure ‎VI.12 suggests that for the 3D examples considered here, the 

estimates of pool fraction and NAPL saturation parameters fall in the standard deviation 

zones calculated based on 2D simulations. This suggests that the prediction accuracy of 

these variables is consistent for 2D and 3D simulations. However, the estimates of 

vertical spreading fall out of the standard deviation zone and do not match with 2D 

simulations. For both 3D examples considered here, the predicted values of the average 

NAPL saturation are remarkably close to the perfect estimation line. The estimation error 

margins are defined as half-width of the 95% confidence interval for each estimated 

parameter. The calculated error margins are reported in Table ‎VI.7. The error margins of 

the estimated saturations are smaller than 3.0 percent of the estimated values. In contrast, 

the confidence intervals for the vertical spreading and pool fraction are significantly large 

(larger than 100% of the estimated value). Figure ‎V.6 showed two-dimensional contours 

of error function within the search space; inspection of these contours helps to explain the 

computed confidence intervals. The figure suggests that the contour lines cross the 

saturation axis frequently, while in most cases the contour lines are almost parallel to the 

other axes. The higher gradient of the error function with respect to the NAPL saturation 

explains why the confidence interval of the estimated saturation is significantly smaller 

than the confidence intervals of two other variables.  
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A difference between the 2D and 3D simulations that should be noticed in Figure ‎VI.12 

(c) is that the actual value of the effective NAPL saturation in 3D simulation is less than 

one percent. This value is lower than the minimum NAPL saturation in 2D simulations. 

This difference may explain the observation that the estimates of vertical spreading in 3D 

simulations are not as good as estimates in 2D simulations. However a conclusive 

statement could be made if a dataset of 3D simulations was developed to cover a broader 

range of values for all three examined variables. This endeavor relies on developing new 

NAPL release simulations at more diverse conditions to obtain local zones with higher 

effective NAPL saturation, and diverse pool fraction and vertical spreading parameters.  

Parameter estimation based on local equilibrium assumption: The common method 

for analyzing a push-pull tracer test is to use a local equilibrium assumption and to model 

partitioning similarly to linear equilibrium sorption. The relationship between the fit 

retardation factor, equilibrium partition coefficient, and NAPL saturation can be used to 

estimate the NAPL saturation:  

   
   

       
 (2-29 duplicate) 

In order to compare the performance of the developed parameter estimation algorithm 

with that of the conventional method, a 1D radial model capable of modeling equilibrium 

partitioning was fit to the result of the fine scale simulations. Equation 2-29 was used to 

estimate NAPL saturations. Given that the model has to be fit separately for different 

partitioning tracers, different estimates will be obtained for NAPL saturation for each 

tracer. The estimated parameters based on the local equilibrium assumption are reported 

in Table ‎VI.6 along with the actual values and the results of the rate-limited 

interpretation. This comparison reveals that for both examples, the local equilibrium 

assumption results in substantial estimation errors and over-prediction of the NAPL 
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saturation, the observation that is consistent with the results of an experimental study of 

PPTTs in an aquifer cell (Ervin, 2012).  

VI.6.  Conclusions and implications 

Existing models for interpretation of partitioning tracer tests rely on local equilibrium 

partitioning assumption. Analysis of partitioning push-pull tracer tests conducted by Istok 

et al. (2002) showed that the equilibrium model is inadequate in describing the separation 

between the tracers. They also showed through field and laboratory studies that 

quantifying the NAPL content based on equilibrium assumption led to inconsistent and 

incorrect estimates. In this research, the upscaled mass transfer coefficient which was 

developed in the preceding chapter was used to model PPTTs. The model was used in a 

predictive manner and was shown capable of reproducing the observed breakthrough 

curves at the well. A linear driving force model that employed the upscaled mass transfer 

coefficient was capable of generating the separation between the breakthrough curves of 

partitioning and conservative tracers. The upscaled model was employed in a parameter 

estimation algorithm. Partitioning tracer tests, performed in 2D domains with injection 

and extraction wells on opposite sides of the domains and in 3D domains with a single 

injection and extraction well at the center of the domains, were analyzed. These 

simulations represent conditions of inter-well and push-pull partitioning tracer tests, 

respectively. The utility of the upscaled model to estimate vertical spreading, pool 

fraction, and NAPL saturation was demonstrated in 2D simulations. The 3D simulations 

considered here provided estimates for average NAPL saturation with an absolute error of 

3.0 percent or less. However, the accuracy of estimates for vertical spreading and pool 

fraction was not consistent. The mathematical model and parameter estimation algorithm 

developed in this research is the first attempt to analyze PPTTs based on rate-limited 

partitioning and is shown useful for characterizing source zone features.  



150  

 

CHAPTER VII 

VII.  CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 

STUDIES 

VII.1. Conclusions 

To quantify rate-limiting processes controlling solute mass transfer between NAPL and 

aqueous phases, a series of comparative numerical studies was performed. For conditions 

consistent with available laboratory investigations and mass transfer theory, a linear 

driving force approximation can be used to adequately describe the kinetics of liquid-

liquid partitioning. Analysis of laboratory scale partitioning tracer data showed that 

existing dissolution-based empirical correlations may be employed to accurately estimate 

mass transfer coefficients for the partitioning process. This finding is valid as long as the 

porous medium properties and flow conditions are consistent with the laboratory 

conditions in which the local scale correlations were developed. 

A modeling comparative effort showed that in the studied systems, diffusion within the 

entrapped DNAPL phase and liquid-liquid interface accumulation has a negligible 

influence on the fate and transport of the partitioning components. Biot and Damkohler 

numbers were used to quantify the contribution of aqueous diffusion, intra NAPL 

diffusion and advection processes in determining mass transfer rate. A sensitivity analysis 

based upon the systems investigated in this work suggest that in pool-dominated sources 

(where NAPL components form large pooled zones), intra-NAPL diffusion may become 

important when the diffusion path increases to 2 mm or more.  

A systematic numerical modeling study examined the utility of an upscaled mass transfer 

coefficient to estimate the effective mass transfer rate in field-scale applications. A 

regression analysis was performed on numerically generated tracer breakthrough curves 
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to develop correlations between the mass transfer coefficient and field and mass 

distribution characteristics. This study revealed that the most significant parameters 

influencing the effective mass transfer coefficient are vertical spreading of the NAPL 

components, Reynolds number (   , pool fraction (   , and average saturation (  
   ), in 

that order. Except for the Reynolds number, other factors are the characteristics of the 

NAPL distribution; the characteristics of the permeability field are indirectly represented 

in the model through their correlations with the selected variables.  

The developed upscaled mass transfer model was employed in a simulator to predict 

push-pull tracer tests under rate-limited partitioning conditions. The conventional method 

of analysis of PPTTs with local equilibrium assumption was shown incapable of 

accurately quantifying NAPL saturation or reproducing the results of the tests. The rate-

limited partitioning model was used in a predictive manner to simulate results of the 

PPTTs. The upscaled model was found to be capable of reproducing the observed 

breakthrough curves at the well. Capturing the separation between the breakthrough 

curves of partitioning tracers is of significance because it carries information about the 

NAPL content and distribution.  

The developed upscaled simulator was employed in a parameter estimation algorithm. 

The results indicate that a group of tracers including one conservative and at least two 

partitioning tracers can be used to estimate field properties. For the examples considered, 

the suggested algorithm was shown to be capable of quantifying the average NAPL 

saturation with an error margin as low as 3.0 percent of the actual value.  However, the 

ability of the model to yield information about the NAPL spatial distribution was limited. 

VII.2. Recommendations for Future Studies 
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The numerical models developed in this research are simplified approximations of 

physical realities. Liquid-liquid partitioning was the only interphase mass transfer process 

that was considered in this study. This limitation should be considered when 

mathematical models are applied to other systems that include different components or 

different material properties. For example, when the organic content of the porous media 

is not negligible, sorption may be a competing process for solute liquid-liquid 

partitioning, and could significantly affect the results. Competition between the 

interphase mass transfer processes needs to be studied further in the future.  

In this work several rate-limited modeling approaches were developed for local scale 

applications. These models were verified and calibrated for the systems used in this 

research. Therefore, the conclusion that the mass transfer across a boundary layer is the 

dominant rate-limiting process is valid for the components, porous media, and flow 

conditions used here. The performed sensitivity analysis suggests that there will be cases 

in which other processes such as intra-NAPL diffusion become dominant. However, there 

were no experimental data to support this numerical observation. The models presented 

here can be used to design new experimental setups with exclusive NAPL pooled zones, 

or NAPL components with higher molecular weights (that create a slower intra-NAPL 

diffusion rate) to investigate the effect of intra-NAPL diffusion.  

Two alternative approaches were developed in this work to incorporate surface 

accumulation into the partitioning model. Simulation results suggested that, in a system 

consisting of TCE-NAPL and alcohol tracers, the effect of surface accumulation on 

solute partitioning rate was negligible. Therefore these two models were not verified 

against real data. Both approaches may be useful for modeling the physical interaction of 

other components with a high potential for surface accumulation. These models need to 

be validated by experimental data. 
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The upscaled model presented here was developed based on analysis of partitioning in a 

series of 2D realizations. These realizations were all uniform in size. The characteristic 

length scale was incorporated into the model, and was shown successful in capturing the 

impact of the domain length in the ranges between 0.5 to 4.0 times of the original length. 

Nonetheless, more investigations are needed to systematically establish the potential 

effect of the domain size on the upscaled mass transfer coefficient. Moreover, the ratio of 

the domain dimensions to the correlation lengths of the permeability field is a particular 

parameter that did not demonstrate any significance in the presented model. It will be 

valuable to investigate if this observation remains valid when the ratio is significantly 

different.  

Application of the parameter estimation algorithm presented in this work produces a 

significant improvement, as much as two orders of magnitude reduction in error 

percentage, in estimates of total NAPL content in the domain. However, the presented 

parameter estimation algorithm was not successful for estimating other parameters such 

as indicators of spatial distribution of mass. The upscaled mass transfer model which was 

used in this algorithm was developed in an earlier step, where the objective was to 

maximize the prediction accuracy based on training and testing datasets. This approach to 

the selection of the predictors does not necessarily yield the best set for push-pull tracer 

test interpretation. An essential next step could be to reapply the regression model and try 

other combinations of predictor parameters (specifically fewer variables). The statistics 

(e.g., R-squared) of the new models will certainly be compromised in comparison to the 

current model; nonetheless the new combinations of variables might be more useful for 

PPTT interpretation. 

Utility of the parameter estimation algorithm was examined for two source zones. In one 

of the examples, the NAPL mass was located mostly on one side of the well location; and 



154  

 

in the other, the mass was distributed around the well. Additional examples from each 

category should be examined to investigate the presence of possible patterns in well 

signals. The potential patterns may be helpful in estimating other parameters such as 

horizontal distance between the well and center of mass in contaminated region, or radial 

spreading of the contamination around the well.  
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NOMENCLATURE 

   

   Specific interfacial area (surface area between the 

NAPL and aqueous phase in unit volume of the 

matrix) 

      

   Half saturation concentration          

   specific surface area of a single droplet        

  NAPL globule radius      

   Biot number               - 

   Influent aqueous concentration          

    Solute concentration in bulk aqueous phase          

   
  

 Solute concentration in bulk aqueous phase at 

equilibrium with solute concentration in NAPL 
        

   
    Solute aqueous concentration at the interface between 

NAPL and aqueous phase 
        

  
  Volume average solute concentration in NAPL globule         

  
    Solute concentration in NAPL at the interface between 

NAPL and aqueous phase 
        

     Solute concentration in NAPL at distance r from 

center of the globule 
        

       Solute concentration in NAPL globule at NAPL 

surface 
        

    Median grain size diameter     

   Damkohler number          - 

    Solute diffusivity coefficient in aqueous          

DH hydrodynamic dispersivity (                   

   Solute diffusivity coefficient in the NAPL          

      Sink/source term             

   Extraction/injection term in flow equation       

  Mass flux across the boundary layer             

    Lumped mass transfer coefficient        

    Equilibrium partition coefficient          

   Mass transfer coefficient         

    Relative permeability - 
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  Domain Length in flow direction     

  Characteristic length      

            
   Normalized second moment used by Saenton and 

Illangasekare (2007) 
- 

  Porosity  - 

   Pool fraction - 

     Flow rate of the extraction phase in a PPTT          

     Flow rate of the injection phase in a PPTT          

  Radial dimension     

   Reynolds number (based on Darcy velocity) - 

    Modified Reynolds number (based on pore water 

velocity) 
- 

  Retardation factor - 

   Retardation factor for the surface layer between NAPL 

and aqueous phase  
- 

    Aqueous phase saturation - 

   Schmidt number  - 

   Sherwood number           - 

    Modlified Sherwood number        
        - 

      Upscaled Sherwood number (          - 

   NAPL saturation - 

  
    Effective saturation in the field - 

   Uniformity index - 

  Pore water velocity         

     Volume of the extracted groundwater in pull phase of 

a PPTT 
     

     Volume of the injected solution in a PPTT      

   Volume of a NAPL globule      

    Volume of the inner surface layer       

   First moment of NAPL distribution in x-direction 

normalized by total mass (center of mass in x-

direction) 

    

  Dispersivity      

   First moment of NAPL distribution in z-direction 

normalized by total mass (center of mass in z-

direction) 
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  Thickness of the surface layer     

  Accumulation of mass at the interface         

   Maximum surface accumulation          

     Accumulation of mass at the interface per volume of 

the surface layer (    ) 
        

   Correlation length in horizontal direction      

   Correlation length in vertical direction     

  Kinematic viscosity of aqueous phase          

  Hydraulic head     

   
      Second moment of NAPL distribution normalized by 

domain size in x-direction (lateral spreading)  
- 

   
     Second moment of NAPL distribution normalized by 

domain size in z-direction (vertical spreading) 
- 

   NAPL content - 
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APPENDICES 

Appendix I: Finite-Difference solution of the linear Driving Force Model  

The system of equations that describes the linear driving force model is presented in 

Section ‎IV.2. Here details of the Finite-Difference solution are presented.  

The one-dimensional domain is discretized to n nodes, and two equations are 

simultaneously solved at each node; one for aqueous phase and one for NAPL:  

AI.1. Discretization of the transport equation in aqueous phase  
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AI.2. Discretization of the transport equation in aqueous phase at x=0 
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AI.3. Discretization of the transport equation in aqueous phase at x=L 

Boundary condition at x = L:    Zero gradient assumption;    0

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General equation for aqueous concentration 

Equation for aqueous concentration at X=0 
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AI.4. Temporal mass balance equation for the NAPL phase 
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Equation for aqueous concentration at X=L 

General Equation for NAPL concentration  
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Appendix II: Finite-Difference solution of the Dual Diffusion Model  

The system of equations that describes the dual diffusion model is presented in 

Section ‎IV.2. Here details of the Finite-Difference solution are presented. This solution is 

adopted from a similar work for mass transport in bio-films by Mendoza-Sanchez and 

Cunningham (2007).  The mass transport equation in the aqueous phase is solved in a 1D 

domain (n nodes), at each node the mass transport equation is coupled with a second 

equation which describes mass transport within the NAPL, this equation is discretized in 

a radial 1D domain (m+1 nodes). A coupling flux balance equation connects these two 

equations at the interface and ensures that the system is mass conservative. The diagram 

below schematically illustrates the solution domains. The following is the Finite-

Difference discretization of equations. All )1(  mn  equations are simultaneously 

solved. 
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The equations here are presented and solved in non-dimensional forms, below is a list of 

the parameters and the definition of the dimensionless terms used in the equations: 

x   Distance from the inlet 

r   Radial distance from center of center of the NAPL ganglion 

fD   Aqueous diffusion coefficient 

fk   Mass transfer coefficient 

),( txC   Aqueous concentration  

0C   Input concentration 

n   Porosity 

D   Hydrodynamic dispersivity 

v   Flow velocity 

 

Non-Dimensional terms 

C   0CC  

x   Lx  

t   Lvt  

r   2Rr  

Pe   DvL  

     fnnn)1(   

*r   21 RR  

Da   vLk f              

Ed   
2

2RvLD f     

St   2RnvL f     
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AII. 1. Equation for mass transport within the NAPL (general form  1*  rr ) 
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AII. 2. Equation for mass transport in aqueous phase 
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AII. 3. Boundary condition at the interface ( 1r )   
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For 1r  boundary condition would substitute in this equation and discretized as:   
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AII.4 Boundary condition at the center of the NAPL droplet 
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AII.5 Boundary condition for transport equation in aqueous phase at x=0 

Boundary condition:    
dx
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Appendix III: Database Used to Developed the Upscaled Models 

Data used for the regression analysis of this research (Chapter V) is presented in the 

Table AIII.1. The columns of table are labeled as C1 to C13 as: 

 

C1      

C2      

C3    
      

C4    
     

C5 1+PF 

C6   (m) 

C7 Reynolds number (       

C8 Average Saturation (  
   ) 

C9        
  

C10               (K in    ) 

C11    ( ) 

C12           

C13 Sherwood number  
    

   
  

 



Number C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13

1 0.46 0.09 0.04 0.06 1.23 0.02 132.21 0.049 0.257 26.032 0.22 4.39E-04 3.98E+05

2 0.46 0.09 0.04 0.06 1.23 0.02 132.21 0.049 0.257 26.032 0.22 4.36E-04 3.95E+05

3 0.46 0.09 0.04 0.06 1.24 0.02 132.21 0.048 0.257 26.032 0.22 4.12E-04 3.73E+05

4 0.67 0.11 0.05 0.05 1.55 0.03 132.21 0.045 0.264 26.304 0.47 2.34E-04 2.12E+05

5 0.67 0.11 0.04 0.05 1.55 0.03 132.21 0.045 0.264 26.304 0.47 2.27E-04 2.05E+05

6 0.73 0.12 0.02 0.04 1.64 0.03 132.21 0.038 0.264 26.304 0.47 1.69E-04 1.53E+05

7 0.73 0.25 0.02 0.01 1.90 0.30 132.21 0.053 0.315 26.072 0.39 4.40E-05 3.98E+04

8 0.74 0.24 0.02 0.01 1.78 0.30 132.21 0.049 0.315 26.072 0.39 4.55E-05 4.12E+04

9 0.75 0.20 0.02 0.00 1.96 0.24 132.21 0.032 0.315 26.072 0.39 3.44E-05 3.11E+04

10 0.54 0.03 0.06 0.07 1.25 0.03 132.21 0.067 0.346 26.184 0.41 5.62E-04 5.09E+05

11 0.54 0.03 0.06 0.07 1.25 0.03 132.21 0.067 0.346 26.184 0.41 5.61E-04 5.08E+05

12 0.56 0.03 0.06 0.07 1.27 0.03 132.21 0.062 0.346 26.184 0.41 5.06E-04 4.58E+05

13 0.47 0.04 0.08 0.07 1.30 0.02 132.21 0.079 0.232 26.118 0.22 1.01E-03 9.15E+05

14 0.47 0.04 0.08 0.07 1.30 0.02 132.21 0.079 0.232 26.118 0.22 1.01E-03 9.11E+05

15 0.47 0.04 0.08 0.07 1.30 0.02 132.21 0.078 0.232 26.118 0.22 9.93E-04 8.99E+05

16 0.58 0.20 0.02 0.00 1.88 0.01 132.21 0.022 0.320 25.973 0.16 2.15E-05 1.95E+04

17 0.61 0.20 0.01 0.00 1.94 0.01 132.21 0.020 0.320 25.973 0.16 1.63E-05 1.48E+04

18 0.62 0.20 0.01 0.00 2.00 0.01 132.21 0.012 0.320 25.973 0.16 1.76E-05 1.59E+04

19 0.58 0.08 0.04 0.06 1.33 0.01 132.21 0.046 0.228 26.076 0.22 3.76E-04 3.41E+05

20 0.58 0.08 0.04 0.06 1.34 0.01 132.21 0.046 0.228 26.076 0.22 3.71E-04 3.36E+05

21 0.60 0.08 0.04 0.06 1.36 0.01 132.21 0.042 0.228 26.076 0.22 3.33E-04 3.02E+05

22 0.66 0.17 0.01 0.02 1.80 0.01 132.21 0.016 0.228 26.076 0.22 4.07E-05 3.68E+04

23 0.56 0.16 0.03 0.03 1.72 0.01 132.21 0.017 0.459 25.962 0.11 2.50E-05 2.27E+04

Table AIII.1. Field parameters amd fit mass transfer coefficient, data used for regression 
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Number C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13

24 0.56 0.16 0.03 0.03 1.72 0.01 132.21 0.017 0.459 25.962 0.11 2.50E-05 2.26E+04

25 0.70 0.15 0.02 0.04 1.61 0.02 132.21 0.036 0.420 26.039 0.42 1.51E-04 1.36E+05

26 0.70 0.16 0.02 0.04 1.62 0.02 132.21 0.035 0.420 26.039 0.42 1.46E-04 1.33E+05

27 0.69 0.17 0.02 0.02 1.72 0.02 132.21 0.028 0.420 26.039 0.42 7.24E-05 6.56E+04

28 0.62 0.20 0.01 0.00 2.00 0.02 132.21 0.012 0.420 26.039 0.42 1.86E-05 1.68E+04

29 0.66 0.13 0.02 0.05 1.52 0.03 132.21 0.042 0.201 26.211 0.46 2.50E-04 2.26E+05

30 0.66 0.13 0.01 0.05 1.52 0.03 132.21 0.042 0.201 26.211 0.46 2.48E-04 2.25E+05

31 0.66 0.14 0.01 0.04 1.53 0.03 132.21 0.041 0.201 26.211 0.46 2.39E-04 2.17E+05

32 0.67 0.16 0.01 0.03 1.62 0.03 132.21 0.034 0.201 26.211 0.46 1.34E-04 1.22E+05

33 0.58 0.21 0.03 0.01 1.84 0.04 132.21 0.034 0.449 25.871 0.19 3.43E-05 3.11E+04

34 0.58 0.21 0.03 0.01 1.88 0.04 132.21 0.033 0.449 25.871 0.19 3.30E-05 2.99E+04

35 0.55 0.12 0.07 0.06 1.43 0.01 132.21 0.093 0.502 25.915 0.19 4.35E-04 3.94E+05

36 0.55 0.12 0.07 0.06 1.43 0.01 132.21 0.093 0.502 25.915 0.19 4.35E-04 3.94E+05

37 0.56 0.12 0.07 0.06 1.44 0.01 132.21 0.091 0.502 25.915 0.19 4.22E-04 3.82E+05

38 0.68 0.15 0.03 0.04 1.58 0.01 132.21 0.069 0.502 25.915 0.19 2.81E-04 2.54E+05

39 0.58 0.20 0.01 0.01 1.74 0.01 132.21 0.023 0.280 26.068 0.20 4.03E-05 3.65E+04

40 0.58 0.20 0.01 0.01 1.74 0.01 132.21 0.023 0.280 26.068 0.20 3.64E-05 3.30E+04

41 0.59 0.20 0.01 0.01 1.79 0.01 132.21 0.021 0.280 26.068 0.20 2.75E-05 2.49E+04

42 0.44 0.13 0.07 0.05 1.44 0.01 132.21 0.042 0.224 26.122 0.28 2.53E-04 2.29E+05

43 0.44 0.13 0.07 0.05 1.44 0.01 132.21 0.042 0.224 26.122 0.28 2.53E-04 2.29E+05

44 0.47 0.13 0.06 0.05 1.49 0.01 132.21 0.037 0.224 26.122 0.28 1.86E-04 1.69E+05

45 0.46 0.09 0.04 0.06 1.23 0.02 66.11 0.049 0.257 26.032 0.22 2.47E-04 2.24E+05

46 0.46 0.09 0.04 0.06 1.23 0.02 66.11 0.049 0.257 26.032 0.22 2.45E-04 2.22E+05

47 0.46 0.09 0.04 0.06 1.24 0.02 66.11 0.048 0.257 26.032 0.22 2.32E-04 2.10E+05

48 0.67 0.11 0.05 0.05 1.55 0.03 66.11 0.045 0.264 26.304 0.47 1.32E-04 1.20E+05
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Number C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13

49 0.67 0.11 0.04 0.05 1.55 0.03 66.11 0.045 0.264 26.304 0.47 1.28E-04 1.16E+05

50 0.69 0.11 0.04 0.05 1.57 0.03 66.11 0.043 0.264 26.304 0.47 1.23E-04 1.12E+05

51 0.73 0.12 0.02 0.04 1.64 0.03 66.11 0.038 0.264 26.304 0.47 9.70E-05 8.79E+04

52 0.73 0.25 0.02 0.01 1.90 0.30 66.11 0.053 0.315 26.072 0.39 2.20E-05 1.99E+04

53 0.74 0.24 0.02 0.01 1.78 0.30 66.11 0.049 0.315 26.072 0.39 2.28E-05 2.06E+04

54 0.75 0.20 0.02 0.00 1.96 0.24 66.11 0.032 0.315 26.072 0.39 1.81E-05 1.64E+04

55 0.54 0.03 0.06 0.07 1.25 0.03 66.11 0.067 0.346 26.184 0.41 3.25E-04 2.94E+05

56 0.54 0.03 0.06 0.07 1.25 0.03 66.11 0.067 0.346 26.184 0.41 3.24E-04 2.94E+05

57 0.56 0.03 0.06 0.07 1.27 0.03 66.11 0.062 0.346 26.184 0.41 2.90E-04 2.63E+05

58 0.47 0.04 0.08 0.07 1.30 0.02 66.11 0.079 0.232 26.118 0.22 6.13E-04 5.55E+05

59 0.47 0.04 0.08 0.07 1.30 0.02 66.11 0.079 0.232 26.118 0.22 6.11E-04 5.53E+05

60 0.47 0.04 0.08 0.07 1.30 0.02 66.11 0.078 0.232 26.118 0.22 6.02E-04 5.45E+05

61 0.58 0.20 0.02 0.00 1.88 0.01 66.11 0.022 0.320 25.973 0.16 1.14E-05 1.03E+04

62 0.61 0.20 0.01 0.00 1.94 0.01 66.11 0.020 0.320 25.973 0.16 8.48E-06 7.68E+03

63 0.62 0.20 0.01 0.00 2.00 0.01 66.11 0.012 0.320 25.973 0.16 8.90E-06 8.06E+03

64 0.58 0.08 0.04 0.06 1.33 0.01 66.11 0.046 0.228 26.076 0.22 2.17E-04 1.97E+05

65 0.60 0.08 0.04 0.06 1.36 0.01 66.11 0.042 0.228 26.076 0.22 1.92E-04 1.74E+05

66 0.66 0.17 0.01 0.02 1.80 0.01 66.11 0.016 0.228 26.076 0.22 2.29E-05 2.07E+04

67 0.56 0.16 0.03 0.03 1.72 0.01 66.11 0.017 0.459 25.962 0.11 1.33E-05 1.20E+04

68 0.56 0.16 0.03 0.03 1.72 0.01 66.11 0.017 0.459 25.962 0.11 1.33E-05 1.20E+04

69 0.70 0.15 0.02 0.04 1.61 0.02 66.11 0.036 0.420 26.039 0.42 8.94E-05 8.09E+04

70 0.70 0.16 0.02 0.04 1.62 0.02 66.11 0.035 0.420 26.039 0.42 8.70E-05 7.88E+04

71 0.69 0.17 0.02 0.02 1.72 0.02 66.11 0.028 0.420 26.039 0.42 4.25E-05 3.84E+04

72 0.62 0.20 0.01 0.00 2.00 0.02 66.11 0.012 0.420 26.039 0.42 9.42E-06 8.53E+03

73 0.66 0.13 0.02 0.05 1.52 0.03 66.11 0.042 0.201 26.211 0.46 1.43E-04 1.29E+05
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Number C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13

74 0.66 0.13 0.01 0.05 1.52 0.03 66.11 0.042 0.201 26.211 0.46 1.42E-04 1.29E+05

75 0.66 0.14 0.01 0.04 1.53 0.03 66.11 0.041 0.201 26.211 0.46 1.38E-04 1.25E+05

76 0.67 0.16 0.01 0.03 1.62 0.03 66.11 0.034 0.201 26.211 0.46 8.02E-05 7.26E+04

77 0.58 0.21 0.03 0.01 1.84 0.04 66.11 0.034 0.449 25.871 0.19 1.77E-05 1.60E+04

78 0.58 0.21 0.03 0.01 1.88 0.04 66.11 0.033 0.449 25.871 0.19 1.69E-05 1.53E+04

79 0.57 0.25 0.03 0.01 1.89 0.30 63.79 0.035 0.672 25.876 0.27 1.16E-03 1.05E+06

80 0.58 0.25 0.02 0.01 1.90 0.30 63.54 0.034 0.672 25.876 0.27 1.20E-03 1.09E+06

81 0.62 0.23 0.01 0.01 1.81 0.30 64.11 0.023 0.672 25.876 0.27 1.64E-04 1.49E+05

82 0.62 0.20 0.01 0.00 2.00 0.30 65.17 0.012 0.672 25.876 0.27 3.66E-05 3.31E+04

83 0.55 0.12 0.07 0.06 1.43 0.01 66.11 0.093 0.502 25.915 0.19 2.29E-04 2.07E+05

84 0.55 0.12 0.07 0.06 1.43 0.01 66.11 0.093 0.502 25.915 0.19 2.29E-04 2.07E+05

85 0.56 0.12 0.07 0.06 1.44 0.01 66.11 0.091 0.502 25.915 0.19 2.22E-04 2.01E+05

86 0.58 0.20 0.01 0.01 1.74 0.01 66.11 0.023 0.280 26.068 0.20 2.18E-05 1.98E+04

87 0.58 0.20 0.01 0.01 1.74 0.01 66.11 0.023 0.280 26.068 0.20 1.95E-05 1.77E+04

88 0.59 0.20 0.01 0.01 1.79 0.01 66.11 0.021 0.280 26.068 0.20 1.43E-05 1.30E+04

89 0.44 0.13 0.07 0.05 1.44 0.01 66.11 0.042 0.224 26.122 0.28 1.44E-04 1.30E+05

90 0.44 0.13 0.07 0.05 1.44 0.01 66.11 0.042 0.224 26.122 0.28 1.44E-04 1.30E+05

91 0.45 0.13 0.07 0.05 1.44 0.01 66.11 0.041 0.224 26.122 0.28 1.42E-04 1.28E+05

92 0.47 0.13 0.06 0.05 1.49 0.01 66.11 0.037 0.224 26.122 0.28 1.07E-04 9.67E+04

93 0.46 0.09 0.04 0.06 1.23 0.02 33.71 0.049 0.257 26.032 0.22 1.39E-04 1.26E+05

94 0.46 0.09 0.04 0.06 1.23 0.02 33.71 0.049 0.257 26.032 0.22 1.38E-04 1.25E+05

95 0.46 0.09 0.04 0.06 1.24 0.02 33.71 0.048 0.257 26.032 0.22 1.30E-04 1.18E+05

96 0.67 0.11 0.05 0.05 1.55 0.03 33.71 0.045 0.264 26.304 0.47 7.40E-05 6.70E+04

97 0.67 0.11 0.04 0.05 1.55 0.03 33.71 0.045 0.264 26.304 0.47 7.19E-05 6.51E+04

98 0.73 0.12 0.02 0.04 1.64 0.03 33.71 0.038 0.264 26.304 0.47 5.54E-05 5.02E+04
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Number C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13

99 0.73 0.25 0.02 0.01 1.90 0.30 33.71 0.053 0.315 26.072 0.39 1.12E-05 1.02E+04

100 0.74 0.24 0.02 0.01 1.78 0.30 33.71 0.049 0.315 26.072 0.39 1.17E-05 1.06E+04

101 0.75 0.20 0.02 0.00 1.96 0.24 33.71 0.032 0.315 26.072 0.39 9.76E-06 8.84E+03

102 0.54 0.03 0.06 0.07 1.25 0.03 33.71 0.067 0.346 26.184 0.41 1.88E-04 1.70E+05

103 0.54 0.03 0.06 0.07 1.25 0.03 33.71 0.067 0.346 26.184 0.41 1.88E-04 1.70E+05

104 0.47 0.04 0.08 0.07 1.30 0.02 33.71 0.079 0.232 26.118 0.22 3.73E-04 3.37E+05

105 0.47 0.04 0.08 0.07 1.30 0.02 33.71 0.079 0.232 26.118 0.22 3.71E-04 3.36E+05

106 0.47 0.04 0.08 0.07 1.30 0.02 33.71 0.078 0.232 26.118 0.22 3.66E-04 3.31E+05

107 0.58 0.20 0.02 0.00 1.88 0.01 33.71 0.022 0.320 25.973 0.16 6.13E-06 5.55E+03

108 0.59 0.20 0.02 0.00 1.89 0.01 33.71 0.021 0.320 25.973 0.16 5.73E-06 5.19E+03

109 0.61 0.20 0.01 0.00 1.94 0.01 33.71 0.020 0.320 25.973 0.16 4.50E-06 4.08E+03

110 0.62 0.20 0.01 0.00 2.00 0.01 33.71 0.012 0.320 25.973 0.16 4.62E-06 4.18E+03

111 0.58 0.08 0.04 0.06 1.33 0.01 33.71 0.046 0.228 26.076 0.22 1.25E-04 1.14E+05

112 0.58 0.08 0.04 0.06 1.34 0.01 33.71 0.046 0.228 26.076 0.22 1.24E-04 1.12E+05

113 0.60 0.08 0.04 0.06 1.36 0.01 33.71 0.042 0.228 26.076 0.22 1.11E-04 1.00E+05

114 0.66 0.17 0.01 0.02 1.80 0.01 33.71 0.016 0.228 26.076 0.22 1.30E-05 1.18E+04

115 0.56 0.16 0.03 0.03 1.72 0.01 33.71 0.017 0.459 25.962 0.11 7.19E-06 6.51E+03

116 0.56 0.16 0.03 0.03 1.72 0.01 33.71 0.017 0.459 25.962 0.11 7.18E-06 6.50E+03

117 0.70 0.15 0.02 0.04 1.61 0.02 33.71 0.036 0.420 26.039 0.42 5.26E-05 4.77E+04

118 0.70 0.16 0.02 0.04 1.62 0.02 33.71 0.035 0.420 26.039 0.42 5.13E-05 4.65E+04

119 0.69 0.17 0.02 0.02 1.72 0.02 33.71 0.028 0.420 26.039 0.42 2.51E-05 2.28E+04

120 0.62 0.20 0.01 0.00 2.00 0.02 33.71 0.012 0.420 26.039 0.42 4.89E-06 4.43E+03

121 0.66 0.13 0.02 0.05 1.52 0.03 33.71 0.042 0.201 26.211 0.46 8.03E-05 7.27E+04

122 0.66 0.13 0.01 0.05 1.52 0.03 33.71 0.042 0.201 26.211 0.46 8.00E-05 7.24E+04

123 0.66 0.14 0.01 0.04 1.53 0.03 33.71 0.041 0.201 26.211 0.46 7.79E-05 7.05E+04
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Number C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13

124 0.67 0.16 0.01 0.03 1.62 0.03 33.71 0.034 0.201 26.211 0.46 4.78E-05 4.33E+04

125 0.58 0.21 0.03 0.01 1.84 0.04 33.71 0.034 0.449 25.871 0.19 9.34E-06 8.46E+03

126 0.58 0.21 0.03 0.01 1.88 0.04 33.71 0.033 0.449 25.871 0.19 8.87E-06 8.03E+03

127 0.55 0.12 0.07 0.06 1.43 0.01 33.71 0.093 0.502 25.915 0.19 1.22E-04 1.11E+05

128 0.55 0.12 0.07 0.06 1.43 0.01 33.71 0.093 0.502 25.915 0.19 1.22E-04 1.11E+05

129 0.56 0.12 0.07 0.06 1.44 0.01 33.71 0.091 0.502 25.915 0.19 1.18E-04 1.07E+05

130 0.68 0.15 0.03 0.04 1.58 0.01 33.71 0.069 0.502 25.915 0.19 8.04E-05 7.28E+04

131 0.58 0.20 0.01 0.01 1.74 0.01 33.71 0.023 0.280 26.068 0.20 1.20E-05 1.09E+04

132 0.58 0.20 0.01 0.01 1.74 0.01 33.71 0.023 0.280 26.068 0.20 1.06E-05 9.60E+03

133 0.59 0.20 0.01 0.01 1.79 0.01 33.71 0.021 0.280 26.068 0.20 7.58E-06 6.87E+03

134 0.44 0.13 0.07 0.05 1.44 0.01 33.71 0.042 0.224 26.122 0.28 8.09E-05 7.33E+04

135 0.44 0.13 0.07 0.05 1.44 0.01 33.71 0.042 0.224 26.122 0.28 8.08E-05 7.32E+04

136 0.47 0.13 0.06 0.05 1.49 0.01 33.71 0.037 0.224 26.122 0.28 6.06E-05 5.49E+04

137 0.56 0.29 0.02 0.01 2.00 0.18 132.21 0.073 0.996 25.620 0.18 1.76E-05 1.60E+04

138 0.56 0.29 0.02 0.01 2.00 0.16 132.21 0.069 0.996 25.620 0.18 1.95E-05 1.77E+04

139 0.62 0.24 0.01 0.01 1.99 0.11 132.21 0.043 0.996 25.620 0.18 3.48E-05 3.15E+04

140 0.62 0.20 0.01 0.00 2.00 0.08 132.21 0.027 0.996 25.620 0.18 4.17E-06 3.78E+03

141 0.45 0.26 0.09 0.01 1.92 0.08 132.21 0.095 0.984 25.614 0.12 2.35E-04 2.13E+05

142 0.47 0.26 0.09 0.01 1.93 0.09 132.21 0.087 0.984 25.614 0.12 2.77E-04 2.51E+05

143 0.59 0.22 0.04 0.01 1.73 0.11 132.21 0.045 0.984 25.614 0.12 1.77E-04 1.61E+05

144 0.62 0.20 0.01 0.00 2.00 0.12 132.21 0.027 0.984 25.614 0.12 2.41E-05 2.18E+04

145 0.63 0.13 0.02 0.03 1.58 0.06 132.21 0.043 0.995 25.649 0.11 2.16E-04 1.95E+05

146 0.63 0.13 0.02 0.03 1.58 0.06 132.21 0.043 0.995 25.649 0.11 2.13E-04 1.93E+05

147 0.65 0.14 0.02 0.03 1.69 0.06 132.21 0.036 0.995 25.649 0.11 1.35E-04 1.23E+05

148 0.62 0.20 0.01 0.00 2.00 0.08 132.21 0.016 0.995 25.649 0.11 3.73E-05 3.37E+04
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Number C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13

149 0.64 0.18 0.01 0.06 1.80 0.08 132.21 0.055 1.001 25.615 0.11 5.57E-05 5.04E+04

150 0.64 0.19 0.01 0.06 1.82 0.07 132.21 0.051 1.001 25.615 0.11 5.81E-05 5.26E+04

151 0.62 0.20 0.01 0.00 2.00 0.06 132.21 0.020 1.001 25.615 0.11 6.11E-06 5.53E+03

152 0.49 0.14 0.04 0.01 1.85 0.21 132.21 0.080 0.987 25.643 0.05 1.22E-04 1.11E+05

153 0.51 0.13 0.03 0.01 1.83 0.23 132.21 0.071 0.987 25.643 0.05 1.20E-04 1.09E+05

154 0.55 0.14 0.02 0.01 2.00 0.30 132.21 0.038 0.987 25.643 0.05 1.22E-04 1.11E+05

155 0.62 0.23 0.01 0.01 1.84 0.03 132.21 0.037 0.999 25.604 0.07 3.37E-05 3.05E+04

156 0.62 0.22 0.01 0.01 1.87 0.03 132.21 0.036 0.999 25.604 0.07 3.10E-05 2.80E+04

157 0.62 0.20 0.01 0.00 2.00 0.04 132.21 0.024 0.999 25.604 0.07 1.09E-05 9.85E+03

158 0.61 0.21 0.01 0.01 1.86 0.11 132.21 0.037 0.974 25.663 0.13 3.59E-05 3.26E+04

159 0.62 0.20 0.01 0.00 1.98 0.12 132.21 0.032 0.974 25.663 0.13 1.09E-05 9.87E+03

160 0.62 0.20 0.01 0.00 2.00 0.12 132.21 0.027 0.974 25.663 0.13 1.50E-05 1.36E+04

161 0.62 0.20 0.01 0.00 2.00 0.11 132.21 0.022 0.974 25.663 0.13 2.45E-05 2.22E+04

162 0.68 0.17 0.02 0.01 1.77 0.07 132.21 0.035 0.960 25.662 0.05 5.36E-05 4.85E+04

163 0.67 0.18 0.01 0.01 1.81 0.06 132.21 0.032 0.960 25.662 0.05 3.55E-05 3.22E+04

164 0.63 0.20 0.01 0.00 1.97 0.06 132.21 0.021 0.960 25.662 0.05 6.28E-06 5.68E+03

165 0.63 0.31 0.04 0.01 1.98 0.19 132.21 0.100 0.968 25.653 0.10 3.01E-05 2.73E+04

166 0.65 0.31 0.03 0.01 2.00 0.16 132.21 0.091 0.968 25.653 0.10 2.44E-05 2.21E+04

167 0.70 0.26 0.02 0.01 2.00 0.07 132.21 0.052 0.968 25.653 0.10 3.34E-05 3.02E+04

168 0.62 0.20 0.01 0.00 2.00 0.06 132.21 0.030 0.968 25.653 0.10 2.44E-06 2.21E+03

169 0.67 0.10 0.04 0.04 1.94 0.18 132.21 0.099 0.996 25.651 0.04 2.52E-04 2.28E+05

170 0.67 0.09 0.04 0.04 1.95 0.19 132.21 0.098 0.996 25.651 0.04 2.49E-04 2.25E+05

171 0.68 0.05 0.03 0.04 1.95 0.19 132.21 0.071 0.996 25.651 0.04 1.79E-04 1.62E+05

172 0.75 0.00 0.02 0.04 2.00 0.26 132.21 0.039 0.996 25.651 0.04 8.48E-05 7.68E+04

173 0.67 0.20 0.02 0.00 2.00 0.23 132.21 0.040 0.982 25.600 0.03 4.85E-05 4.39E+04
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Number C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13

174 0.67 0.20 0.02 0.00 2.00 0.23 132.21 0.039 0.982 25.600 0.03 4.89E-05 4.43E+04

175 0.67 0.20 0.01 0.00 1.82 0.22 132.21 0.034 0.982 25.600 0.03 5.16E-05 4.68E+04

176 0.66 0.20 0.01 0.00 1.87 0.21 132.21 0.025 0.982 25.600 0.03 5.35E-05 4.84E+04

177 0.51 0.19 0.08 0.04 1.73 0.02 132.21 0.055 0.998 25.676 0.04 1.74E-04 1.58E+05

178 0.51 0.19 0.08 0.03 1.74 0.02 132.21 0.054 0.998 25.676 0.04 1.65E-04 1.50E+05

179 0.63 0.18 0.02 0.01 1.86 0.02 132.21 0.031 0.998 25.676 0.04 3.89E-05 3.53E+04

180 0.62 0.20 0.01 0.00 2.00 0.02 132.21 0.017 0.998 25.676 0.04 1.59E-05 1.44E+04

181 0.61 0.20 0.01 0.00 1.98 0.05 132.21 0.031 0.984 25.624 0.06 2.00E-06 1.81E+03

182 0.62 0.20 0.01 0.00 2.00 0.05 132.21 0.029 0.984 25.624 0.06 2.13E-06 1.93E+03

183 0.62 0.20 0.01 0.00 2.00 0.06 132.21 0.023 0.984 25.624 0.06 4.49E-06 4.07E+03

184 0.53 0.20 0.09 0.04 1.84 0.05 132.21 0.075 1.007 25.693 0.05 3.75E-04 3.39E+05

185 0.62 0.23 0.07 0.03 1.80 0.05 132.21 0.057 1.007 25.693 0.05 2.06E-04 1.87E+05

186 0.62 0.20 0.01 0.00 2.00 0.14 132.21 0.021 0.972 25.645 0.07 3.56E-05 3.23E+04

187 0.68 0.19 0.02 0.01 1.94 0.13 132.21 0.048 0.991 25.626 0.07 5.74E-05 5.19E+04

188 0.67 0.20 0.01 0.00 1.81 0.13 132.21 0.039 0.991 25.626 0.07 3.37E-05 3.05E+04

189 0.62 0.20 0.01 0.00 2.00 0.11 132.21 0.022 0.991 25.626 0.07 1.63E-05 1.48E+04

190 0.54 0.14 0.04 0.03 1.66 0.08 132.21 0.048 0.982 25.631 0.05 1.43E-04 1.29E+05

191 0.56 0.14 0.03 0.03 1.70 0.09 132.21 0.044 0.982 25.631 0.05 9.86E-05 8.93E+04

192 0.62 0.20 0.01 0.00 2.00 0.09 132.21 0.026 0.982 25.631 0.05 7.27E-06 6.59E+03

193 0.56 0.29 0.02 0.01 2.00 0.18 66.11 0.073 0.996 25.620 0.18 8.81E-06 7.98E+03

194 0.56 0.29 0.02 0.01 2.00 0.16 66.11 0.069 0.996 25.620 0.18 9.76E-06 8.84E+03

195 0.62 0.24 0.01 0.01 1.99 0.11 66.11 0.043 0.996 25.620 0.18 1.76E-05 1.59E+04

196 0.62 0.20 0.01 0.00 2.00 0.08 66.11 0.027 0.996 25.620 0.18 2.10E-06 1.90E+03

197 0.45 0.26 0.09 0.01 1.92 0.08 66.11 0.095 0.984 25.614 0.12 1.20E-04 1.08E+05

198 0.47 0.26 0.09 0.01 1.93 0.09 66.11 0.087 0.984 25.614 0.12 1.40E-04 1.27E+05
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Number C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13

199 0.59 0.22 0.04 0.01 1.73 0.11 66.11 0.045 0.984 25.614 0.12 9.69E-05 8.77E+04

200 0.62 0.20 0.01 0.00 2.00 0.12 66.11 0.027 0.984 25.614 0.12 1.21E-05 1.10E+04

201 0.63 0.13 0.02 0.03 1.58 0.06 66.11 0.043 0.995 25.649 0.11 1.26E-04 1.14E+05

202 0.63 0.13 0.02 0.03 1.58 0.06 66.11 0.043 0.995 25.649 0.11 1.24E-04 1.12E+05

203 0.65 0.14 0.02 0.03 1.69 0.06 66.11 0.036 0.995 25.649 0.11 7.93E-05 7.18E+04

204 0.62 0.20 0.01 0.00 2.00 0.08 66.11 0.016 0.995 25.649 0.11 1.88E-05 1.70E+04

205 0.64 0.18 0.01 0.06 1.80 0.08 66.11 0.055 1.001 25.615 0.11 2.82E-05 2.56E+04

206 0.64 0.19 0.01 0.06 1.82 0.07 66.11 0.051 1.001 25.615 0.11 2.95E-05 2.68E+04

207 0.62 0.20 0.01 0.00 2.00 0.06 66.11 0.020 1.001 25.615 0.11 3.11E-06 2.82E+03

208 0.49 0.14 0.04 0.01 1.85 0.21 66.11 0.080 0.987 25.643 0.05 6.15E-05 5.57E+04

209 0.51 0.13 0.03 0.01 1.83 0.23 66.11 0.071 0.987 25.643 0.05 6.10E-05 5.53E+04

210 0.55 0.14 0.02 0.01 2.00 0.30 66.11 0.038 0.987 25.643 0.05 6.27E-05 5.68E+04

211 0.62 0.23 0.01 0.01 1.84 0.03 66.11 0.037 0.999 25.604 0.07 1.74E-05 1.58E+04

212 0.62 0.22 0.01 0.01 1.87 0.03 66.11 0.036 0.999 25.604 0.07 1.63E-05 1.48E+04

213 0.62 0.20 0.01 0.00 2.00 0.04 66.11 0.024 0.999 25.604 0.07 5.49E-06 4.97E+03

214 0.61 0.21 0.01 0.01 1.86 0.11 66.11 0.037 0.974 25.663 0.13 1.91E-05 1.73E+04

215 0.62 0.20 0.01 0.00 1.98 0.12 66.11 0.032 0.974 25.663 0.13 5.53E-06 5.01E+03

216 0.62 0.20 0.01 0.00 2.00 0.12 66.11 0.027 0.974 25.663 0.13 7.57E-06 6.85E+03

217 0.62 0.20 0.01 0.00 2.00 0.11 66.11 0.022 0.974 25.663 0.13 1.23E-05 1.12E+04

218 0.68 0.17 0.02 0.01 1.77 0.06 66.11 0.035 0.960 25.662 0.05 2.95E-05 2.67E+04

219 0.67 0.18 0.01 0.01 1.81 0.06 66.11 0.032 0.960 25.662 0.05 1.96E-05 1.77E+04

220 0.63 0.20 0.01 0.00 1.97 0.06 66.11 0.021 0.960 25.662 0.05 3.30E-06 2.99E+03

221 0.63 0.31 0.04 0.01 1.98 0.19 66.11 0.100 0.968 25.653 0.10 1.56E-05 1.42E+04

222 0.65 0.31 0.03 0.01 2.00 0.15 66.11 0.091 0.968 25.653 0.10 1.23E-05 1.11E+04

223 0.70 0.26 0.02 0.01 2.00 0.07 66.11 0.052 0.968 25.653 0.10 1.68E-05 1.52E+04

183



Number C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13

224 0.62 0.20 0.01 0.00 2.00 0.06 66.11 0.030 0.968 25.653 0.10 1.24E-06 1.12E+03

225 0.67 0.10 0.04 0.04 1.94 0.18 66.11 0.099 0.996 25.651 0.04 1.29E-04 1.17E+05

226 0.67 0.09 0.04 0.04 1.95 0.18 66.11 0.098 0.996 25.651 0.04 1.28E-04 1.16E+05

227 0.68 0.05 0.03 0.04 1.95 0.19 66.11 0.071 0.996 25.651 0.04 9.07E-05 8.21E+04

228 0.75 0.00 0.02 0.04 2.00 0.25 66.11 0.039 0.996 25.651 0.04 4.27E-05 3.87E+04

229 0.67 0.20 0.02 0.00 2.00 0.23 66.11 0.040 0.982 25.600 0.03 2.44E-05 2.21E+04

230 0.67 0.20 0.02 0.00 2.00 0.23 66.11 0.039 0.982 25.600 0.03 2.47E-05 2.23E+04

231 0.67 0.20 0.01 0.00 1.82 0.22 66.11 0.034 0.982 25.600 0.03 2.62E-05 2.37E+04

232 0.66 0.20 0.01 0.00 1.87 0.21 66.11 0.025 0.982 25.600 0.03 2.74E-05 2.48E+04

233 0.51 0.19 0.08 0.04 1.73 0.02 66.11 0.055 0.998 25.676 0.04 9.93E-05 9.00E+04

234 0.51 0.19 0.08 0.03 1.74 0.02 66.11 0.054 0.998 25.676 0.04 9.45E-05 8.56E+04

235 0.63 0.18 0.02 0.01 1.86 0.02 66.11 0.031 0.998 25.676 0.04 2.23E-05 2.02E+04

236 0.62 0.20 0.01 0.00 2.00 0.02 66.11 0.017 0.998 25.676 0.04 8.05E-06 7.29E+03

237 0.61 0.20 0.01 0.00 1.98 0.05 66.11 0.031 0.984 25.624 0.06 1.05E-06 9.49E+02

238 0.62 0.20 0.01 0.00 2.00 0.05 66.11 0.029 0.984 25.624 0.06 1.11E-06 1.01E+03

239 0.62 0.20 0.01 0.00 2.00 0.06 66.11 0.023 0.984 25.624 0.06 2.28E-06 2.07E+03

240 0.53 0.20 0.09 0.04 1.84 0.05 66.11 0.075 1.007 25.693 0.05 1.97E-04 1.79E+05

241 0.62 0.23 0.07 0.03 1.80 0.05 66.11 0.057 1.007 25.693 0.05 1.12E-04 1.01E+05

242 0.62 0.20 0.01 0.00 2.00 0.14 66.11 0.024 0.972 25.645 0.07 1.60E-05 1.45E+04

243 0.62 0.20 0.01 0.00 2.00 0.14 66.11 0.021 0.972 25.645 0.07 1.79E-05 1.62E+04

244 0.68 0.19 0.02 0.01 1.94 0.13 66.11 0.048 0.991 25.626 0.07 3.05E-05 2.77E+04

245 0.67 0.20 0.01 0.00 1.81 0.13 66.11 0.039 0.991 25.626 0.07 1.72E-05 1.56E+04

246 0.62 0.20 0.01 0.00 2.00 0.11 66.11 0.022 0.991 25.626 0.07 8.24E-06 7.46E+03

247 0.54 0.14 0.04 0.03 1.66 0.08 66.11 0.048 0.982 25.631 0.05 8.35E-05 7.56E+04

248 0.56 0.14 0.03 0.03 1.70 0.09 66.11 0.044 0.982 25.631 0.05 5.77E-05 5.23E+04
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Number C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13

249 0.62 0.20 0.01 0.00 2.00 0.09 66.11 0.026 0.982 25.631 0.05 3.70E-06 3.35E+03

250 0.56 0.29 0.02 0.01 2.00 0.18 33.71 0.073 0.996 25.620 0.18 4.48E-06 4.05E+03

251 0.56 0.29 0.02 0.01 2.00 0.17 33.71 0.069 0.996 25.620 0.18 4.96E-06 4.50E+03

252 0.62 0.24 0.01 0.01 1.99 0.11 33.71 0.043 0.996 25.620 0.18 8.97E-06 8.12E+03

253 0.62 0.20 0.01 0.00 2.00 0.08 33.71 0.027 0.996 25.620 0.18 1.08E-06 9.76E+02

254 0.45 0.26 0.09 0.01 1.92 0.08 33.71 0.095 0.984 25.614 0.12 6.18E-05 5.60E+04

255 0.47 0.26 0.09 0.01 1.93 0.09 33.71 0.087 0.984 25.614 0.12 7.23E-05 6.55E+04

256 0.59 0.22 0.04 0.01 1.73 0.11 33.71 0.045 0.984 25.614 0.12 5.29E-05 4.79E+04

257 0.62 0.20 0.01 0.00 2.00 0.12 33.71 0.027 0.984 25.614 0.12 6.19E-06 5.60E+03

258 0.63 0.13 0.02 0.03 1.58 0.06 33.71 0.043 0.995 25.649 0.11 7.05E-05 6.38E+04

259 0.65 0.14 0.02 0.03 1.69 0.06 33.71 0.036 0.995 25.649 0.11 4.54E-05 4.11E+04

260 0.62 0.20 0.01 0.00 2.00 0.08 33.71 0.016 0.995 25.649 0.11 9.07E-06 8.22E+03

261 0.64 0.18 0.01 0.06 1.80 0.08 33.71 0.055 1.001 25.615 0.11 1.46E-05 1.32E+04

262 0.64 0.19 0.01 0.06 1.82 0.07 33.71 0.051 1.001 25.615 0.11 1.53E-05 1.38E+04

263 0.62 0.20 0.01 0.00 2.00 0.06 33.71 0.020 1.001 25.615 0.11 1.65E-06 1.49E+03

264 0.49 0.14 0.04 0.01 1.85 0.19 33.71 0.080 0.987 25.643 0.05 2.54E-05 2.30E+04

265 0.51 0.13 0.03 0.01 1.83 0.21 33.71 0.071 0.987 25.643 0.05 2.70E-05 2.45E+04

266 0.55 0.14 0.02 0.01 2.00 0.30 33.71 0.038 0.987 25.643 0.05 2.68E-05 2.42E+04

267 0.62 0.23 0.01 0.01 1.84 0.03 33.71 0.037 0.999 25.604 0.07 9.07E-06 8.22E+03

268 0.62 0.22 0.01 0.01 1.87 0.03 33.71 0.036 0.999 25.604 0.07 8.65E-06 7.83E+03

269 0.62 0.20 0.01 0.00 2.00 0.04 33.71 0.024 0.999 25.604 0.07 2.84E-06 2.57E+03

270 0.61 0.21 0.01 0.01 1.86 0.12 33.71 0.037 0.974 25.663 0.13 7.01E-06 6.35E+03

271 0.62 0.20 0.01 0.00 1.98 0.13 33.71 0.032 0.974 25.663 0.13 2.18E-06 1.97E+03

272 0.62 0.20 0.01 0.00 2.00 0.13 33.71 0.027 0.974 25.663 0.13 3.09E-06 2.80E+03

273 0.62 0.20 0.01 0.00 2.00 0.12 33.71 0.022 0.974 25.663 0.13 5.17E-06 4.69E+03
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Number C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13

274 0.68 0.17 0.02 0.01 1.77 0.06 33.71 0.035 0.960 25.662 0.05 1.62E-05 1.47E+04

275 0.67 0.18 0.01 0.01 1.81 0.06 33.71 0.032 0.960 25.662 0.05 1.09E-05 9.87E+03

276 0.63 0.20 0.01 0.00 1.97 0.06 33.71 0.021 0.960 25.662 0.05 1.79E-06 1.62E+03

277 0.63 0.31 0.04 0.01 1.98 0.22 33.71 0.100 0.968 25.653 0.10 7.99E-06 7.24E+03

278 0.65 0.31 0.03 0.01 2.00 0.18 33.71 0.091 0.968 25.653 0.10 6.30E-06 5.71E+03

279 0.70 0.26 0.02 0.01 2.00 0.07 33.71 0.052 0.968 25.653 0.10 8.54E-06 7.73E+03

280 0.62 0.20 0.01 0.00 2.00 0.06 33.71 0.030 0.968 25.653 0.10 6.52E-07 5.90E+02

281 0.67 0.10 0.04 0.04 1.94 0.21 33.71 0.099 0.996 25.651 0.04 6.38E-05 5.78E+04

282 0.67 0.09 0.04 0.04 1.95 0.21 33.71 0.098 0.996 25.651 0.04 6.30E-05 5.71E+04

283 0.68 0.05 0.03 0.04 1.95 0.21 33.71 0.071 0.996 25.651 0.04 4.27E-05 3.87E+04

284 0.75 0.00 0.02 0.04 2.00 0.30 33.71 0.039 0.996 25.651 0.04 1.99E-05 1.80E+04

285 0.67 0.20 0.02 0.00 2.00 0.28 33.71 0.040 0.982 25.600 0.03 1.09E-05 9.89E+03

286 0.67 0.20 0.02 0.00 2.00 0.28 33.71 0.039 0.982 25.600 0.03 1.11E-05 1.00E+04

287 0.67 0.20 0.01 0.00 1.82 0.25 33.71 0.034 0.982 25.600 0.03 1.22E-05 1.10E+04

288 0.66 0.20 0.01 0.00 1.87 0.24 33.71 0.025 0.982 25.600 0.03 1.34E-05 1.21E+04

289 0.51 0.19 0.08 0.04 1.73 0.02 33.71 0.055 0.998 25.676 0.04 5.62E-05 5.09E+04

290 0.51 0.19 0.08 0.03 1.74 0.02 33.71 0.054 0.998 25.676 0.04 5.37E-05 4.87E+04

291 0.63 0.18 0.02 0.01 1.86 0.02 33.71 0.031 0.998 25.676 0.04 1.28E-05 1.16E+04

292 0.62 0.20 0.01 0.00 2.00 0.02 33.71 0.017 0.998 25.676 0.04 4.16E-06 3.77E+03

293 0.61 0.20 0.01 0.00 1.98 0.05 33.71 0.031 0.984 25.624 0.06 5.82E-07 5.27E+02

294 0.62 0.20 0.01 0.00 2.00 0.05 33.71 0.029 0.984 25.624 0.06 6.15E-07 5.57E+02

295 0.62 0.20 0.01 0.00 2.00 0.06 33.71 0.023 0.984 25.624 0.06 1.20E-06 1.09E+03

296 0.53 0.20 0.09 0.04 1.84 0.05 33.71 0.075 1.007 25.693 0.05 1.05E-04 9.49E+04

297 0.62 0.23 0.07 0.03 1.80 0.05 33.71 0.057 1.007 25.693 0.05 6.06E-05 5.49E+04

298 0.62 0.20 0.01 0.00 2.00 0.19 33.71 0.024 0.972 25.645 0.07 5.77E-06 5.23E+03
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Number C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13

299 0.62 0.20 0.01 0.00 2.00 0.19 33.71 0.021 0.972 25.645 0.07 6.55E-06 5.93E+03

300 0.68 0.19 0.02 0.01 1.94 0.13 33.71 0.048 0.991 25.626 0.07 1.65E-05 1.49E+04

301 0.67 0.20 0.01 0.00 1.81 0.12 33.71 0.039 0.991 25.626 0.07 8.92E-06 8.08E+03

302 0.62 0.20 0.01 0.00 2.00 0.11 33.71 0.022 0.991 25.626 0.07 4.26E-06 3.85E+03

303 0.54 0.14 0.04 0.03 1.66 0.08 33.71 0.048 0.982 25.631 0.05 4.84E-05 4.39E+04

304 0.56 0.14 0.03 0.03 1.70 0.09 33.71 0.044 0.982 25.631 0.05 3.38E-05 3.06E+04

305 0.62 0.20 0.01 0.00 2.00 0.09 33.71 0.026 0.982 25.631 0.05 1.95E-06 1.77E+03

306 0.46 0.09 0.04 0.06 1.23 0.02 3.37 0.049 0.257 26.032 0.22 1.79E-05 1.62E+04

307 0.46 0.09 0.04 0.06 1.23 0.02 3.37 0.049 0.257 26.032 0.22 1.78E-05 1.61E+04

308 0.46 0.09 0.04 0.06 1.24 0.02 3.37 0.048 0.257 26.032 0.22 1.66E-05 1.50E+04

309 0.67 0.11 0.05 0.05 1.55 0.02 3.37 0.045 0.264 26.304 0.47 8.95E-06 8.11E+03

310 0.67 0.11 0.04 0.05 1.55 0.02 3.37 0.045 0.264 26.304 0.47 8.70E-06 7.88E+03

311 0.73 0.12 0.02 0.04 1.64 0.02 3.37 0.038 0.264 26.304 0.47 7.11E-06 6.44E+03

312 0.73 0.25 0.02 0.01 1.90 0.30 3.37 0.053 0.315 26.072 0.39 1.16E-06 1.05E+03

313 0.74 0.24 0.02 0.01 1.78 0.29 3.37 0.049 0.315 26.072 0.39 1.22E-06 1.11E+03

314 0.75 0.20 0.02 0.00 1.96 0.21 3.37 0.032 0.315 26.072 0.39 1.19E-06 1.08E+03

315 0.54 0.03 0.06 0.07 1.25 0.02 3.37 0.067 0.346 26.184 0.41 2.63E-05 2.38E+04

316 0.54 0.03 0.06 0.07 1.25 0.02 3.37 0.067 0.346 26.184 0.41 2.63E-05 2.38E+04

317 0.56 0.03 0.06 0.07 1.27 0.02 3.37 0.062 0.346 26.184 0.41 2.29E-05 2.07E+04

318 0.47 0.04 0.08 0.07 1.30 0.02 3.37 0.079 0.232 26.118 0.22 6.25E-05 5.66E+04

319 0.47 0.04 0.08 0.07 1.30 0.02 3.37 0.079 0.232 26.118 0.22 6.24E-05 5.65E+04

320 0.47 0.04 0.08 0.07 1.30 0.02 3.37 0.078 0.232 26.118 0.22 6.17E-05 5.59E+04

321 0.58 0.20 0.02 0.00 1.88 0.01 3.37 0.022 0.320 25.973 0.16 7.23E-07 6.54E+02

322 0.61 0.20 0.01 0.00 1.94 0.01 3.37 0.020 0.320 25.973 0.16 5.27E-07 4.77E+02

323 0.62 0.20 0.01 0.00 2.00 0.01 3.37 0.012 0.320 25.973 0.16 5.16E-07 4.67E+02
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Number C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13

324 0.58 0.08 0.04 0.06 1.33 0.01 3.37 0.046 0.228 26.076 0.22 1.77E-05 1.60E+04

325 0.58 0.08 0.04 0.06 1.34 0.01 3.37 0.046 0.228 26.076 0.22 1.75E-05 1.58E+04

326 0.66 0.17 0.01 0.02 1.80 0.01 3.37 0.016 0.228 26.076 0.22 1.79E-06 1.62E+03

327 0.56 0.16 0.03 0.03 1.72 0.01 3.37 0.017 0.459 25.962 0.11 8.77E-07 7.94E+02

328 0.56 0.16 0.03 0.03 1.72 0.01 3.37 0.017 0.459 25.962 0.11 8.75E-07 7.92E+02

329 0.70 0.15 0.02 0.04 1.61 0.01 3.37 0.036 0.420 26.039 0.42 7.16E-06 6.49E+03

330 0.70 0.16 0.02 0.04 1.62 0.01 3.37 0.035 0.420 26.039 0.42 7.04E-06 6.37E+03

331 0.69 0.17 0.02 0.02 1.72 0.02 3.37 0.028 0.420 26.039 0.42 3.83E-06 3.47E+03

332 0.62 0.20 0.01 0.00 2.00 0.02 3.37 0.012 0.420 26.039 0.42 5.37E-07 4.87E+02

333 0.66 0.13 0.02 0.05 1.52 0.03 3.37 0.042 0.201 26.211 0.46 9.78E-06 8.86E+03

334 0.66 0.13 0.01 0.05 1.52 0.03 3.37 0.042 0.201 26.211 0.46 9.75E-06 8.83E+03

335 0.66 0.14 0.01 0.04 1.53 0.03 3.37 0.041 0.201 26.211 0.46 9.56E-06 8.66E+03

336 0.67 0.16 0.01 0.03 1.62 0.03 3.37 0.034 0.201 26.211 0.46 6.80E-06 6.16E+03

337 0.58 0.21 0.03 0.01 1.84 0.04 3.37 0.034 0.449 25.871 0.19 1.03E-06 9.30E+02

338 0.58 0.21 0.03 0.01 1.88 0.04 3.37 0.033 0.449 25.871 0.19 9.56E-07 8.66E+02

339 0.55 0.12 0.07 0.06 1.43 0.01 3.37 0.093 0.502 25.915 0.19 1.36E-05 1.24E+04

340 0.55 0.12 0.07 0.06 1.43 0.01 3.37 0.093 0.502 25.915 0.19 1.36E-05 1.24E+04

341 0.56 0.12 0.07 0.06 1.44 0.01 3.37 0.091 0.502 25.915 0.19 1.30E-05 1.18E+04

342 0.68 0.15 0.03 0.04 1.58 0.01 3.37 0.069 0.502 25.915 0.19 8.80E-06 7.97E+03

343 0.58 0.20 0.01 0.01 1.74 0.01 3.37 0.023 0.280 26.068 0.20 1.49E-06 1.35E+03

344 0.58 0.20 0.01 0.01 1.74 0.01 3.37 0.023 0.280 26.068 0.20 1.27E-06 1.15E+03

345 0.59 0.20 0.01 0.01 1.79 0.01 3.37 0.021 0.280 26.068 0.20 8.36E-07 7.57E+02

346 0.60 0.20 0.01 0.00 1.92 0.01 3.37 0.017 0.280 26.068 0.20 6.25E-07 5.66E+02

347 0.44 0.13 0.07 0.05 1.44 0.01 3.37 0.042 0.224 26.122 0.28 9.89E-06 8.95E+03

348 0.44 0.13 0.07 0.05 1.44 0.01 3.37 0.042 0.224 26.122 0.28 9.88E-06 8.95E+03
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Number C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13

349 0.45 0.13 0.07 0.05 1.44 0.01 3.37 0.041 0.224 26.122 0.28 9.72E-06 8.80E+03

350 0.47 0.13 0.06 0.05 1.49 0.01 3.37 0.037 0.224 26.122 0.28 7.59E-06 6.88E+03

351 0.56 0.29 0.02 0.01 2.00 0.19 3.37 0.073 0.996 25.620 0.18 4.39E-07 3.98E+02

352 0.56 0.29 0.02 0.01 2.00 0.17 3.37 0.069 0.996 25.620 0.18 4.87E-07 4.41E+02

353 0.62 0.24 0.01 0.01 1.99 0.11 3.37 0.043 0.996 25.620 0.18 8.73E-07 7.91E+02

354 0.62 0.20 0.01 0.00 2.00 0.08 3.37 0.027 0.996 25.620 0.18 1.34E-07 1.21E+02

355 0.45 0.26 0.09 0.01 1.92 0.08 3.37 0.095 0.984 25.614 0.12 6.60E-06 5.98E+03

356 0.47 0.26 0.09 0.01 1.93 0.10 3.37 0.087 0.984 25.614 0.12 7.74E-06 7.01E+03

357 0.59 0.22 0.04 0.01 1.73 0.11 3.37 0.045 0.984 25.614 0.12 6.38E-06 5.78E+03

358 0.62 0.20 0.01 0.00 2.00 0.12 3.37 0.027 0.984 25.614 0.12 6.68E-07 6.05E+02

359 0.63 0.13 0.02 0.03 1.58 0.05 3.37 0.043 0.995 25.649 0.11 9.16E-06 8.29E+03

360 0.63 0.13 0.02 0.03 1.58 0.05 3.37 0.043 0.995 25.649 0.11 9.08E-06 8.23E+03

361 0.65 0.14 0.02 0.03 1.69 0.06 3.37 0.036 0.995 25.649 0.11 6.42E-06 5.82E+03

362 0.62 0.20 0.01 0.00 2.00 0.07 3.37 0.016 0.995 25.649 0.11 9.33E-07 8.45E+02

363 0.64 0.18 0.01 0.06 1.80 0.07 3.37 0.055 1.001 25.615 0.11 1.58E-06 1.43E+03

364 0.64 0.19 0.01 0.06 1.82 0.07 3.37 0.051 1.001 25.615 0.11 1.65E-06 1.50E+03

365 0.62 0.20 0.01 0.00 2.00 0.05 3.37 0.020 1.001 25.615 0.11 2.24E-07 2.03E+02

366 0.49 0.14 0.04 0.01 1.85 0.19 3.37 0.080 0.987 25.643 0.05 2.51E-06 2.27E+03

367 0.51 0.13 0.03 0.01 1.83 0.21 3.37 0.071 0.987 25.643 0.05 2.83E-06 2.57E+03

368 0.55 0.14 0.02 0.01 2.00 0.30 3.37 0.038 0.987 25.643 0.05 2.96E-06 2.68E+03

369 0.62 0.23 0.01 0.01 1.84 0.03 3.37 0.037 0.999 25.604 0.07 9.36E-07 8.47E+02

370 0.62 0.22 0.01 0.01 1.87 0.03 3.37 0.036 0.999 25.604 0.07 9.32E-07 8.44E+02

371 0.62 0.20 0.01 0.00 2.00 0.04 3.37 0.024 0.999 25.604 0.07 3.17E-07 2.87E+02

372 0.61 0.21 0.01 0.01 1.86 0.11 3.37 0.037 0.974 25.663 0.13 7.64E-07 6.92E+02

373 0.62 0.20 0.01 0.00 1.98 0.12 3.37 0.032 0.974 25.663 0.13 3.26E-07 2.95E+02
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Number C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13

374 0.62 0.20 0.01 0.00 2.00 0.12 3.37 0.027 0.974 25.663 0.13 4.04E-07 3.66E+02

375 0.62 0.20 0.01 0.00 2.00 0.12 3.37 0.022 0.974 25.663 0.13 5.81E-07 5.26E+02

376 0.68 0.17 0.02 0.01 1.77 0.06 3.37 0.035 0.960 25.662 0.05 1.91E-06 1.73E+03

377 0.67 0.18 0.01 0.01 1.81 0.06 3.37 0.032 0.960 25.662 0.05 1.37E-06 1.24E+03

378 0.63 0.20 0.01 0.00 1.97 0.05 3.37 0.021 0.960 25.662 0.05 2.43E-07 2.20E+02

379 0.63 0.31 0.04 0.01 1.98 0.19 3.37 0.100 0.968 25.653 0.10 9.46E-07 8.56E+02

380 0.65 0.31 0.03 0.01 2.00 0.15 3.37 0.091 0.968 25.653 0.10 7.13E-07 6.46E+02

381 0.70 0.26 0.02 0.01 2.00 0.07 3.37 0.052 0.968 25.653 0.10 9.46E-07 8.56E+02

382 0.62 0.20 0.01 0.00 2.00 0.06 3.37 0.030 0.968 25.653 0.10 1.12E-07 1.01E+02

383 0.67 0.10 0.04 0.04 1.94 0.15 3.37 0.099 0.996 25.651 0.04 6.38E-06 5.78E+03

384 0.67 0.09 0.04 0.04 1.95 0.16 3.37 0.098 0.996 25.651 0.04 6.34E-06 5.74E+03

385 0.68 0.05 0.03 0.04 1.95 0.16 3.37 0.071 0.996 25.651 0.04 4.14E-06 3.75E+03

386 0.75 0.00 0.02 0.04 2.00 0.24 3.37 0.039 0.996 25.651 0.04 2.17E-06 1.97E+03

387 0.67 0.20 0.02 0.00 2.00 0.25 3.37 0.040 0.982 25.600 0.03 1.21E-06 1.09E+03

388 0.66 0.20 0.01 0.00 1.87 0.21 3.37 0.025 0.982 25.600 0.03 1.44E-06 1.31E+03

389 0.51 0.19 0.08 0.04 1.73 0.02 3.37 0.055 0.998 25.676 0.04 7.04E-06 6.38E+03

390 0.51 0.19 0.08 0.03 1.74 0.02 3.37 0.054 0.998 25.676 0.04 6.84E-06 6.20E+03

391 0.63 0.18 0.02 0.01 1.86 0.02 3.37 0.031 0.998 25.676 0.04 1.79E-06 1.62E+03

392 0.62 0.20 0.01 0.00 2.00 0.02 3.37 0.017 0.998 25.676 0.04 4.80E-07 4.34E+02

393 0.61 0.20 0.01 0.00 1.98 0.05 3.37 0.031 0.984 25.624 0.06 1.30E-07 1.17E+02

394 0.62 0.20 0.01 0.00 2.00 0.05 3.37 0.029 0.984 25.624 0.06 1.33E-07 1.20E+02

395 0.62 0.20 0.01 0.00 2.00 0.05 3.37 0.023 0.984 25.624 0.06 1.86E-07 1.68E+02

396 0.53 0.20 0.09 0.04 1.84 0.05 3.37 0.075 1.007 25.693 0.05 1.19E-05 1.08E+04

397 0.62 0.23 0.07 0.03 1.80 0.05 3.37 0.057 1.007 25.693 0.05 7.18E-06 6.50E+03

398 0.62 0.20 0.01 0.00 2.00 0.18 3.37 0.024 0.972 25.645 0.07 5.75E-07 5.20E+02
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Number C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13

399 0.62 0.20 0.01 0.00 2.00 0.18 3.37 0.021 0.972 25.645 0.07 6.41E-07 5.81E+02

400 0.68 0.19 0.02 0.01 1.94 0.12 3.37 0.048 0.991 25.626 0.07 1.96E-06 1.78E+03

401 0.67 0.20 0.01 0.00 1.81 0.11 3.37 0.039 0.991 25.626 0.07 9.79E-07 8.86E+02

402 0.62 0.20 0.01 0.00 2.00 0.10 3.37 0.022 0.991 25.626 0.07 5.02E-07 4.55E+02

403 0.54 0.14 0.04 0.03 1.66 0.07 3.37 0.048 0.982 25.631 0.05 6.52E-06 5.91E+03

404 0.56 0.14 0.03 0.03 1.70 0.07 3.37 0.044 0.982 25.631 0.05 4.93E-06 4.47E+03

405 0.62 0.20 0.01 0.00 2.00 0.07 3.37 0.026 0.982 25.631 0.05 2.94E-07 2.66E+02

406 0.46 0.09 0.04 0.06 1.48 0.02 33.71 0.049 0.257 26.032 0.22 7.45E-05 6.74E+04

407 0.46 0.09 0.04 0.06 1.47 0.05 33.71 0.049 0.257 26.032 0.22 7.83E-05 7.09E+04

408 0.46 0.09 0.04 0.06 1.00 0.01 33.71 0.048 0.257 26.032 0.22 9.68E-05 8.77E+04

409 0.53 0.09 0.03 0.05 1.00 0.03 33.71 0.033 0.257 26.032 0.22 7.13E-05 6.46E+04

410 0.67 0.11 0.05 0.05 1.66 0.01 33.71 0.045 0.264 26.304 0.47 5.71E-05 5.17E+04

411 0.67 0.11 0.04 0.05 1.59 0.01 33.71 0.045 0.264 26.304 0.47 6.42E-05 5.81E+04

412 0.73 0.25 0.02 0.01 1.86 0.06 33.71 0.053 0.315 26.072 0.39 8.93E-06 8.09E+03

413 0.54 0.03 0.06 0.07 1.38 0.01 33.71 0.067 0.346 26.184 0.41 1.23E-04 1.11E+05

414 0.54 0.03 0.06 0.07 1.43 0.01 33.71 0.067 0.346 26.184 0.41 8.52E-05 7.72E+04

415 0.54 0.03 0.06 0.07 1.00 0.01 33.71 0.066 0.346 26.184 0.41 1.83E-04 1.65E+05

416 0.56 0.03 0.06 0.07 1.00 0.01 33.71 0.062 0.346 26.184 0.41 1.48E-04 1.34E+05

417 0.47 0.04 0.08 0.07 1.27 0.01 33.71 0.079 0.232 26.118 0.22 1.98E-04 1.79E+05

418 0.47 0.04 0.08 0.07 1.25 0.01 33.71 0.079 0.232 26.118 0.22 2.00E-04 1.81E+05

419 0.47 0.04 0.08 0.07 1.21 0.01 33.71 0.078 0.232 26.118 0.22 2.90E-04 2.63E+05

420 0.50 0.04 0.07 0.07 1.25 0.03 33.71 0.072 0.232 26.118 0.22 1.58E-04 1.43E+05

421 0.58 0.20 0.02 0.00 1.83 0.01 33.71 0.022 0.320 25.973 0.16 2.89E-06 2.61E+03

422 0.59 0.20 0.02 0.00 1.90 0.01 33.71 0.021 0.320 25.973 0.16 4.37E-06 3.96E+03

423 0.58 0.08 0.04 0.06 1.34 0.01 33.71 0.046 0.228 26.076 0.22 1.34E-04 1.22E+05
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Number C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13

424 0.58 0.08 0.04 0.06 1.33 0.01 33.71 0.046 0.228 26.076 0.22 1.39E-04 1.26E+05

425 0.56 0.16 0.03 0.03 1.93 0.01 33.71 0.017 0.459 25.962 0.11 1.98E-06 1.79E+03

426 0.56 0.16 0.03 0.03 2.00 0.01 33.71 0.017 0.459 25.962 0.11 1.94E-06 1.75E+03

427 0.70 0.15 0.02 0.04 1.63 0.01 33.71 0.036 0.420 26.039 0.42 4.75E-05 4.30E+04

428 0.70 0.16 0.02 0.04 1.91 0.01 33.71 0.035 0.420 26.039 0.42 3.63E-06 3.29E+03

429 0.66 0.13 0.02 0.05 1.49 0.01 33.71 0.042 0.201 26.211 0.46 6.82E-05 6.17E+04

430 0.66 0.13 0.01 0.05 1.53 0.01 33.71 0.042 0.201 26.211 0.46 5.28E-05 4.78E+04

431 0.58 0.21 0.03 0.01 1.66 0.01 33.71 0.034 0.449 25.871 0.19 7.05E-06 6.39E+03

432 0.62 0.20 0.01 0.00 1.96 0.04 33.71 0.018 0.449 25.871 0.19 1.03E-05 9.32E+03

433 0.55 0.12 0.07 0.06 1.77 0.07 33.71 0.093 0.502 25.915 0.19 7.64E-05 6.92E+04

434 0.55 0.12 0.07 0.06 1.78 0.07 33.71 0.093 0.502 25.915 0.19 7.44E-05 6.74E+04

435 0.56 0.12 0.07 0.06 1.00 0.01 33.71 0.091 0.502 25.915 0.19 5.18E-04 4.69E+05

436 0.68 0.15 0.03 0.04 1.00 0.01 33.71 0.069 0.502 25.915 0.19 8.75E-05 7.93E+04

437 0.58 0.20 0.01 0.01 1.95 0.01 33.71 0.023 0.280 26.068 0.20 3.53E-06 3.19E+03

438 0.58 0.20 0.01 0.01 1.98 0.01 33.71 0.023 0.280 26.068 0.20 2.36E-06 2.13E+03

439 0.44 0.13 0.07 0.05 1.68 0.02 33.71 0.042 0.224 26.122 0.28 2.11E-05 1.91E+04

440 0.44 0.13 0.07 0.05 1.69 0.02 33.71 0.042 0.224 26.122 0.28 1.61E-05 1.46E+04

441 0.45 0.13 0.07 0.05 1.00 0.02 33.71 0.041 0.224 26.122 0.28 2.86E-04 2.59E+05

442 0.12 0.39 0.01 0.00 2.00 0.05 33.71 0.037 0.996 25.620 0.18 6.76E-07 6.13E+02

443 0.12 0.04 0.01 0.01 2.00 0.02 33.71 0.043 0.996 25.620 0.18 7.14E-06 6.46E+03

444 0.12 0.39 0.01 0.00 2.00 0.08 33.71 0.035 0.984 25.614 0.12 3.65E-07 3.31E+02

445 0.16 0.03 0.01 0.01 1.86 0.03 33.71 0.039 0.984 25.614 0.12 9.43E-06 8.54E+03

446 0.68 0.37 0.02 0.01 1.73 0.11 33.71 0.026 0.984 25.614 0.12 3.22E-05 2.92E+04

447 0.28 0.03 0.08 0.03 1.59 0.04 33.71 0.042 0.995 25.649 0.11 5.04E-05 4.56E+04

448 0.25 0.17 0.04 0.11 1.70 0.30 33.71 0.053 1.001 25.615 0.11 3.99E-05 3.61E+04

192



Number C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13

449 0.13 0.00 0.01 0.00 1.99 0.19 33.71 0.020 1.001 25.615 0.11 3.58E-06 3.24E+03

450 0.18 0.36 0.03 0.02 1.85 0.15 33.71 0.041 0.987 25.643 0.05 1.30E-05 1.18E+04

451 0.12 0.00 0.01 0.00 2.00 0.11 33.71 0.027 0.987 25.643 0.05 1.25E-05 1.13E+04

452 0.65 0.24 0.06 0.01 1.89 0.09 33.71 0.064 0.987 25.643 0.05 2.79E-05 2.53E+04

453 0.87 0.20 0.01 0.00 2.00 0.14 33.71 0.011 0.987 25.643 0.05 8.25E-06 7.47E+03

454 0.12 0.39 0.01 0.00 2.00 0.28 33.71 0.031 0.999 25.604 0.07 8.69E-06 7.87E+03

455 0.12 0.00 0.01 0.00 2.00 0.30 33.71 0.024 0.999 25.604 0.07 3.95E-05 3.58E+04

456 0.34 0.38 0.07 0.01 1.96 0.04 33.71 0.055 0.974 25.663 0.13 7.95E-06 7.20E+03

457 0.27 0.00 0.06 0.00 2.00 0.24 33.71 0.038 0.974 25.663 0.13 8.26E-06 7.48E+03

458 0.31 0.36 0.05 0.01 1.74 0.03 33.71 0.049 0.960 25.662 0.05 1.80E-05 1.63E+04

459 0.25 0.39 0.05 0.00 1.74 0.03 33.71 0.028 0.960 25.662 0.05 3.24E-06 2.94E+03

460 0.12 0.39 0.01 0.00 1.98 0.06 33.71 0.038 0.968 25.653 0.10 2.37E-06 2.15E+03

461 0.12 0.39 0.01 0.00 2.00 0.05 33.71 0.036 0.968 25.653 0.10 6.78E-07 6.14E+02

462 0.87 0.19 0.01 0.00 1.95 0.06 33.71 0.022 0.968 25.653 0.10 1.25E-05 1.13E+04

463 0.25 0.19 0.03 0.04 1.90 0.14 33.71 0.071 0.996 25.651 0.04 3.36E-05 3.04E+04

464 0.25 0.20 0.03 0.04 1.92 0.16 33.71 0.061 0.996 25.651 0.04 3.69E-05 3.34E+04

465 0.72 0.00 0.08 0.03 1.72 0.14 33.71 0.026 0.996 25.651 0.04 2.55E-05 2.31E+04

466 0.87 0.00 0.01 0.00 2.00 0.18 33.71 0.011 0.996 25.651 0.04 1.69E-05 1.53E+04

467 0.34 0.38 0.06 0.01 1.93 0.15 33.71 0.063 0.982 25.600 0.03 3.87E-06 3.50E+03

468 0.32 0.39 0.06 0.00 1.88 0.13 33.71 0.051 0.982 25.600 0.03 7.50E-07 6.79E+02

469 0.25 0.01 0.02 0.14 1.79 0.03 33.71 0.067 0.998 25.676 0.04 3.07E-05 2.78E+04

470 0.59 0.11 0.02 0.04 1.58 0.09 33.71 0.021 0.998 25.676 0.04 6.10E-05 5.53E+04

471 0.12 0.39 0.01 0.00 2.00 0.04 33.71 0.030 0.984 25.624 0.06 5.72E-07 5.18E+02

472 0.12 0.39 0.01 0.00 2.00 0.04 33.71 0.023 0.984 25.624 0.06 8.40E-07 7.61E+02

473 0.36 0.12 0.02 0.03 1.80 0.04 33.71 0.019 0.984 25.624 0.06 7.31E-06 6.62E+03
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Number C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13

474 0.38 0.27 0.12 0.03 1.88 0.09 33.71 0.042 1.007 25.693 0.05 1.75E-05 1.59E+04

475 0.54 0.01 0.06 0.07 1.51 0.21 33.71 0.047 1.007 25.693 0.05 1.42E-04 1.29E+05

476 0.12 0.39 0.01 0.00 2.00 0.30 33.71 0.024 0.972 25.645 0.07 1.57E-05 1.42E+04

477 0.43 0.25 0.11 0.06 1.74 0.21 33.71 0.075 0.991 25.626 0.07 9.77E-05 8.85E+04

478 0.16 0.39 0.03 0.00 1.96 0.21 33.71 0.023 0.991 25.626 0.07 6.12E-06 5.54E+03

479 0.16 0.30 0.02 0.06 1.84 0.30 33.71 0.037 0.982 25.631 0.05 2.31E-05 2.09E+04

480 0.12 0.39 0.01 0.00 2.00 0.30 33.71 0.026 0.982 25.631 0.05 1.18E-05 1.06E+04
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Appendix IV: Statistics of the Developed Regression Models 

The following is the output of the Minitab Software for regression model development. 

Models are discussed and presented in Chapter IV. 

Regression Models with 3 Predictor Variables 
---------------------------------------------------------- 

Regression Analysis: Sh4 versus Sigma2Z/H2, Re1, 1+PF  
The regression equation is 

Sh4 = 4.94 + 0.701 Sigma2Z/H2 + 0.929 Re1 - 3.41 1+PF 

 

Predictor     Coef  SE Coef      T      P    VIF 

Constant     4.93655  0.07649  64.54  0.000 

Sigma2Z/H2   0.70140  0.04748  14.77  0.000  2.282 

Re1          0.92906  0.02950  31.49  0.000  1.000 

1+PF         -3.4069   0.3493  -9.75  0.000  2.282 

 

S = 0.355289   R-Sq = 82.1%   R-Sq(adj) = 81.9% 

PRESS = 61.5826   R-Sq(pred) = 81.77% 

 

Analysis of Variance 

 

Source           DF       SS      MS       F      P 

Regression        3  277.173  92.391  731.92  0.000 

Residual Error  480   60.590   0.126 

Total           483  337.763 

 

Source      DF   Seq SS 

Sigma2Z/H2   1  140.087 

Re1          1  125.076 

1+PF         1   12.010 

 

---------------------------------------------------------- 

Regression Analysis: Sh4 versus Sigma2Z/H2, Re1, Average Sat  
The regression equation is 

Sh4 = 5.18 + 0.935 Sigma2Z/H2 + 0.929 Re1 + 0.448 Average Sat 

 

 

Predictor       Coef  SE Coef      T      P    VIF 

Constant      5.1804   0.1236  41.92  0.000 

Sigma2Z/H2   0.93455  0.04238  22.05  0.000  1.580 

Re1          0.92900  0.03165  29.35  0.000  1.000 

Average Sat   0.4476   0.1008   4.44  0.000  1.580 

 

 

S = 0.381159   R-Sq = 79.4%   R-Sq(adj) = 79.2% 

 

PRESS = 70.9679   R-Sq(pred) = 78.99% 

 

 

Analysis of Variance 

 

Source           DF       SS      MS       F      P 

Regression        3  268.028  89.343  614.96  0.000 

Residual Error  480   69.735   0.145 

Total           483  337.763 

 

 

Source       DF   Seq SS 

Selected as the best 

model with 3 variables 
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Sigma2Z/H2    1  140.087 

Re1           1  125.076 

Average Sat   1    2.865 

 

---------------------------------------------------------- 

Regression Analysis: Sh4 versus Sigma2Z/H2, Re1, Sigma2X/L2  
The regression equation is 

Sh4 = 5.11 + 0.737 Sigma2Z/H2 + 0.928 Re1 + 0.541 Sigma2X/L2 

 

 

Predictor      Coef  SE Coef      T      P    VIF 

Constant    5.10674  0.08467  60.31  0.000 

Sigma2Z/H2  0.73719  0.04718  15.62  0.000  2.194 

Re1         0.92842  0.02990  31.05  0.000  1.000 

Sigma2X/L2  0.54079  0.06046   8.94  0.000  2.194 

 

 

S = 0.360058   R-Sq = 81.6%   R-Sq(adj) = 81.5% 

 

PRESS = 63.2261   R-Sq(pred) = 81.28% 

 

 

Analysis of Variance 

 

Source           DF       SS      MS       F      P 

Regression        3  275.535  91.845  708.45  0.000 

Residual Error  480   62.228   0.130 

Total           483  337.763 

 

 

Source      DF   Seq SS 

Sigma2Z/H2   1  140.087 

Re1          1  125.076 

Sigma2X/L2   1   10.372 

 

 

---------------------------------------------------------- 

Regression Analysis: Sh4 versus Sigma2Z/H2, Re1, AlphaL/L  

The regression equation is 

Sh4 = 5.02 + 1.10 Sigma2Z/H2 + 0.926 Re1 + 0.121 AlphaL/L 

 

 

Predictor      Coef  SE Coef      T      P    VIF 

Constant     5.0237   0.1191  42.18  0.000 

Sigma2Z/H2  1.09661  0.03768  29.10  0.000  1.222 

Re1         0.92640  0.03201  28.94  0.000  1.001 

AlphaL/L    0.12080  0.04034   2.99  0.003  1.222 

 

 

S = 0.385327   R-Sq = 78.9%   R-Sq(adj) = 78.8% 

 

PRESS = 72.4608   R-Sq(pred) = 78.55% 

 

 

Analysis of Variance 

 

Source           DF       SS      MS       F      P 

Regression        3  266.494  88.831  598.29  0.000 

Residual Error  480   71.269   0.148 

Total           483  337.763 

 

Source      DF   Seq SS 

Sigma2Z/H2   1  140.087 
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Re1          1  125.076 

AlphaL/L     1    1.331 

 

 

Regression Models with 4 Predictor Variables 
---------------------------------------------------------- 
Regression Analysis: Sh4 versus Sigma2Z/H2, Re1, 1+PF, Average Sat  

The regression equation is 

Sh4 = 5.50 + 0.523 Sigma2Z/H2 + 0.929 Re1 - 3.70 1+PF + 0.584 Average Sat 

 

 

Predictor       Coef  SE Coef       T      P    VIF 

Constant      5.4985   0.1144   48.05  0.000 

Sigma2Z/H2   0.52252  0.05349    9.77  0.000  3.137 

Re1          0.92941  0.02835   32.79  0.000  1.000 

1+PF         -3.7035   0.3387  -10.93  0.000  2.326 

Average Sat  0.58381  0.09113    6.41  0.000  1.610 

 

 

S = 0.341338   R-Sq = 83.5%   R-Sq(adj) = 83.3% 

 

PRESS = 57.0081   R-Sq(pred) = 83.12% 

 

 

Analysis of Variance 

 

Source           DF       SS      MS       F      P 

Regression        4  281.954  70.489  604.99  0.000 

Residual Error  479   55.809   0.117 

Total           483  337.763 

 

 

Source       DF   Seq SS 

Sigma2Z/H2    1  140.087 

Re1           1  125.076 

1+PF          1   12.010 

Average Sat   1    4.782 

 

---------------------------------------------------------- 
Regression Analysis: Sh4 versus Sigma2Z/H2, Re1, 1+PF, Sigma2X/L2  

The regression equation is 

Sh4 = 5.22 + 0.461 Sigma2Z/H2 + 0.929 Re1 - 3.07 1+PF + 0.477 Sigma2X/L2 

 

 

Predictor      Coef  SE Coef      T      P    VIF 

Constant    5.22396  0.07895  66.17  0.000 

Sigma2Z/H2  0.46122  0.05253   8.78  0.000  3.208 

Re1         0.92874  0.02753  33.74  0.000  1.000 

1+PF        -3.0678   0.3283  -9.34  0.000  2.316 

Sigma2X/L2  0.47718  0.05608   8.51  0.000  2.227 

 

 

S = 0.331485   R-Sq = 84.4%   R-Sq(adj) = 84.3% 

 

PRESS = 53.6952   R-Sq(pred) = 84.10% 

 

 

Analysis of Variance 

 

Source           DF       SS      MS       F      P 

Regression        4  285.129  71.282  648.71  0.000 

Residual Error  479   52.634   0.110 

Total           483  337.763 

Selected as the best model with 

4 variables 
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Source      DF   Seq SS 

Sigma2Z/H2   1  140.087 

Re1          1  125.076 

1+PF         1   12.010 

Sigma2X/L2   1    7.957 

 

---------------------------------------------------------- 
Regression Analysis: Sh4 versus Sigma2Z/H2, Re1, 1+PF, S2LnK  

The regression equation is 

Sh4 = 5.09 + 0.700 Sigma2Z/H2 + 0.929 Re1 - 3.90 1+PF + 0.187 S2LnK 

 

Predictor      Coef  SE Coef      T      P    VIF 

Constant     5.0932   0.1019  49.97  0.000 

Sigma2Z/H2  0.69973  0.04727  14.80  0.000  2.283 

Re1         0.92887  0.02937  31.62  0.000  1.000 

1+PF        -3.8955   0.4069  -9.57  0.000  3.125 

S2LnK       0.18701  0.08089   2.31  0.021  1.812 

 

S = 0.353692   R-Sq = 82.3%   R-Sq(adj) = 82.1% 

PRESS = 61.0836   R-Sq(pred) = 81.92% 

 

Analysis of Variance 

 

Source           DF       SS      MS       F      P 

Regression        4  277.841  69.460  555.25  0.000 

Residual Error  479   59.922   0.125 

Total           483  337.763 

 

Source      DF   Seq SS 

Sigma2Z/H2   1  140.087 

Re1          1  125.076 

1+PF         1   12.010 

S2LnK        1    0.669 

 

---------------------------------------------------------- 
Regression Analysis: Sh4 versus Sigma2Z/H2, Re1, 1+PF, AlphaL/L  

The regression equation is 

Sh4 = 5.74 + 0.697 Sigma2Z/H2 + 0.923 Re1 - 4.77 1+PF + 0.339 AlphaL/L 

 

Predictor      Coef  SE Coef       T      P    VIF 

Constant     5.7428   0.1153   49.79  0.000 

Sigma2Z/H2  0.69716  0.04406   15.82  0.000  2.282 

Re1         0.92260  0.02738   33.69  0.000  1.001 

1+PF        -4.7713   0.3587  -13.30  0.000  2.797 

AlphaL/L    0.33874  0.03820    8.87  0.000  1.498 

 

S = 0.329634   R-Sq = 84.6%   R-Sq(adj) = 84.5% 

 

PRESS = 53.2558   R-Sq(pred) = 84.23% 

 

Analysis of Variance 

 

Source           DF       SS      MS       F      P 

Regression        4  285.716  71.429  657.37  0.000 

Residual Error  479   52.048   0.109 

Total           483  337.763 

 

 

Source      DF   Seq SS 

Sigma2Z/H2   1  140.087 

Re1          1  125.076 
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1+PF         1   12.010 

AlphaL/L     1    8.543 

 

 

An alternative regression model with 4 predictor variables when pool fraction is 

replaced by variance of LnK 

This model was developed to explore the effect of LnK 
---------------------------------------------------------- 
Regression Analysis: Sh4 versus Sigma2Z/H2, Re1, Average Sat, S2LnK  

The regression equation is 

Sh4 = 5.10 + 0.771 Sigma2Z/H2 + 0.930 Re1 + 0.672 Average Sat - 0.414 

S2LnK 

 

Predictor        Coef  SE Coef      T      P    VIF 

Constant       5.0995   0.1213  42.04  0.000 

Sigma2Z/H2    0.77074  0.05179  14.88  0.000  2.488 

Re1           0.92964  0.03082  30.17  0.000  1.000 

Average Sat    0.6724   0.1071   6.28  0.000  1.882 

S2LnK        -0.41432  0.07916  -5.23  0.000  1.576 

 

S = 0.371092   R-Sq = 80.5%   R-Sq(adj) = 80.3% 

 

PRESS = 67.3267   R-Sq(pred) = 80.07% 

 

Analysis of Variance 

 

Source           DF       SS      MS       F      P 

Regression        4  271.800  67.950  493.43  0.000 

Residual Error  479   65.963   0.138 

Total           483  337.763 

 

 

Source       DF   Seq SS 

Sigma2Z/H2    1  140.087 

Re1           1  125.076 

Average Sat   1    2.865 

S2LnK         1    3.773 

 

 

Regression Models with 5 Predictor Variables 
---------------------------------------------------------- 
Regression Analysis: Sh4 versus Sigma2Z/H2, Re1, ...  

The regression equation is 

Sh4 = 5.49 + 0.521 Sigma2Z/H2 + 0.929 Re1 - 3.68 1+PF + 0.588 Average Sat 

      - 0.0092 S2LnK 

 

Predictor        Coef  SE Coef      T      P    VIF 

Constant       5.4948   0.1195  45.99  0.000 

Sigma2Z/H2    0.52131  0.05467   9.54  0.000  3.271 

Re1           0.92942  0.02838  32.75  0.000  1.000 

1+PF          -3.6815   0.3947  -9.33  0.000  3.151 

Average Sat   0.58800  0.09905   5.94  0.000  1.898 

S2LnK        -0.00922  0.08485  -0.11  0.914  2.136 

 

S = 0.341690   R-Sq = 83.5%   R-Sq(adj) = 83.3% 

 

PRESS = 57.1571   R-Sq(pred) = 83.08% 

 

Analysis of Variance 

 

Source           DF       SS      MS       F      P 

Regression        5  281.956  56.391  483.00  0.000 
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Residual Error  478   55.808   0.117 

Total           483  337.763 

 

Source       DF   Seq SS 

Sigma2Z/H2    1  140.087 

Re1           1  125.076 

1+PF          1   12.010 

Average Sat   1    4.782 

S2LnK         1    0.001 

 

---------------------------------------------------------- 
Regression Analysis: Sh4 versus Sigma2Z/H2, Re1, ...  

The regression equation is 

Sh4 = 5.87 + 0.614 Sigma2Z/H2 + 0.924 Re1 - 4.68 1+PF + 0.275 Average Sat 

      + 0.282 AlphaL/L 

 

Predictor       Coef  SE Coef       T      P    VIF 

Constant      5.8720   0.1237   47.45  0.000 

Sigma2Z/H2   0.61376  0.05316   11.54  0.000  3.370 

Re1          0.92384  0.02720   33.96  0.000  1.001 

1+PF         -4.6822   0.3577  -13.09  0.000  2.820 

Average Sat  0.27450  0.09939    2.76  0.006  2.081 

AlphaL/L     0.28201  0.04315    6.54  0.000  1.937 

 

S = 0.327377   R-Sq = 84.8%   R-Sq(adj) = 84.7% 

 

PRESS = 52.7331   R-Sq(pred) = 84.39% 

 

Analysis of Variance 

 

Source           DF       SS      MS       F      P 

Regression        5  286.533  57.307  534.70  0.000 

Residual Error  478   51.230   0.107 

Total           483  337.763 

 

Source       DF   Seq SS 

Sigma2Z/H2    1  140.087 

Re1           1  125.076 

1+PF          1   12.010 

Average Sat   1    4.782 

AlphaL/L      1    4.579 

 

---------------------------------------------------------- 
Regression Analysis: Sh4 versus Sigma2Z/H2, Re1 

The regression equation is 

Sh4 = 5.44 + 0.421 Sigma2Z/H2 + 0.929 Re1 - 3.27 1+PF + 0.274 Average Sat 

      + 0.390 Sigma2X/L2 

 

Predictor       Coef  SE Coef      T      P    VIF 

Constant      5.4352   0.1109  49.01  0.000 

Sigma2Z/H2   0.42121  0.05426   7.76  0.000  3.468 

Re1          0.92896  0.02735  33.97  0.000  1.000 

1+PF         -3.2693   0.3346  -9.77  0.000  2.438 

Average Sat   0.2742   0.1018   2.69  0.007  2.156 

Sigma2X/L2   0.38973  0.06448   6.04  0.000  2.983 

 

S = 0.329339   R-Sq = 84.7%   R-Sq(adj) = 84.5% 

 

PRESS = 53.2579   R-Sq(pred) = 84.23% 

 

Analysis of Variance 

 

Source           DF       SS      MS       F      P 
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Regression        5  285.917  57.183  527.21  0.000 

Residual Error  478   51.846   0.108 

Total           483  337.763 

 

Source       DF   Seq SS 

Sigma2Z/H2    1  140.087 

Re1           1  125.076 

1+PF          1   12.010 

Average Sat   1    4.782 

Sigma2X/L2    1    3.963 

 

---------------------------------------------------------- 
Regression Analysis: Sh4 versus Sigma2Z/H2, Re1, ...  

The regression equation is 

Sh4 = 5.59 + 0.513 Sigma2Z/H2 + 0.930 Re1 - 3.75 1+PF + 0.603 Average Sat 

      + 0.266 Xbar/L 

 

Predictor       Coef  SE Coef       T      P    VIF 

Constant      5.5867   0.1194   46.78  0.000 

Sigma2Z/H2   0.51275  0.05336    9.61  0.000  3.155 

Re1          0.93016  0.02820   32.98  0.000  1.000 

1+PF         -3.7543   0.3376  -11.12  0.000  2.334 

Average Sat  0.60314  0.09101    6.63  0.000  1.622 

Xbar/L        0.2658   0.1087    2.45  0.015  1.010 

 

S = 0.339576   R-Sq = 83.7%   R-Sq(adj) = 83.5% 

 

PRESS = 56.9016   R-Sq(pred) = 83.15% 

 

Analysis of Variance 

 

Source           DF       SS      MS       F      P 

Regression        5  282.644  56.529  490.22  0.000 

Residual Error  478   55.119   0.115 

Total           483  337.763 

 

Source       DF   Seq SS 

Sigma2Z/H2    1  140.087 

Re1           1  125.076 

1+PF          1   12.010 

Average Sat   1    4.782 

Xbar/L        1    0.690 

  

Selected as the best model with 

5 variables 
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Appendix V: Simulation of Dissolution Rate by Developed Upscaled Model 

It was shown in Chapter ‎V that the upscaled model presented by Saenton and 

Illangasekare (2007) cannot predict the effective mass transfer coefficient where it is tried 

to estimate the partitioning rates in heterogeneous realizations generated for this work. 

Saenton and Illangasekare‟s correlation was originally developed for upscaling DNAPL 

dissolution rate and not for the partitioning rate. The column studies and simulations 

presented in Chapter ‎IV suggested that the same local scale correlations developed for 

estimation of dissolution rate can be employed to estimate the partitioning rate. However 

this matter was not investigated for the upscaled models.  

In Chapter ‎V the poor performance of the S&I model was attributed to the statistically 

poor database used in developing that model. An alternative hypothesis could be the 

fundamental difference between the upscaled behavior of the dissolution and liquid 

partitioning processes. To reject the alternative hypothesis, the dissolution process within 

a series of heterogeneous source zones was simulated. The observation data was 

numerically generated by fine scale simulation and use of a local scale mass transfer 

coefficient. The upscaled simulations were performed with both: the model developed in 

this work (see Chapter ‎V), and the model presented by S&I.  The following figure 

presents the effluent breakthrough curves obtained for the dissolved NAPL concentration. 

The figure suggests that the model developed in this work (based on partitioning data) is 

far more successful than the S&I model in capturing the dissolution process. This 

observation rejects the hypothesis that the discrepancy between the predicted and 

observed partitioning mass transfer coefficients in the S&I model is because the upscaled 

dissolution and partitioning processes are fundamentally different.  
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Figure A.V. 1. Effluent breakthrough curves obtained for DNAPL dissolved 

concentration 
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Appendix VI: 3D Finite-Difference Solution for Linear Driving Force Model 

Solved equations 

1- Mass Transport in aqueous phase: 
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2- Dispersion tensor: 
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3- Weighting scheme for advection: Central-in-space and upstream options are 

embedded in the developed code. 

 Definitions: Spatial weighting scheme: 
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4- Fully implicit time discretization: 
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5- Mass balance equation for NAPL phase, this equation is coupled and solved with the 

mass balance equation for the aqueous phase: 
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