
INTERNATIONAL IRRIGATION 
Ru 11-o 

CENTER 

AGRICULTURAL AND IRRIGATION ENGINEERING DEPT.. UTAH STATE UNIVEI\SilY. LOGAN. UTAH 84322-4150 U.S.A. 



.J 
L· 

FATE AND TRANSPORT OF TCE-PEIROLEIJM 
HYDROCARllON MIXTURE AT UTIR 

G. NASH QUASHIGAH 
RICHARD C. PERALTA 

1992 



' j 

FATE AND TRANSPORT OF TeE-PETROLEUM 

HYDROCARBON MIXTURE AT UTTR 

PRESENTED BY: 

G. NASH QUASHIGAH (C.E.) 

RICHARD C. PERALTA (P.E., PH.D.) 

DEPT. OF BIOLOGICAL AND IRRIGATION ENGINEERING 

and 

INTERNATIONAL IRRIGATION CENTER 

UTAH STATE UNIVERSITY 

LOGAN, UTAH 

SUBMITTED TO: 

ENGINEERING SCIENCE, INC. 

SALT LAKE CITY, UTAH 

and 

OFFICE OF ENVIRONMENTAL MANAGEMENT 

OOALC/EM 

HILL AIR FORCE BASE 

OGDEN, UTAH . 

... ,; 
L REPORT IIC-92/l 



:._.) 

i! 

' ·-

l
_j 

• 

' L 

L· 

L 

FATE AND TRANSPORT OF TeE-PETROLEUM 

HYDROCARBON MIXTURE AT UTTR 

PRESENTED BY: 

G. NASH QUASHIGAH (C.E.) 

RICHARD C. PERALTA (P.E., PH.D.) 

DEPT. OF BIOLOGICAL AND IRRIGATION ENGINEERING 

and 

INTERNATIONAL IRRIGATION CENTER 

UTAH STATE UNIVERSITY 

LOGAN, UTAH 

SUBMITTED. TO: 

ENGINEERING SCIENCE, INC. 

SALT LAKE CITY, UTAH 

and 

OFFICE OF ENVIRONMENTAL MANAGEMENT 

OOALC/EM 

HILL AIR FORCE.BASE 

OGDEN; UTAH 

REPORT IIC-92/1 

i. 



TABLE OF CONTENTS 

Section 
' ·i' 

-1 1. 0 INTRODUCTION 

1.1 Background 

1.2 Site Description 

1.3 Overview of Chemical Contamination Problem 

1.4 Objectives and Scope of study 

1.5 Procedure/Methodology 

2.0 STUDY AREA AND CONCEPTUAL MODEL 

2.1 Model Parameters and Assumptions: 

2.1.1 Geohydrologic Parameters 

i. Site geology 

ii. Hydrology and Meteorology 

2.1.2 Chemical Data and Fluid Properties 

2.1.3 Transport Parameters 

2.2 overview of Phase I Simulation and Boundary Conditions 

2.3 Overview of Phase II Simulation and Boundary Conditions 

3.0 MULTIPHASE FLOW AND MULTICOMPONENT TRANSPORT MODEL 

3.1 Numerical Code Description - MOFAT 

3.2 Computational Algorithm 

3.3 Model Assumptions 

3. 4 Code Applicab_ility arid- Limitations 

ii. 



4.0 APPLICATION OF NUMERICAL CODE TO CHEMPIT 4 

4.1 Conceptual Model Configuration 

4 .l.1 Boundary Conditions 
.ii 
:.:1 4 .l. 2 Initial conditions 

4.2 Results of Numerical Simulation 

4.3 NAPL Infiltration and Redistribution 

4.3.1 NAPL Volume 

4.3.2 Bulk Fluid Viscosity 

4.3.3 Bulk Fluid Density 
--:; 
~ 

4.3.4 Bulk Fluid Flux 

4.3.5 Soil Permeability 

4.4 Partitionable TCE Transport 

-' L;- 4.4.1 Media Dispersivity 

4.4.2 Soil Adsorption 
"~· s.o SUMMARY OF ACCOMPLISHMENTS 

6.0 CONCLUSIONS 

7.0 RECOMMENDATIONS 

l__., 8.0 ACKNOWLEDGEMENTS 

:~ 9.0 REFERENCES "f 
'. 
1--._. 

l.O.O FIGURES 

.::._ 

iii. 



:: ... Figure 1.2 

it ., Figure 1.3 

Figure 2 .1.1a 

Figure 2.1.1b 

Figure 4.1a 

Figure 4.1b 

L.: 

d Figure 4.3.1a 

L 

Figure 4.3.1b 

L 

Figure 4.4a 

l__c 

;l Figure 4.4b 
"-

Figure 4.4c 
L 

Figure 4.4d 

Figure 4.4.1 

LIST OF FIGURES 

Location of sites at UTTR North Range, utah 

Areal extent of chemical contamination at Chempit 4 

Actual geologic cross section at Chempit 4 

Cross-section of idealized geology of Chempit 4 

used for modelling. 

Problem description and boundary conditions: Oil-

TCE mixture infiltration phase (phase I) 

Problem description and boundary conditions: NAPL 

redistribution and partitionable TCE transport phase 

-(phase II) 

NAPL Saturation Contours: (Input NAPL volume equals 

250,000 gallons) 

NAPL Saturation Contours: (Input NAPL volume equals 

500,000 gallons) 

P-phase concentration distribution of TCE after 5 

years of phase II 

P-phase concentration distribution of TCE after 10 

years of phase II 

P-phase concentration distribution of TCE after 14 

years of phase II 

P-phase concentration distribution of TCE after_25 

years of pha~e II 

Effect of dispersivity on- water phase TCE 

concentrations after 5 and 14 years of phase II 

iv. 



Figure 4.4.2 Effect of adsorption on TCE concentrations after 14 

years of phase II 

L, 

lL. 

v. 

a... 



1.0 INTRODUCTION 

1. 1. Background 

In 1988 a.)reliminary assessment (PA) study was conducted at 

Chemical Disposal Pit No. 4 to address several concerns of Hill Air 

Force Base (HAFB), the facility operators. The objectives of the PA 

were; i) to assess the potential for organic chemical releases to 

the subsurface environment, and ii) to determine the need for any 

immediate control measures, if the subsurface environment were 

threatened. 

It was concluded from the PA that the potential for vadose 

zone contamination at Chempit 4 might be high. However, the threat 

to groundwater, in particular Wells 1 and 2 which provide drinking 

water for the Oasis qomplex personnel was considered minimal. 

Consequently, it was recommended that field investigations be 

conducted to collect soil samples and geologic data to adequately 

-~ delineate the problem. The conclusions drawn from the PA were based 

on the following factors. 

Low annual precipitation at the site (less than 10 inches 

per year) 

High potential evapotranspiration (ETP) rate (83 injyear) 

L Low vertical soil permeability, which might suggest a 

limited potential for groundwater contamination. 

Chempit 4 is located downgradient (1.5 miles) from drinking 

water Wells 1 and 2 

None of the hign mobility chemical constituents of the 

disposed liquid waste, such as trichloroethylene, were 
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detected in wells number 1 and 2. 

Groundwater flow is expected to be in a direction away 

from the potable water wells. 

In i989 HAFB implemented the recommendations of the PA study 

by awarding a contract to Engineering Science, Inc., to collect 

contaminated soil samples at Chempit Disposal Pit No. 4. The 

samples were to be used for geotechnical and chemical analysis. 

1.2 Site Description 

Chemical Disposal Pit No. 4henceforth termed "Chempit 4 11 , is 

an abandoned waste disposal facility that was used for the disposal 

of industrial waste· generated at HAFB. Chempit 4 is part -of a 

oi larger gravel pit l·ocated approximately 1.5 _miles northwest of the 

UTTR personnel complex: Chempit 4measures 15 feet by 20 feet and 

is 8 feet deep. Figure 1.2 shows the location of Chempit 4 within 

UTTR North Range, Utah. 

1.3 Overview of Chemical Contamination Problem 

Between 1973-1975 approximately 500,000 gallons of industrial 

liquid wastes generated at HAFB were disposed of into Chempit 4. 

Although, we lack documentation on the actual composition and total 

volume of the waste, available information suggests an approximate 

t- disposal rate of roughly 20,000 gallons per _month. _The wastes 

consisted primarily of nonaqueous phase liquids (NAPL). 

UTTR personnel ~trongly believe· that ·th~ NAPI:i --cons-ist-ed"::-c::: 

primarily of waste engine oil and small quantities of diesel fuel 
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and degreasing organic solvents/chemical solvents. Figure 1. 3 shows 

the areal extent of chemical contamination at Chempit 4, which for 

~11 practical purposes had been abandoned since 1975. 

1.4 Objectives of the Study 

The primary objectives of this study are two-fold. 

The first: objective is to model the infiltration and re

distribution an OIL-TCE mixture (NAPL) through the unsaturated zone 

of Chempit 4. 

The second major objective is .to predict the fate and 

transport of partitionable TCE in the aqueous and.soil:phases. 

To accomplish the proposed objectives, a number of numerical 

d simulations were performed. Some simulations predicted the 

. ' 
migration and resulting areal extent of NAPL contamination. Others 

predicted the transport of partitionable TCE to determine if 

groundwater quality will be threatened. 

1.5 Procedure/Methodology. 

A comprehensive methodology for predicting the transport and 

fate of nonaqueous phase liquids is developed and applied to the 

uncontrolled migration of Oil-TCE mixture through the unsaturated 

zone at Chempit 4. The proposed methodology relies on a 

§;.. comprehensive three-phase flow, multicomponent transport finite 

element model (ESTI, 1990). In applying MOFAT to Chempit 4, the 

model 1 S salient features were'- combined,-· Withe S_O]lle-_ .. _i(nnovativ.e. 

modeling approaches to i) determine model input parameters, ii) 
L 
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minimize the number of assumptions employed compared to traditional 

multiphase flow models, iii) optimize the computational efficiency 

of the model, and iv) improve the accuracy of the predicted 

'I Jl solutions. 

The methodology developed to accomplish the project's goals 

included the following steps; 

a) develop conceptual model and boundary conditions describing the 

problem, b) estimate all unknown multiphase flow and transport 

input data, e.g composition of fluid mixture, volume of 

infiltration, aquifer dispersivity, adsorption coefficients etc. c) 

calibrate model to simulate NAPL infiltration, d) calibrate model 

to simulate NAPL re-distribution and TCE transport, and e) predict 

G future NAPL migration and TCE transport in the vadose zone. 

I . 

Sensitivity analyses was performed during several of the above 

steps. 

Mathematical and physical constraints of the applied model and 

fluid properties dictate that numerical simulations be performed in 

two separate stages, namely phase I and phase II simulations. 

Phase I simulations model the infiltration of NAPL through the 

upper soil profile of Chempit 4. ·The duration of this phase is two 

years and defined as the time period from initiation to the 

termination of NAPL disposal activities at Chempit 4 (1973-1975). 

~· Partitionable TCE transport is neglected during this phase for the 

following reasons a) numerical instability of computed solutions 

resulting from initially high NAPL velocities were observed, and.b) · · .. 
- -

it was assumed that mass transfer during this relatively short 
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period will not significantly affect computed solutions because of 

low NAPL solubility. 

Phase II simulations model NAPL re-distribution and 

~ noninertjpartitionable TCE transport through the subsurface system 

' 

l. 

l ' 

L 

! .. · 

fL .. 

' ·-

{1975-1989). Sensitivity analyses and model calibration were 

performed in both phases I and II. 
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2.0 STUDY AREA AND CONCEPTUAL MODEL 

2.1 Mod-.1 Parameters and Assumptions 

The cc~ceptual model describing NAPL contamination at Chempit 

4 consists of a waste disposal pit leaking a multicomponent liquid 

waste into a thick stratified unsaturated zone. 

To adequately model NAPLmigration at Chempit 4, site specific 

input variables including geohydrologic properties, boundary 

conditions, fluid properties, transport parameters, and other model 

parameters must either be known a priori, measured in the field, 

determined from laboratory data, or obtained from literature. 

Data collected from a recent Chempit 4 site inspection (SAIC, 

1l' 1990) does not provide sufficiently detailed information for a 

.~ 

> 

~-· 

" 

modeling study. As a result, literature values or Landfill 5 data 

were utilized when necessary. 

2.1.1 Geohydrologic Parameters 

L Site geology 

In the present study, the conceptualized geology of Chempit 

4 is derived from field data. Some site details can be found in 

the site inspection report ( SAIC i 19 9 o) • Figure 2 • 1. la is a cross-

section through two soil borings (SB-01 and SB-02) showing the 

different soil layers that constitute the stratigraphy. Some 

assumed values are included. 

AltlJ.ough the two ~orings are _onl:y 50 feet apart, -t;:ne-upper 45--·· 

60 feet of soil profile exhibit a different genesis at the two 
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locations. That is, while the top 35 feet of deep boring (SB-01) 

contains a 10-foot layer of coarse gravel below a 25 foot layer of 

silt, the top 35 feet of t!.'l_e shallow boring (SB-02) contains a 25-

foot layer of sand and gravel, sandwiched between two s~foot layers 

of silt. Complicating estimation of the appropriate geology for the 

conceptual model was the absence of measured soil properties below 

65 feet and 35 feet for SB-01 and SB-02 respectively. 

For SB-02, we assumed the soil properties of SB-01 from depths 

of 35 to 90 feet. 

For conceptual and modelling purposes, the soil zones were 

then formed into two idealized zones (Fig. 2 .l.lb) • The hydraulic 

conductivity of these zones were harmonic means of the previously 

observed and assumed data of SB-01. This was done for the 

following reasons: 

a) There was lack of sufficient geologic data needed to 

perform a comprehensive evaluation of soil spatial variability 

effects. 

b) It was necessary to minimize numerical instability of 

predicted solutions. 

The lower 90-foot layer of the conceptual model was assumed to 

be a homogeneous mix of gravelly sand and sandy gravel. 

ii. Hydrology and Meteorology 

Groundwater elevations at Chempit 4 were not measured. 

However, it was inferr~d from 'LandfH:l:-5:-and: Wel-ls ·l·:an<:} :2_ t_hat the .. c. 

water table at Chempit 4 is approximately 150 ft below the soil 
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surface ( 4216 feet above MSL) . Regional groundwater flow is 

towards the northwest (i.e towards the Great Salt Flats). The 

. ' '· climate of the site is arid, with annual precipitation of 10 inches 

' .. 

l .. 

or less. Potential evapotranspiration is much greater than 10 

in/yr. Precipitation occurs primarily from November through 

February. 

2.1.2 Chemical Data and Fluid Properties 

No records were kept on the volume and composition of the 

liquid waste disposed .into Chempit 4. UTTR complex personnel 

suggest the facility may have received approximately 500,000 

gallons of industrial waste composed primarily of waste engine oil 

Q with small quantities diesel fuel and chemical solvents. 

' L 

As part of a Chempit 4 site inspection plan, a soil gas 

analysis was performed by TRC under the supervision of SAIC 

personnel. The primary objective of the investigation was. to 

identify the volatile organic constituents. (VOCs) of the NAPL 

i.. present at the site. The ideal locations for future soil borings 

~ were identified as being those areas showing the highest 
;{_, 

concentrations of soil gas. Soil samples from the borings were 

used for geologic and chemical analysis. Eleven (11) vocs were 

selected as target analytes for the purpose of soil gas analysis. 

L These include BTEX (benzene, toluene, ethylbenzene, and xylene), 

total hydrocarbons, trichlorotrifluorethane, 1,1 -Dichloroethane 
., 

(1,1 -DCE), 1,2 -trans dichloroethylene (DCE) i:.-tr_icl!loroeth~ne 

(TCA), tetrachloroethylene (PCE), and Trichloroethylene (TCE). 
i.. 
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Chemical analysis of the contaminated soil samples showed high 

adsorbed phase concentrations of volatile organic compounds (VOCs) 

an" 

and 

svocs (45,000 ugjkg of TCE, 78,000 ugjkg for BTEX compounds, 

496,000 ugjkg of tentatively identified compounds (TICs). The 

highest level of adsorbed concentration at Chempit 4, 14,000 mgjkg, 

was measured for total petroleum hydrocarbons (TPH). 

Chemical analysis of the contaminated soil samples indicate 

the presence of metals, volatile· (VOCs) and semi-volatile (SVOCs) 

compounds. The metals include aluminum, iron, lead, nickel, barium, 

and others. These could be .impurities from engine operation. 

Identified VOCs include trichloroethylene (TCE) I 

tetrachloroethylene (PCE),· 1,1-Dichloroethane, Benzene, Toluene, 

d Ethyl benzene, Xylene, among others. The svocs include polycyclic 

I 

·~ 

1 
' 

aromatic compounds (PAHs) such as Naphthalene, Fluorene, 

Anthracene, Pyrene, Phenanthrene, among others. PAHs and BTEX 

compounds are major constituents of mineral based crankcase oil, 

and diesel fuels. In the absence of measured chemical properties, 

literature values of the waste liquid were used in the present 

study. 

The bulk fluid properties which are input to the numerical 

model, MOFAT, are the capillary pressure curve scaling parameters, 

fluid densities, fluid viscosities, and mass fraction of fluid 

components. Procedures for calculating these properties are 

outlined in the MOFAT program documentation (ESTI, 1990). 
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2.1.3 Transport Parameters 

Aside from bulk fluid properties, individual component 

properties needed to model the.multjphase flow and partitionable 

component transport include the diffUf;lion coefficients :i:n bulk 

water, oil, and air, the oil-water, air-water, and soil-water 

partition coefficients, and the first order decay coefficients. 

Molecular diffusion coefficients of indt•.strial chemicals (e.g 

TCE) in bulk water or air can be estimated from semi-empirical 

methods (Lyman et al., 1982), or may be found in literature. An 

empirical· statement relating bulk oil diffusion coefficients water 

phase diffusion coefficients is given by ESTI (1990). 

d 2.2 OVerview of Phase I simulation 

Phase I simulations model the infiltration and distribution of. 

NAPL through the unsaturated zone of Chempi t 4. As discussed 

earlier,· the maximum allowable volume of NAPL infiltration was 

chosen as 500,000 gallons. The infiltration period was two (2) 

years, defined as the time period from initiation to termination of 

NAPL disposal activities at chempit 4. Transport of the target 

partitionable component i.e noninert TCE during the infiltration 

phase is neglected due to the following reasons: 

• Mass transfer rates and changes in fluid properties for low 

t,. solubility compounds over short time periods might be small. 

Simulations involving negligible deep percolation rates may 

·validate this assumpti~n. 

Due to model constraints and general complexity of the 

10 
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coupled, nonlinear multiphase flow and multi-component transport 

equations, numerical instability was encountered during initial 

periods of high ~APL flow. 

Neglecting - parti tionable TCE transport during NAPL 

infiltration phase, reduces phase I computational effort without 

significant loss of numerical accuracy during phase II simulations. 

Because changes in fluid properties during Phase I are 

assumed small, preliminary sensitivity analysis on fluid 

(viscosity, density, etc) and hydrogeologic (soil permeability, 

porosity, etc) properties are performed during phase I. 

Results of numerical simulations by Parker et al.(1988) also 

indicate that mass transfer rates and fluid density updating have 

o.l negligible effects on predicted solutions during periods of highly 

transient NAPL flow. 
i - Output from Phase I simulations include, distribution of NAPL 

and water hydraulic heads, and the distribution of NAPL, water and 

air saturations. 

H 2.3 Overview of Phase II Simulations 

,_ 

Phase II simulations commence after a specified volume of NAPL 

infiltrates the unsaturated zone of Chempit 4. Phase II simulations 

predict NAPL re-distribution and partitionable Tee transport. Both 

fluid flow and component transport equations are solved during this 

phase. Thus computational effort is more expensive and time 

consuming than phase-- I-- simulations. ·A number of simu.J;a.tions :were-_-~ 

performed during phase II to accomplish the following the 

11 



objectives: 

a) calibrate (to available field data) NAPL contamination in 

terms of lateral spreading, vertical extent of. movement, and 

ill .. , loca.tion of maximum NAPL saturation contour within the contaminated 

l . 

. ) .. 

~-

~. 

soil profile. 

· b) calibrate (to available field data) adso.rbed TCE 

concentrations within the contaminated soil profile. 

c) perform sensitivity analysis on model input parameters, 

to determine changes in numerical solutions in response to 

variations in input parameters. 

d) predict future NAPL migration and TCE transport through 

the vadose zone. 

Simulations in this phase begin after phase I terminates. 

Thus, a ten year phase II simulation predicts values 12 years after 

infiltration begins (2 + 10 years). 

12 
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3.0 MULTIPHASE FLOW AND MULTICOMPONENT TRANSPORT MODEL 

3.1 Description of Numerical Cede: MOFAT 

MOFAT is a 2-dimensional cross-sectional or radially 

symmetrical finite element model for simulating nonlinear, coupled 

multiphase flow and multicomponent transport under .saturated

unsaturated conditions. The flow module can be used to simulate the 

behavior of an organic chemical that may exist in three distinct 

phases, i) immiscible nonaqueous phase liquid (NAPL), ii) water, 

and iii) dynamic or static gas phase. The transport module can 

·accommodate up to 5 rtoninert components which may partition into 

the aqueous, soil or gas phases under the assumption of local 

li equilibrium interphase mass transfer. 

.... 

L 

Gas phase volatilization andjor water phase evaporation from 

the ground surface is not considered in the transport module •. 

The input data required for the flow simulation consist of 

boundary and initial conditions, fluid properties, soil hydraulic 

properties, solution stability factors (upstream weighting factor), 

time integration parameters, and mesh geometry. A modified Van 

Genuchten model which accounts for oil entrapment during periods of 

water imbibition is used to define three phase permeability-

saturation-capillary pressure relations. The flow module can handle 

t. stratified soils with up to 10 diffel:'ent s9il layers. The transport 

• 

module requires additional input data such as porous media 

. dispersi yi ty, equiliJ::rium · parti tion:c.:. :coe£f icients1 · ··diffusion· 

coefficients, first order decay coefficients, component densities 

13 



and boundary and initial conditions. 

·? 3. 2 Computational Algorithm: 

The governing equations consist of the nonlinear, coupled 

multiphase flow equations for NAPL, water and gas phases and the 

multicomponent transport equations of partitionable NAPL 

components. The nonlinearity of the flow equations results from the 

functional dependence of phase permeability on a primary variable, 

(e.g phase saturation). The flow equations are coupled due to the 

functional relationship between fluid saturations, permeabilities, 

ahd pressures. 

Coupling of the flow and transport equations occurs through 

D the interphase mass transfer terms and through the inter-dependence 

of scaling factors, phase density, phase viscosity and other flow 

L 

and transport coefficients. ·The interaction between flow and 

transport dictates the flow equation be solved simultaneously with 

or prior to evaluating the transport equations. 

For low solubility organic fluids, changes in fluid properties 

resulting from phase partitioning (mass transfer) over short time 

periods will be small (ESTI, 1990). Consequently, for short flow 

times the flow and transport equations can be decoupled and solved 

serially. For very large simulation periods, however, dissolution 

lL and volatilization are expected to be significant. since these 

processes will affect fluid composition and fluid properties, mass 

transfer rates are best continuously updated·to account for these--

changes. 

14 
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The flow and transport equations are directly coupled via 

fluid velocity and phase saturation, and coupled in the functional 

form through the transport dispersion coefficients. However, the 
:J:; 

" l' weak coupling between the two equq.tions permits one to solve the 

transport equations serially with the flow equations. FUrthermore, 

assuming negligible interactions between individual fluid 

components leads to a weak coupling between the individual 

component transport equations. Thus, the transport equation for 

the different components may be solved serially in any sequence. 

A complete description of the governing equations, and the 

finite element formulations can be found in the MOFAT documentation 

(ESTI, 1990). A summary of the basic solution approach employed by 

j MOFAT is presented: 

1. Solve the fluid flow equations simultaneously for the 

current time step using time lagged phase densities and 

interphase mass transfer rates. 

2. Solve the phase summed transport equations using time 

lagged phase densities and interphase mass transfer 

rates. 

3. Back-calculate new interphase mass transfer rates and 

update phase densities for the current time step. 

4. Proceed to the next time step. 

3.3 Model Assumptions 

MOFAT' is a comprehensive·•·multiphase fl,ow- and multicomponent .. __ _ 

transport model formulated to minimize the number of assumptions 

15 
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associated with traditional multiphase flow models. 

For example, while many multiphase flow models neglect the gas flow 

equation by assuming negligible gas pressure gradients, MOFAT 

~ provides the option of simuiating a static or dynamic gas phase. 

t -. 

L 

• • 
r 
L 

L 

L 

•· 

Nevertheless, as with any mathematical model, some assumptions 

were made to formulate the governing equations. Some of these 

assumptions ·include: 

a} 

Bulk fluid density and viscosity are pressure 

independent, but vary in time depending on the mass of 

each component entering or leaving the phase~ 

A modified Van Genuchten model defines the three phase 

permeability~saturation-capillary pressure relations. 

Soil porosity is independent of bulk fluid pressure 

Darcy's law is valid for multiphase flow. 

Flow is in a porous media 

Organic constituents can partition between the nonaqueous 

liquid, water, gas and solid phases under the assumption 

of local chemical equilibrium . 

NAPL-WATER partitioning is described by the 

equilibrium solubility approach. 

b) Henry's law describes AIR-WATER partitioning 

c) SOLID-WATER partitioning is described by a linear, 

reversible, equilibrium isotherm. 

Decay of the organic chemical occurs exclusively within 

the aqueous phase, :·thus decay ·-coef-ficients in :·th~-

nonaqueous and air phases are ignored 

16 



3.4 Code Applicability and Limitation 

MOFAT can be applied to simulate multiphase flow and 

multicomponent transport of an organic chemical through deep or 

ft shallow aquifers and under saturated and unsaturat~d conditions. It 

is especially useful for modeling the migration of industrial 

wastes consisting of five (5) or less partitionable components. The 

code will accommodate a heterogeneous soil system consisting of at 

most 10 different soil layers. 

The code can also be used to formulate, and analyze the effect 

of remedial technologies at hazardous waste sites, _or to pursue the 

cleanup and remediation of chemical spills, leaks from surface 

impoundments, or infiltration from waste disposal facilities. The 

d code can be _applied to many practical · problems, however, it has 

__ _I 

•• 

L 

.L_ 

three primary limitations: i) inability to simulate volatilization . 

of organic chemicals from the soil surface,_ ii) ;inability to 

simulate evaporation of soil moisture from the soil surface, and 

iii) excessive computational cost for large solution domains. 

17 



4.0 APPLICATION OF NUMERICAL CODE TO CHEMPIT 4 

-• 4. 1. Conceptual Model Conf igur'ation 

Iii In evaluating the applicability arid efficiency of MOFAT to 

subsurface contamination problems, the code was applied to simulate 

the migration of a TeE-hydrocarbon fuel mixture through the 

unsaturated zone of Chempit 4. · Figures 4 .1a and 4 .1b show the 

description of the conceptual model and boundary conditions. The 

model domain is 200 feet wide and 150 feet deep. The conceptual 

soil- profile consists of a 90-foot layer of sandy gravelly soil 

overlain by a 60 foot layer of silty soil. 

d 4.1.1 Boundary Conditions: 

.J 
L> 

Figure 4 .1a depicts the idealized NAPL infiltration at 

Chempit 4, i.e Phase I simulations. There, Q
0 

and Qw represent flow 

of oil and water respectively. Q* is an assumed application rate • 

• H, H1 and ~ represent the elevation (head) of the water table, q 
n 

is deeply percolating precipitation, (assumed zero in phase II 

simulations). is the aqueous phase concentration. The 

idealized domain is assumed initially free of organic chemicals. 

Then NAPL is allowed to infiltrate the vadose zone through a 20 

foot long source at the soil surface. Specified volumes of the NAPL 

tic were allowed to infiltrate continuously for a two year period. 

Infiltration was terminated thereafter. The boundary conditions 

for the NAPL are all -no flow .. boundaries; except at thecsou.rce:where 
,'-) 

a known flux boundary condition was specified. For water, no flow 
L. 
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boundary conditions along the left, right and upper boundaries, and 

a constant head boundary at the lower boundary (water table) was 

specified. 

Figure 4.1b also depicts the idealized system and boUndary 

conditions during NAPL re-distribution and partitionable TCE 

transport, i.e Phase II simulations. Boundary conditions for water 

are unchanged, and NAPL is subject to no flow boundary conditions 

on all boundaries. For partitionable TCE transport, a zero 

concentration gradient was specified on the left, right and lower 

boundaries. This boundary condition specifies a zero normal 

dispersive flux since it was assumed no flow o.ccurs through the 

boundaries. A zero concentration gradient was also imposed on the 

~ upper boundary to simulate a zero mass flux condition. 

In some sensitivity runs/simulations, constant water head 

boundary condition were imposed. along the left and. right 

boundaries. These simulations were performed to examine the effect 

of boundary conditions on NAPL and partitionable TCE behavior. 

4.1.2 Initial Conditions: 

General mathematical expressions for flow initial conditions 

stipulate fluid pressures at all nodes in the domain (ESTI, 1990). 

Fluid pressure heads in the flow domain above the water table are 

b. computed according to the relations: 

h" = a + bz, h
0 

= c + dz 

Iii Here, z is the elevation: along the vertical transect of· the 

boundary, and a,b,c and dare input variables (ESTI, 1990). Under 
L 
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equilibrium conditions, a = zaw' b = -1, where zaw is the air-water 

table elevation, or defines the point in domain where water 

pressure head, hw = 0 • The other input variables are defined the 
p 
! MOFAT documentation (ESTI, ~990). 
~),, 

For partitionable TCE transport, the initial conditions are 

stated in terms of water phase concentration. Zero aqueous phase 

concentrations were input to all uncontaminated points while 

initial water phase concentrations of TCE were assigned to 

contaminated points in the modeled domain. 

4.2 Results of Numerical Simulations 

Inadequate data regarding geohydrologic and fluid properties 

d at Chempit 4 made it difficult to quantify these parameters. Field 

data indicate that soil' hydraulic pr.operties can have wide spatial 

L 

I 
~ -·' 

~: 

~--
L 

!L 

variability. The actual composition of the organic chemical is also 

unknown, and laboratory measurements of fluid properties such fluid 

viscosity and density are lacking. 

To investigate the effect of uncertainty and variation of 

input parameters on predicted solutions and to validate selected 

base input data, several numerical simulations were performed. 

These simulations, which included calibration and sensitivity 

analysis, were performed by 1) varying the magnitude of the input 

parameters across a range of likely values 2) matching numerical 

results to field data and 3) observing the parameters which exert 

controlling effect on-:-eilmpu:t-eli-· soluti.ons_. ····-·--":"------· 

The input parameters chosen for extensive analyses of NAPL and 
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partitionable TCE behavior in this study include the following: 

fluid parameters 

bulk fluid density {fluid composition) 

bulk fluid viscosity 

NAPL flux rate 

volume of NAPL infiltrated 

geohydrologic parameters 

permeability of porous media 

media porosity 

permeability-saturation-capillary pressure functions 

transport parameters 

mass transfer coefficients 

porous media·dispersivity 

organic carbon content {adsorption coefficients) 

initial concentrations of TCE 

diffusion coefficients 

4.3 NAPL Infiltration and Redistribution 

4.3.1 NAPL Volume 

Figures 4 .• 3 .la and 4. 3 .lb depict NAPL migration through the 

vadose zone of Chempit 4. several numerical simulations were 

t performed to examine the effect of critical fluid flow parameters 

on NAPL behavior. However, general NAPL infiltration and re-

distribution dynamic.s-at·Chempit -4-willpe descr.ibed_with.the aid 

of these two figures. The white line running from the left to right 
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boundary in these figures mark the border of the upper and lower 

soil layers of the conceptualized model. 

1 ! Since the actual volume of NAPL that infiltrated into Chempit. 

"' ~ was unknown, NAPL volume was varied across a range of probable : ,,, 

values to reflect the uncertainty in that parameter. To account for 

NAPL lost to volatilization and other biochemical processes, 

several numerical simulations involving i) a base value of 500 1 000 

L gallons, ii) 75 percent of the base value (375,000 gallons), iii) 

L 

50 percent of base value (250,000 gallons), and iv) 25 percent of 

base value {125,000 gallons) were performed. 

It was apparent from the simulations that the areal extent of 

contamination, (i.e lateral spreading and depth of penetration) 

lll varied with the magnitude of NAPL infiltration volume. Because 

L 

L 

gravity flow was the ·predominant dri:ving force during the 

redistribution period, downward movement was greater than lateral 

spreading. 

Assuming a 500,000 gallons infiltration vo~ume, NAPL would 

reach the vicinity of a water table located 150 feet (45m) below 

the ground surface (figure 4.1.1d), fourteen years (i.e 1975-1989) 

after NAPL infiltration ceases. There would still be localized 

patches of NAPL saturations exceeding the residual level (Sr = 

0.2). Further downward migration would be possible. Thus over a 

b given time period NAPL may reach the groundwater. 

l. 

Using infiltration volumes of 375,000 gallons and 125,000 

gallons yiel_?.ed solutions which devi<;l.teCl f_rom. field .. data .• : .. Field ... 

data indicate a contaminated areal extent which measures 100 feet 
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(30.5m) laterally and 64 feet (19.5m) deep. Simulations using a 

NAPL volume of 250, 000 gallons compared favorably to field data and 

thereby chosen as the "ideal" (assumed) NAPL volume. 

NAPL migration, described by NAPL saturatio~ contours for the 

250,000 gallon NAPL volume, is shown in Figure 4.3.1a. Fourteen 

years after NAPL infiltration ceases (i.e -1989) a symmetrical 

areal contamination, about 100 feet wide and 65 feet has developed. 

In fact, little or negligible downward NAPL movement is observed 

after the the fifth year of re-distribution (Figure 4.3.1a). After 

fourteeen years of infiltratonthe highest NAPL saturation is 0.42. 

Located in what is termed the core saturation, it is shown by the 

brown contour in Figure 4.3.1b. This zone is located directly 

u' below the source at a depth of 23-35 feet (7-11 meters). The 

saturation profile defined as the areal extent of NAPL corejmaximum 

; 
~ .. 

saturation compares favorably with observed profile of the deep 

soil boring (SB-01) (Figure 1.3 and Engineering Science, 1989, pg 

4-37). Consequently, it is concluded that 250,000 gallons of the 

total applied NAPL volume infiltrates the unsaturated zone and the 

rest was lost to volatilization and other biochemical processes. 

L This is easily justified since the initially assumed 500, 000 

gallons could have been overestimated. 

4.3.2 Bulk Fluid viscosity: 

The behavior of high and low viscosity NAPLs was significantly 

II: different throughout :the simu_lations. To demonstrate the. effect_ of 

fluid viscosity on NAPL mobility, the base fluid viscosity of 2 
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centipoise (cP) was more than doubled to 5cP in one sensitivity 

study, and decreased by 50 percent in another simulation. These 

vhcosity valu.es were chosen to reflect the wide variation in bulk 

fluid-properties (Oak Ridge, 1989). 

The low viscosity NAPL was observed to move quickly and 

penetrate the aquifer to a greater depth. Lateral spreading from 

the source in both positive (+) and negative (-) x direction was 

limited, however. conversely, the more viscous NAPL penetrated 

the vadose zone to a shallower depth, but did spread laterally 

beyond the observed contamination zone. 

4.3.3 Bulk Fluid Density: 

Density effects were examined by simulating the migration of 

low density (i.e % TCE equal 2.5%) and high density (i.e % TCE 

equal 5%) NAPLs. Model predictions show that the light NAPLs were_ 

, immobilized in the upper unsaturated zone, however lateral 
L 

L 

spreading was significant. 

Gravity effects were dominant in dense NAPL simulations. NAPL 

migration was primarily downward with relatively small lateral 

spreading. The practical implication of these results is that 

dense, low viscosity NAPL poses a greater threat to subsurface 

resources because it can travel deeper and faster. 

4.3.4 Bulk Fluid Flux 

To minimize the potential for NAPL pressure buildup on the 
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soil surface, the maximum NAPL flux rate used in the sensitivity 

study was chosen to equal the prevailing medium permeability. The 

effect of increasing NAPL flux rate is similar to increasing fluid 
~: 
., viscosity in that both increase iateral spreading, (Kaluarachchi 

and Parker, 1988). 

4.3.5 Soil Permeability 

The behavior of NAPL in response to variations in soil 

permeability was similar to NAPL migration patterns under varying 

fluid viscosity conditions. In this analysis, the permeability of 

the upper hydraulic zone was varied by 2 orders of magnitude. i.e 

10, 000 percent to reflect parameter uncertainty. As previously 

~ discussed, the upper zone, which naturally consists of 5 geologic 

··" 
i_i 

L 

units is represented in'the conceptual model by a single hydraulic 

unit with permeability equal to the harmonic mean of those 5. units. 

Thus maximum and minimum vertical permeabilities of the 

conceptualized upper soil· layer, depicted in Figure.2.1.1a, are 

0.864 mjd (permeability of coarse sandy gravel) and 0.0023 m/d 

(permeability of fine silty sand) respectively. 

It was evident from computed solutions that as the vertical 

permeability of the upper geologic unit was decreased, vertical 

movement of the NAPL was restricted while lateral spreading 

t increased. In the absence of significant inhomogeneity, numerical 

simulations show that NAPL migration is primarily downward in 

moderate to highly permeable soils. 
~. 

The effect of three phase permeability-saturation-capillary 
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pressure relationships on computed solutions could not be 

explicitly evaluated because it was input to the model as a 

~unction. The Kr-S-Pc relationship are unique to a given soil and 

ll are site specific. These relationships must be determined for a 

given site. Because complete data needed to derive the Kr-S-Pc 

function for Chempit 4 was missing, literature values for soils 

with similar characteristics to Chempit 4 soils were used (Table 4-

l" 1). The sensitivity to variations in porous media porosity was 

small. 

Table 4-1 

Typical Soil Properties for Various Soil Types (ESTI,1990) 

-.;-;,. 

. Kswz ¢ sm Ct n 
soil type 

(m/d) (-) (-) (m-1) (-) 

I 
Sand 7.1 0.43. 0.09 14.5 2.7 

L 
Loamy sand 3.5 0.41 0.15 12.4 2.3 

Sandy loam 1.06 0.41 0.15 7.50 1.9 

Sandy clay loam 0.31 0.39 0.26 5.9 1.5 

Loam 0.25 0.43 0.19 3.6 1.6 

Silty loam 0.11 0.45 0.16 2.0 1.4 

Clay loam 0.062 0.41 0.22 .1.9 1.3 

Silt 0.060 0.43 0.07 1.6 1.4 

Sandy clay 0.029 0.38 0.26 2.7 1.2 
L 

Silty clay loam 0.107 0.43 0.21 1.0 1.2 

Silty clay 0.0048 0.36 0.19 0.5 1.1 

Ill 4 .• 4 Partitionable TCE Transport 

Generating a colored diagram which differentiates the various 
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isoclors (concentration contours) of partitionable TCE involves 

some loss of clarity in the diagrams. Despite this, it is necessary 

to employ such figur~s in presenting simulation results. 

The transport of TCE in the aqueous, adsorbed and gas phases 

through the vadose zone of Chempit 4 is depicted in Figures 

4.4a-d. The figures show the distribution of TCE concentration 

after four diffferent simulation periods, 5, 10, 14, and 25 years 

respectively. The units of concentration are parts per million 

(ppm) for water and gas phase concentrations, and milligrams per 

kilogram (mg/kg) for the soil phase.· In p-phase, "P" denotes air, 

water or gas. 

An · intent of this study is to track the transport of 

U partitionable TCE through the vadose zone to determine the 

potential for groundwater contamination from each partitionable 
L' 

L 

phase. Using the drinking water standard of TCE, 5 parts per 

billion (5ppb or o. 005ppm) as the "critical concentration", the 

movement of the 5ppb isochlor is tracked in time until it reaches 

t., the water table. 

In Figure 4.4a the 5ppb water phase concentration (at its 

deepest location) is 5 meters above the water table after a 5 year 

transport simulation period. This implies that only 5 years after 

NAPL redistribution ends and TCE transport begins, soluble TCE is 

k,, already near the vicinity_ of ... the water table. Soil and gas phase 

concentrations for the five (5) year time period are also depicted 

_in Figure 4.4a. 

'· A plot of the ten (10) year simulation period (Figure 4.4b) 
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shows that the 5ppb isochlor reached the water table within 10 

years. Figure 4. 4c shows the p-phase concentration distribution of 

TCE for a fourteen (14} year simulation period. The 5 ppb water 
1) 

11 phase isochlor has already reached the water table and is not .. 
visible in the plot. 

Figure 4. 4d depicts predicted TCE transport through the vadose 

zone. The simulation period is 25 years. 

The effect of input data on TCE partitioning into the water, 

gas and soil phases and subsequent TCE migration was extensively 

investigated. However, only the parameters determined as important 

variables in delineating our findings are presented herein. 

d 4.4.1 Media dispersivity 

. J ,_ 

L 

.. 

Porous media dispersivity values_ were unavailable for Chempit 

4. The dispersivity of an aquifer material is site specific and 

depends on numerous physical variables. Acquiring laboratory or 

field data concerning this variable is time consuming and cost 

prohibitive. A number of simulations were performed using varying 

longitudinal (aL) and transversal (aT) values to evaluate their 

effect on TCE behavior. The dispersivity values were varied across 

a given range determined from numerical criteria or recommended 

from literature. 

The mesh Peclet number (Pem) is a numerical criteria defined 

as the ratio of element mesh size to longitudinal dispersivity. 

max nx, bZ I 
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This criterion is used to estimate the maximum element mesh size 

(given a porous medium dispersivity) necessary to preserve 

stability of the predicted solutions. Violations of the Peclet 

number criteria often leads to unstable solutions because the 

solute transport equation assumes a hyperbolic character. This 

happens when advection becomes the predominant transport mechanism. 

Due to the excessive computing effort involved in running 

MOFAT, and the lack of measured dispersivity values, the simulated 

:1 domain was discretized to obtain the fewest number of elements. 

.--
~-._ ... 

Using a mesh Peclet number criteria, (Pem <= 2. 0), and the 

discretized element mesh, dispersivity values were computed. These 

dispersivity values were then used in the numerical simulations to 

determine the effect of dispersivity on TCE transport. 

The mesh Peclet criteria, Pem <= 2,. was chosen after 

preliminary runs indicated that a mesh Peclet number exceeding 2.0 

L sometimes yields erroneous results. 

Results of the analysis indicated that aquifer dispersivity 

had negligible influence of TCE processes. FUrther analysis of 

t dispersivity effects revealed that p-phase velocities of TCE were 

relatively small, hence low solute dispersion and advection 

L resulted. 

In another attempt to evaluate the effect of dispersivity on 

TCE transport behavior, aquifer dispersivity was estimated as 5 

percent of the maximum of the lateral and vertical extent of 

contamin·ated soil (ESTI, 1990). From Chempit 4 data, the estimated 

L aquifer dispersivity value was 1.5m. Using the mesh Peclet 
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criterion of 2.0, results in a maximum element mesh size of 3.0m. 

simulations were ~n using dispersivities of 4 and 2 

(corresponding to Peclet riumbers of 1 and 2, respectively). These 
-~( 

~ produced solutions which further confirmed the assumption that 

aquifer dispersivity had a negligible effect on TCE behavior 

{Figure 4.4.1). 

4.4.2 Soil Adsorption 

The mobility of TCE in the subsurface environment is inversely 

related to the organic carbon content of the soil. Schwarzenbach 

and Westhall (1981) determined from laboratory sorption studies 

that over 85 percent of sorption by aquifer materials occurs at 

d particle sizes smaller than 0.125mm for halogenated organic 

) 

L 

L 

compounds and other non-polar organic compounds. TCE is highly 

mobile in soils with low organic carbon and vice versa. Chempit 4 

is composed predominantly of fine silty sand to coarse silt in the 

upper 60 feet (18.3m) of top soil. The lower stratigraphy is 

>, composed of coarse gravely sand. Mechanical sieve analysis of soil 

samples taken from the upper 60 feet of the unsaturated zone 

indicate that 10 to 60 percent of the soil particles were smaller 

than 0.10mm. 

Results of numerical simulations suggest that adsorption 

i<. strongly influenced TCE migration by retarding its lateral and 

vertical advance through the vadose zone. Figure 4. 4. 2 depicts the 

effect of adsorption· ·on :·.TOE transpor-t:•·: U:sing_. an organic_ carbon_ 

fraction of 10 percent {compared to base value of 1.0 percent for 
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Chempit 4) shows a retarded front as evidenced by the location of 

the 5 ppb isochlor. After the fourteen ( 14) year phase II 

sirulation period, the 5 ppb isochlor is 15 meters above the water 

table, at the deepest location. In contrast, the 5 ppb isochlor had 

already reached the water table at all points of the solution 

domain in Figure 4.4c (where organic carbon fraction equals 1.0 

percent). 
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5. 0 SUMMARY OF ACCOMPLISHMENTS 

i; The following were accomplished to achieve project objectives. 

l. 

' 
t 
r 
i 

t; 

r 
) 

' J L 

'(; 

i 
b 

Completed literature review of TCE transport · •. 

Procured and installed FTN 77/386 FORTRAN compiler, with 

DOS EXTENDER to utilize all available RAM. 

Procured and installed SWANFLOW on a 386/25 

microcomputer, and performed simulations for hypothetical 

systems. 

Evaluated the applicability and efficiency of SWANFLOW to 

NAPL contamination problem at Chempit 4. 

Determined that s"WANFLOW was inappropriate forChempit 4 

problem. 

Obtained and· installed a numerical code, SOILP, for 

estimating suction-water curve (Van-Genuchten) 

parameters. 

Procured and installed MOFAT on a 386/25 microcomputer, 

VAX mainframe, and CRAY supercomputer. 

Improved computational efficiency by 67% through 

vectorization and optimization of MOFAT on a CRAY 

supercomputer. 

Evaluated the sensitivity of 3-phase flow and chemical 

transport simulation in MOFAT to discretization in time 

and space. 

Determined the optimal 't-ime :s~ep _ a_nd, mesh. siz~ to ;r-educe 

computational cost without loss of numerical accuracy. 
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Performed numerical simulation to determine the influence 

of geohydrologic, fluid and transport properties on NAPL-

TCE beravior. 

Performed __ . a "rough" calibration of NAPL migration 

(lateral and vertical movement) to observed data. 

Determined that the NAPL would almost stop spreading 

vertically within about 5 years. 

Calibrated (roughly) adsorbed TCE concentrations to 

observed data. 

Predicted (roughly) that 12 years would be required for 

soluble TCE to reach the water table. 
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6.0 CONCLUSIONS 

;; Analysis of numerical simulations, sensitivity studies, model 

t. 
' . 

{ ' 

' L 

L 

calibration and future predictions yields the following 

conclusions. 

i) The nonaqueous phase liquid (NAPL) . will be immobilized 

within the vadose zone, and is not expected to reach the water 

table. 

ii) Molecular diffusion is the predominant transport mechanism 

by which soluble TCE will migrate downward through the vadose 

zone. 

iii) From a worst case perspective, soluble TCE will probably 

reach the water table within twelve {12) years after 

infiltration begins. Water containing concentrations of five 

(5) parts per billion, equal to the drinking water standard of 

TCE, will reach the groundwater at Chempit 4. 

· iv) Improving model calibration and prediction will require 

data from more soil borings. Predictions will be enhanced by 

improved data on soil-water-chemical relations. 
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' ' 7.0 RECOMMENDATIONS 

Better calibration ?J.nd verification of model predictions are 

' ~ possible if the following recommendations are implemented: 
''"' 

i) Deeper soil borings should be performed and aqueous phase TCE 

concentrations should be determined, if practical. Better 

estimates of initial NAPL composition and total volume of disposed 

NAPL should be provided if· they can be obtained. 

ii) FUture modeling of TCE fate and transport should include other 

physical, and biochemical processes such as degradation, 

volatilization and soil evaporation. This will require field and 

laboratory investigation. 

d iii) FUture 2-D or 3-D simulations should be performed on high 

l:- •• 

L 

performance computers (e.g 486/50 .microcomputer, workstation, 

minicomputer or supercomputer). 

iv) A numerical code should be used to formulate and evaluate the 

effect of remedial options before any potentially costly measures 

are implemented. 

v) Application of venting and vadose zone bioremediation should be 

considered. 

vi) The groundwater at Chempit 4 should be tested for TCE 

contamination. 
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4.lb Problem descri·ption and boundary conditions: NAPL redistribution and 
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Figure 4.4a P"phase concentration 
distribution of TCE after 5 years 
of phase II 
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Figure 4.4c P-phase concentration 
distribution of TCE after 14 years 
of phase II 
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Figure 4.4.1 Effect of disper
sivity on water phase TCE 
concentration after 5 and 14 
years of phase II 
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Figure 4.4.2 Effect of adsorption 
on TCE concentrations after 14 
years of phase II 


