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ABSTRACT 

This dissertation presents an innovative methodology in the form of two 

papers for the feasibility assessment and optimization of Vacuum Enhanced Recovery 

(VER) to remediate non aqueous phase liquids (NAPLs) in the vadose zone. The first 

paper demonstrates the use of a pilot-scale two-dimensional laboratory soil cell and an 

automated dual-energy gamma ray attenuation system for the feasibility assessment of 

VER to remediate free-product NAPL spills. The investigations were conducted in a 

1.5 x 1 x 0.08 meter cell filled with heterogeneous soils for the simultaneous and 

continuous measurement of NAPL and water saturations at 96 programmed locations. 

The dynamic laboratory method determines the spatial distributions of three-phase 

fluid saturations of an oil spill simulation from the surface as it migrates through the 

vadose zone during the sequential stages of infiltration, redistribution and VER. 

Contour plots of observed NAPL and water saturations identify the distribution of 

NAPL as entrapped liquid in heterogeneous soils unavailable for free-product recovery 

by VER. The accuracy of the methodology used for the measurement of NAPL 

retention in soil was illustrated by a NAPL retention measurement precision analysis. 

A mean difference of 0.97 % was achieved by comparing gamma system measured 

NAPL retention volumes in the soil with that derived by the VER system. The second 

paper utilizes the pilot-scale laboratory results for a comparative analysis with model 

simulations to calibrate a three-phase model and optimize the design of VER systems 

for free-product NAPL remediation in heterogeneous soils. 



CHAPTER 1: INTRODUCTION 
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Explanation of the Problem and its Context 

Underground Storage Tank (UST) regulations require free-product removal such 

as diesel oil floating in wells or over the water table before addressing soil and ground 

water remediation for the clean up of contaminants in the saturated or vadose zone. 

This investigation demonstrates the use of pilot-scale experiments for the feasibility 

assessment of vacuum enhanced recovery of free product from subsurface spills of 

non-volatile NAPLs. A two-dimensional laboratory cell and a dual-energy gamma ray 

attenuation system was used for the controlled experimental simulation and 

measurement of two-phase saturations of an oil spill on the surface as it redistributes 

through the heterogeneous soils in the vadose zone to the water table, followed by 

vacuum enhanced recovery of free product in a slotted case extraction well. The 

performance of this methodology for the simulation and retrieval of NAPL by VER 

was verified by an accuracy analysis and three-phase model comparison studies. This 

provides remediation consultants and regulators the capability to assess and test 

vacuum enhanced recovery system designs and validate models under controlled 

laboratory simulations that represents site conditions before they are installed at soil 

and ground water remediation sites. The two step procedure also enables controlled 

laboratory scale verification and testing of three-phase models or codes by simulating 

sequential experimental stages for the vacuum enhanced recovery of NAPL. 



Research Objectives and Motivation for Study: 
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The overall objectives of this research study were to : 

1) demonstrate the feasibility of using pilot-scale 2-D experiments to simulate vacuum 

enhanced recovery of NAPL free-product from the vadose zone of heterogeneous soils; 

2) evaluate the performance of the measurement methodology for VER simulation and 

NAPL retrieval by an accuracy analysis for NAPL retained in soil; 

3) compare the effectiveness of tensiometers installed in the cell with independent soil 

column studies for the determination of the hydraulic properties of heterogeneous soils; 

4) demonstrate the use of gamma ray attenuation system for the determination of 

entrapped NAPL at specific locations in heterogeneous soils unavailable for VER; 

5) determine the design efficiency and percent recovery of free product NAPL by 

VER; and 

6) compare modeled and laboratory simulations for the calibration and optimization of 

three-phase models for NAPL recovery by VER. 

This study was motivated by the practical applications of VER for NAPL 

remediation and the specific void in research, recommended in an Electric Power 

Research Institute (EPRI) sponsored report on multi-phase flow and transport models 

for organic chemicals (Abriola, 1988). Few experiments were identified in the U.S. 

which were specifically designed to validate multiphase flow models. European 

experiments conducted in the 1960's and 1970's included research on the behavior of 
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hydrocarbons in the subsurface, NAPL infiltration, and on the validation of sharp 

interface models. However, EPRI noted that many of the experiments conducted in the 

U.S. were unsuccessful or inconclusive in their attempts to validate multiphase models. 

One- and two- dimensional laboratory experiments were recommended to validate the 

application of immiscible flow models with capillarity for NAPL migration in a variety 

of scenarios. Modeling and laboratory studies were recommended to research gas 

convection and organic vapor transport in the unsaturated zone. EPRI recommended 

the design of laboratory investigations to research the NAPL infiltration process and 

the long-term abiotic and biotic transformations of the entrapped (residual) NAPL. 

They noted that these transformations would affect its mobilization, composition, and 

ability to volatilize or dissolve into other pore fluids. EPRI recommended an 

examination of NAPL interactions at the laboratory scale. Some of EPRI's 

recommendations which were incorporated in this research study include, two-

dimensional pilot-scale laboratory experimentation, modeling comparison studies for 

multiphase flow, NAPL infiltration processes, and the evaluation of mobilization of 

residual NAPL by vacuum enhanced recovery. Transport modeling is not included in 

this study. 
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This dissertation describes a new methodology for the evaluation of vacuum 

enhanced recovery (VER) of free-product at NAPL remediation sites. The procedures 

for the feasibility assessment and optimization of vacuum enhanced recovery (VER) 

are presented in two complementing papers contained in Appendix A and Appendix B. 

The first paper which will be submitted to the peer-reviewed Journal of Air & Waste 

Management Association, details the methodology for the feasibility assessment of 

VER of free-product NAPL in a pilot-scale laboratory investigation. The paper is 

formatted to conform to the manuscript preparation guidelines of the Journal of the Air 

& Waste Management Association. All tables and figures are grouped together at the 

end of the manuscript. References are numbered in consecutive order as they are cited 

within the text, using Arabic numeral superscripts. The second paper which will be 

submitted to Ground Water Monitoring and Remediation, details techniques for the 

calibration and optimization of multi-phase models for VER of free-product NAPL. A 

systematic procedure is developed for the comparison of results from experimental 

stages using defined initial and boundary conditions with model simulations. This 

paper is formated to conform with manuscript guidelines of Ground Water Monitoring 

and Remediation, Ground Water Publishing Co. 



CHAPTER 2 

PRESENT STUDY 

The literature review, methods, results, and conclusions of this study are 

presented in the papers appended to this thesis. The following is a summary of the 

most important findings in these papers. 

Two experiments were used to demonstrate the feasibility of using a collinear 

dual-energy gamma-ray attenuation system with 241 Am and 137Cs sources, and an 

automated stepper motor movement assembly for the simultaneous measurement of 

NAPL and water saturations at 96 programmed grid locations in a two-dimensional 

laboratory cell lm high, 1.5m long and 0.08m wide for the evaluation of free-product 

recovery by vacuum enhanced recovery (VER) in heterogeneous soils. The pilot-scale 

experiments were used to demonstrate the ability to determine the NAPL saturations 

and locations of entrapped NAPL unavailable for VER in the vadose zone. A 

maximum free-product recovery rate of 53% NAPL was achieved by progressively 

increasing the vacuum to 100 mb for 30 hours. The accuracy of the methodology used 

for the simulation and measurement of VER was illustrated with a mean NAPL 

retention in soil measurement difference of 0.97 %. The use of hydrophobic and 

hydrophilic tensiometers installed in the cell to determine the hydraulic properties of 

the heterogeneous soils was found to be ineffective. The results indicate a preference 

to use soil core analysis rather than tensiometers installed in the cell. The short height 

of heterogeneous soil layers prevented the collection of sufficient data points for the 

construction of saturation-pressure head plots to determine van Genuchten parameters. 
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The second paper compared measured and modeled saturations of three-phase 

fluid redistributions in the cell during the various experimental stages. The results from 

this study indicate the feasibility of two-dimensional laboratory scale experiments 

under controlled boundary conditions to evaluate the remediation and predictive 

capabilities of three-phase models for the application of vacuum enhanced recovery in 

heterogeneous soils. Testing the effectiveness of three-phase models to simulate 

vacuum enhanced recovery (VER) of non-volatile NAPL free-product such as diesel 

oil in controlled 2-D laboratory scale investigations prior to installation at VER 

remediation sites could be used in lieu of expensive field testing to meet regulatory 

requirements or clean-up standards. The finite element model MOTRANS (ES&T, 

1993) which is an interactive version of the public-domain model MOFAT 

(EPA/600/2-91/042) was used to simulate the three-phase saturations in four sequential 

scenarios of water redistribution, oil infiltration, followed by redistribution and vacuum 

extraction. A literature review found no earlier documented research which evaluated 

VER to remediate NAPL free-product in 2-D laboratory experiments using quantitative 

simultaneous measurements of NAPL and water saturations in heterogenous soils. 

Modeled saturation profiles of NAPL and water indicate good correlation with the 

posted values of measured saturations during each of the scenarios of water 

redistribution, NAPL infiltration, redistribution and vacuum enhanced recovery. 
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ABSTRACT 

A new two step procedure is developed for the feasibility assessment and optimization 

of vacuum enhanced recovery (VER) by experimental validation and model 

simulations. The first step presented in this paper, enables the feasibility assessment 

and effectiveness of VER for free-product recovery by testing proposed remediation 

designs by pilot-scale laboratory simulations. The dynamic laboratory method 

determines the spatial distributions of three-phase fluid saturations of an oil spill 

simulation as it redistributes from the surface through the vadose zone during the 

sequential stages of infiltration, redistribution and VER. The investigations were 

conducted in a 1.5 x 1 x 0.08 meter cell equipped with an automated dual-energy 

gamma ray attenuation system for the simultaneous and continuous measurement of 

NAPL and water saturations at 96 programmed locations in a cell filled with 

heterogeneous soils. Two experimental scenarios were conducted, using different 

configurations of soil and clay packing in the cell. Horizontal clay layers were used 

for the first experiment and vertical clay barriers in the second. These clay barriers 

were used to illustrate the experimental simulation capability and accuracy of NAPL 

and water saturation measurements in heterogeneous porous media. A series of 

calibrations were performed at the 96 measurement locations in the cell by computer 

controlled movement of the dual energy (Am and Cs) source and detector assembly to 

each of these locations for a count time of 5 minutes each. The systematic calibration 

of the cell required the determination of the Am and Cs counts for (1) the empty cell, 



(2) water filled cell, (3) dry soil and clay packed cell, and (4) water saturated cell 

packed with soil and clay. The Am and Cs counts from these calibration sequences 

were used to determine the path length (thickness of cell), bulk densities, NAPL and 

water saturations at each of the 96 locations using Beer's Law relationship. Am and Cs 

counts were taken continuously for 90 seconds each at the 96 programmed cell 

locations to determine NAPL and water saturations during the stages of (1) water 

redistribution, (2) NAPL infiltration, (3) NAPL redistribution, and (4) VER. A slotted 

case well was built at one end of the cell for NAPL recovery and measurement using a 

graduated trap hooked up to a variable vacuum pump. The top of the cell was sealed 

during the VER stage of the experiment. A slotted case vent well was built on the 

opposite end of the cell for air entry. A maximum free-product recovery rate of 53% 

NAPL was achieved by progressively increasing the vacuum to 100 mb for 30 hours. 

The accuracy of the methodology used for the simulation and measurement of VER 

was illustrated by a NAPL retention measurement precision analysis. A mean 

difference of 0.97 % was achieved by a comparison of the residual NAPL measured in 

the porous media by the gamma system compared to that measured (by difference) 

with NAPL recovered in the VER system. The tracking and measurement of NAPL as 

entrapped liquid in heterogeneous soils unavailable for free-product recovery by VER 

is illustrated by a series of saturation versus time plots. Results from these pilot-scale 

laboratory experiments demonstrate the applicability of this method for performance 

prediction of VER at NAPL remediation sites with heterogeneous soils and complex 
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INTRODUCTION 

Vacuum enhanced recovery (VER) is an in-situ remediation process that induces flow 

and recovery of non aqueous phase liquids (NAPLs) by vacuum extraction through 

slotted case recovery wells. Pursuant to Underground Storage Tank (UST) regulations, 

confirmed releases of petroleum hydrocarbons such as fuel oil mandate investigation of 

the release, which includes an initial site characterization, followed by the 

development of a corrective action plan for free product removal before soil and 

groundwater remediation. Remediation options for non aqueous phase liquids (NAPLs) 

such as diesel oil spilled in the unsaturated zone is especially of concern due to the 

high non-volatile fraction that cannot be easily remediated using cleanup technologies 

such as soil vapor extraction (SVE). This research presents a methodology for the 

pilot-scale laboratory evaluation and feasibility assessment of VER as a remediation 

technique for free product removal of NAPLs such as diesel oil. When presented with 

the problem of remediating sites with non-volatile NAPLs, remediation engineers and 

consultants are often forced to opt for the excavation and offsite disposal of 

contaminated soils or perform risk assessment analysis to leave the contaminants in 

place with no remedial action taken. Passive remediation techniques such as skimming, 

bailing or pump and treat are often found to be ineffective for non volatile NAPLs. 

Under current environmental regulations there is a need to remove free product found 

at contaminated sites while using cost constraints to select appropriate remediation 

technologies. Controlled laboratory scale testing which represent field conditions may 



provide an effective method for evaluating VER system designs and give 

environmental restoration personnel some degree of confidence.1 
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Other Remediation Technologies 

Remediation technologies such as Soil Vapor Extraction (SVE), Bioventing and Steam 

Stripping are generally suitable for highly volatile hydrocarbons. However, these 

methods may be used in conjunction with other remediation technologies for the 

enhanced recovery of a partial fraction of the non-volatile phase of NAPLs. SVE has 

generally been the remedial option used for the recovery of volatile hydrocarbon 

species from spills of non aqueous phase liquids such as gasoline. SVE involves the 

recovery of volatile phase organic hydrocarbons vaporized by vacuum induced through 

slotted case wells installed in the contaminated zone. SVE is most effective for the 

remediation of hydrocarbons of high volatility, where air is induced at a low flow rate 

for the evaporation of VOCs, and also to provide oxygen for in situ biodegradation.2 

Bioventing is another option applicable for the remediation of volatile organic 

hydrocarbons in the unsaturated zone. Bioventing involves the injection or withdrawal 

of air or oxygen through injection wells to enhance aerobic biodecay. Both bioventing 

and SVE systems require air pollution treatment for off-gas generated from the 

extraction of volatile compounds. However, bioventing and SVE technologies are not 

readily applicable remediation options for non-volatile hydrocarbons such as diesel oil, 

which has a very low fraction of less than 2% volatile organic species. In-situ steam 



stripping technology is an option for the remediaton of moderately volatile residual 

organic liquids from the unsaturated zone. Steam stripping involves the injection of 

steam under pressure through the contaminated soil to thermally enhance volatilization 

of organic hydrocarbon species. Steam stripping is usually followed by vapor flushing 

to extract the volatile phase contaminants from the unsaturated zone. However, these 

remedial technologies are not effective for free-product recovery of non-volatile 

NAPLs such as diesel oil. Since mandated cleanup levels are generally independent of 

the remediation method, and recognizing the limitation of some of these technologies 

for free-product removal, it may often be required to use many of these processes in 

combination with VER at a given remediation site.3 

Few research studies have been conducted using two-dimensional (2-D) 

laboratory experiments to investigate multiphase flow in heterogeneous soils. None of 

the five multi-phase flow laboratory scale investigations identified in this review of 

three-phase flow experiments in 2-D soil cells evaluated VER for free-product 

recovery. Numerous laboratory column studies have been performed on multiphase 

flow. For example, Ryan et al.4 used soil column experiments to show the effect of 

soil-particle size on the entrapment of residual hydrocarbon globules by water table 

fluctuations and the distribution of trapped NAPL for various scenarios. Parker et al.5 

conducted 2-D multiphase laboratory experiments using a dual-energy gamma 

attenuation system and hydrophobic and hydrophilic tensiometers for measuring two-

phase pressures and saturations to develop multiphase flow and transport models. The 



multiphase flow model validation study used infiltration and redistribution of NAPL in 

a single coarse soil texture. Similar experiments were performed during the 1970s at 

the Swiss Federal Institute of Technology in Zurich, Switzerland.6 These experiments 

were designed to study the transient, two-dimensional displacement of three 

immiscible fluids in porous media using 137Cs and noTm for dual-energy gamma 

sources instead of241 Am and 137Cs for measuring fluid saturations. 

Three other experimental investigations of multiphase flow in 2-D cells used 

qualitative visual or photo imaging techniques to track the movement of red dyed 

NAPLs. An experimental investigation of air venting of volatile liquid hydrocarbon 

mixtures from homogeneous and heterogeneous porous media was performed by Ho et 

al.7 The experiment was designed to investigate the vapor phase of volatile organics in 

soil using visual observations of the red dyed plume movement through heterogeneous 

media. Experimental results delineated the vaporization modes of single and binary 

hydrocarbon liquids held in homogeneous and heterogeneous porous media during air 

venting. A vacuum pump was used to induce airflow through the sand pack, and a 

flowmeter at the entrance was used to measure the flow rate. Gas samples were taken 

from a sampling bulb at the exit of the apparatus. 2-D, multiphase flow experiments 

were also performed at the Department of Civil Engineering, University of Waterloo, 

Ontario, Canada by Kueper et al.8 and Van Geel et al.9 for the visual assessment of 

contaminants in heterogeneous porous media. Kueper et al.8 performed a qualitative 

study of the effects of porous media heterogeneity on the movement of dense 



chlorinated solvent, tetrachloroethylene (TCE). The TCE was dyed red with a 

nonvolatile dye to allow visual observations of flow through four well-sorted 

homogeneous silica sands. The sands were packed with small lifts and compartments 

to visualize qualitatively the movement of TCE. No saturation or pressure 

measurements were made in the cell. Van Geel et al.9 simulated a light non-aqueous 

phase liquid (LNAPL) spill in a variably-saturated sand. Model results were compared 

with laboratory pressures and saturations. Water and LNAPL (n-heptane) pressures 

were measured using a series of hydrophobic and hydrophilic porous cups connected 

to pressure transducers and a data acquisition system. NAPL and water saturations 

were computed indirectly using pressure data and photo image distribution data for 

LNAPL. The significant experimental techniques which were not designed and 

performed in these 2-D studies include: (1) no direct measurements of NAPL and 

water saturations in porous media, (2) no VER experiments conducted, and (3) no 

NAPL free product experiments performed. The 2-D experiments designed and 

presented in this research include experimental techniques for the measurement of 

NAPL and water saturations using a gamma ray attenuation system and techniques for 

simulating VER and free product recovery in heterogeneous porous media. 

EXPERIMENTAL MATERIAL AND METHODS 

The laboratory experiments were performed in a two-dimensional cell 1 m high, 1.5 m 

long and 0.08 m wide. The front and back sides were made of amber semi-transparent 



plastic (Ultem) which is resistant to organic chemicals. The frame was made of steel 

with cross braces installed on both sides to prevent bulging of the cell. A strong frame 

is necessary because the accuracy of measurements from the gamma system are 

affected by any variation to the path lengths (thickness of cell). An automated dual-

energy gamma ray attenuation system was used for the simultaneous continuous 

measurement of NAPL and water saturations. 

Gamma Ray System 

The mechanical part of the dual-energy gamma ray attenuation system consists of the 

source/detector assembly which is mounted on a movable platform on parallel steel 

rails. The interconnected sources and detector can be moved simultaneously, either 

horizontally or vertically, by stepper motors connected to an arrangement of chain and 

gear drives. The platforms support and maintain axial alignment of the radiation 

sources and detector. Horizontal and vertical stepping motors are used to drive and 

position the system using a microprocessor based controller. The stepper motor control 

units (Superior Electric, Model SP 155A, Bristol, Connecticut) can be activated 

manually or by computer control. The actuator (Aston Company, Model Aston 800, 

Atlanta, Georgia) serves as an intermediate controlling device, interfacing between the 

stepper motor control units and the data acquisition board in the computer. The system 

is capable of moving and taking repeat measurements at any position within its 2 

meter horizontal or 1.1 meter vertical range to within 0.5 mm. A heavy steel table is 



welded between the tracks to provide a stable support for clamping the soil cell. 

Measurements were taken at 96 locations programmed with a map file. The 96 

programmed grid positions selected in the cell for the automatic measurement of Am 

and Cs counts are shown in Figures 1 and 2. A series of gamma counts were taken for 

a duration of 5 minutes each, at these 96 locations by moving two interconnected 

parallel platforms, one supporting the radiation sources (Am and Cs) and the other 

supporting the gamma detector, via stepper motors under computer control. 

Communication links to the various subsystems are provided via dual RS-232 ports 

and through manufacturer provided interfaces. User generated software provide dual 

mode operation of all system operations. In the automatic mode of operation, the 

computer reads positions data from a pre-defined map file, and moves the 

source/detector to the map location on the cell. This allows automatic unattended 

system operation for long durations and repetitious experiments at predetermined 

times. 

A schematic layout of the instrumentation for the dual-energy gamma system is 

shown in Figure 3. The dual-energy gamma system used at the Virginia Polytechnic 

Institute and State University, Blacksburg, Virginia incorporates design features first 

installed at Auburn University.12 Gamma radiation sources consist of two distinct 

energy ranges of 60 and 662 KeV mounted coaxially in a custom lead alloy shield. 

The sources are standard sealed capsules; one containing 200 mCi 137Cs and the other 

100 mCi 241 Am. The Cs source is located in the center, while the Am source is placed 



at the front end of the shield. A 5 cm x 5 cm Thallium activated crystal of Sodium 

Iodide (Nal(Tl)) is used to detect the transmitted radiation form the gamma detector 

(Harshaw Chemical, Solon, Ohio). The scintillations produced from the incident 

gamma rays are converted into electrical pulses in a 10-stage photomultiplier (PM) 

tube which is built into the detector crystal package. The detector package is mounted 

in a custom manufactured, lead alloy shield with collimation provided by 6.35 mm 

cylindrical holes. Pulses leaving the PM tube are shaped and amplified in a 

preamplifier. These pulses are again amplified in a Gain Stabilized Amplifier. Once 

amplified, the electrical pulses are linearly transmitted through an automatic gain 

control unit (AGC), to a pair of Single Channel pulse height Analyzers (SCA). The 

SCA converts the shaped linear pulses into logic, countable, pulses by using its 

integral or differential discriminator. Radiation intensities are determined by first 

filtering out the pulses that represent energies outside of the window of interest. 

Counting and timing functions are performed in a 4 channel precision counter/timer 

module. Three of the channels are used for counting operations and the fourth is used 

in timing. This module also contains the remote communications circuitry to allow 

remote control of the counter/timer functions. The timer/multiscaler is connected to 

the data acquisition board ( Keithley MetraByte Corporation, Model MBC IEEE 4888, 

Taunton, Massachusetts) via a buffered interface card (Tennelec, Model TC 489, Oak 

Ridge, Tennessee). The computer controls the timer/multiscaler to start and stop 

counting via the buffered interface where data are stored temporarily in its buffer.12 



Heterogeneous porous media 
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Two experiments were conducted, using different configurations of soil and clay 

packing in the cell. Horizontal clay barriers were used for the first experiment and 

vertical clay barriers in the second. These clay barriers were used to illustrate the 

experimental simulation capability and accuracy of NAPL and water saturation 

measurements in heterogeneous porous media. Table 1 lists the initial moisture 

content, dry bulk density, porosity and particle density for the sands and clays that 

were used in the two experiments. Figures 1 and 2 illustrate the general layout of the 

heterogenous soil packing for the two experiments. In both experiments, soil (type 1) 

was packed at the bottom of the cell to an elevation of 13 cms to simulate the 

saturated zone. In the first experiment, a 10 cms thick clay layer (type 1) was packed 

at an elevation of 30 cms across the entire length of the cell. Two smaller clay layers, 

(type 1) were placed around grid positions 78, 79, 88 and 94 on the left side at an 

elevation of 55 cms; and grid positions 21 and 27 on the right side of the cell at an 

elevation of 67 cms. In the second experiment, a vertical clay barrier (type 2) was 

packed to occupy grid positions 81, 82, 83 and 84; and a second clay barrier (type 1) 

at the bottom right side was packed to occupy grid positions 23 and 24. The third clay 

barrier (type 1) was built to restrict NAPL and water flow to the left boundary. 

Two rectangular slotted casing wells 8 cms wide x 5 cms were installed at each 

end of the cell. One well was designed to enable vacuum enhanced recovery and the 
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other for air entry. The slotted casing was designed using a fine wire mesh and a 

gravel pack just outside the well to prevent the sand and clays from plugging the 

wells. The vacuum extraction system used a graduated flask for NAPL and water 

retrieval hooked up to a variable vacuum pump. The top of the cell was sealed during 

the VER stage of the experiment. NAPL infiltration at the soil surface over an area of 

25cm2 was accomplished by gravity feed through a set of 6 distribution tubes from a 

calibrated bottle before the start of the experiment. Soltrol-170 with a density of 0.83 g 

cm"3 was used to simulate light non aqueous phase liquid in the oil infiltration and 

vacuum extraction experiments. To enable clear differentiation between the attenuation 

factors for LNAPL and water, the Soltrol was spiked with the addition of 1-

iodoheptane, a branched alkane solvent manufactured by Phillips Petroleum of 

Bartlesville, Oklahoma, U.S.A., at a volumetric mixture at a ratio of 1:9." The 

addition of 1-iodoheptane to the Soltrol-170, increases the 241 Am attenuation 

coefficient to 0.95 cm2g ', a five fold increase compared to the original Soltrol-170 

24lAm attenuation coefficient of 0.18 cm2g"\ 

Calibration 

The Americium and Cesium windows were first calibrated to correct for Compton 

scattering before a systematic calibration of the 2-D cell . The 137 Cs and 241 Am 

spectra are calibrated by using the pulse height analyzer to plot each spectrum and 

adjusting the high voltage setting and the coarse gain setting in such a way that the 



base line voltage is at the ideal energy ratio to the gamma radiation.12 Since the 

amplified output pulses have a broad energy spectrum it is necessary to discriminate 

these pulses for the identification of the energy spectra of both sources. The 137Cs 

spectrum is determined by using the pulse height analyzer and plotting the data 

spectrum. Correction for Compton scattered l37Cs photons detected in the241 Am 

window is necessary since a single detector is used to simultaneously determine24'Am 

and ,37Cs photons. Compton scattered 137Cs photons cause interference in the214Am 

window. Compton scattering will cause photons to deflect from their original path 

while giving up some of their energy. The interference of Cs in the Am spectrum is 

caused by Compton scattering in the detector, and the amount of scattering at a given 

Cs intensity is independent of the absorbing material.12 To determine the amount of 

Compton scattering, which is the low energy Cs, the collimator of the source holder is 

covered with thin brass plates and variable amounts of glass and plexiglass placed in 

the beam path and the count rates recorded in all 3 channels (Am, Cs and Integrated) 

for 300 seconds. The brass plates prevent Am radiation from reaching the detector. 

Count rates of the low energy window are plotted against those of the high energy. A 

regression program is used to calculate the correlation between the high energy Cs 

counts and the low energy Cs counts in the Americium window. The data points are 

fitted by using a third order polynomial, which is subsequently used to correct the 

241Am count rates by subtracting the low energy Cs count from the total count 

observed in the low energy window.14 



Following the completion of calibrating the gamma sources, a systematic 

calibration of the cell was performed by the determination of Am and Cs counts for 

(1) the empty cell, (2) water filled cell, (3) dry soil and clay packed cell, and (4) water 

saturated cell packed with soil and clay. The Am and Cs counts from these calibration 

sequences were used to determine the path length (thickness of cell), bulk densities, 

NAPL and water saturations at each of the 96 locations using Beer's Law relationship, 

which is described later. The heterogeneous soils and clays were initially packed dry 

in the cell using the soil configurations shown in Figures 1 and 2. Am and Cs counts 

were taken at the 96 grid locations using the automated feature of the gamma system 

to obtain the dry soil measurements required for calibration. The cell was then water 

saturated completely by adding water through the bottom port in the cell until the 

water-table elevation coincided with the upper soil boundary. Am and Cs counts were 

again taken at the same 96 grid locations using the automated feature of the gamma 

system to obtain the water saturated soil measurements. During each of these 

calibration stages gamma counts at the 96 grid locations were taken for 300 seconds 

using two repetitions. The cell is now ready for the experimental simulation of water 

drainage to establish initial conditions followed by the NAPL spill experiment. 

The derivations of equations and procedures used for the determination of 

attenuation coefficients, path lengths, bulk densities and fluid saturations from the 

gamma system calibration data are detailed below. 
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Determination of Attenuation Coefficients 

The 241Am and 137Cs attenuation coefficients for NAPL, soils and water were 

determined by the procedure reported by Lenhard et al. using a small Plexiglass cell 

with 4 compartments of known widths which represent the path lengths (x).10 The 

method employs a compartmentalized calibration cell of known path lengths for taking 

exiting radiation measurements through the cell with varying number of chambers 

filled with the material of interest. Linear regression programs were used to evaluate 

the product of the attenuation coefficient and density of the material (- |ij p; ) 

according to the linearized form of Beers Law for a radioactive beam (I) passing 

through a fluid i . 

I n  ( I  )  =  I n  ( I o  )  -  \x, pj x (1) 

This method provides several points at different path lengths to determine - i^Pi 

from the Cesium and Americium counts. Table 3 lists the attenuation coefficients 

determined for the soil, NAPL and water used in this experiment. 

Determination of Path Lengths and Bulk Densities 

Due to variation of cell thickness after filling with soil and water, accurate path 

lengths (x) for each of the 96 measurement locations were calculated from the 241Am 



and 137Cs counts for the empty cell and the water filled cell: 

x ( U  I X  i P i ) .  I n  ( I o / I  )  (la) 

where n, and p( are the known gamma radiation attenuation coefficient and mass 

density, respectively. 

Bulk densities and water contents at each measurement location in the cell can 

now be calculated from Equation 2 using the measured Americium and Cesium 

gamma radiation counts passing through a porous medium containing water and air as 

fluids, the corresponding path lengths (x), gamma radiation attenuation coefficients 

and empty experimental cell counts (Io). The attenuation of gamma radiation (I) 

through a soil with dry bulk density (p) and volumetric water content (0W) can be 

written using the subscripts s, w and g to denote soil, water and gas phase 

respectively:12 

where I0 is the empty cell count rate in counts per second (cps) 

I is the emergent count rate (cps) 

Hi is the mass attenuation coefficient of phase i 

X; is the path length of the gamma beam through i 

Pi is the density of phase i 

0g is the volumetric gas phase content. 

I = I0 exp ( - |a5 ps x - |o„ pw0wx - \ig pg 0g x ) (2) 
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Substituting Uw for ( |iw pw ) and ignoring the contribution of the gas phase to 

the attenuation of the photons, equation (2) becomes 

I = I0 exp (- |i, p5 x - Uw0wx ) (3) 

Substituting subscripts (c) and (a) for the 137Cs and 24IAm gamma radiation to 

form two equations and then solving these equations yields the bulk density ( p, ): 

ps = Uwc In ( Ioa / Ia ) - Uwa ( IQC / Ic ) (4) 

^ ( Msa Uwc " Msc Uwa ) 

Determination of NAPL and Water Saturations 

NAPL and water saturations are determined from the I37Cs and 241 Am counts using 

Beers Law relationship. The gamma ray attenuation (I) through a porous medium with 

water (w) , NAPL (n) and gas (g) can be written as:12 

I = I'0exp (- |j5p5x - Uw Pw9wx - Mnpn0nx - |agpg08x) (5) 

where I'0 is the count rate through the empty column in cps 

Hn is the NAPL attenuation coefficient 

pn is the density of NAPL 

0n is the volumetric NAPL content 

Assuming the contribution of the gas phase to be negligible and assuming the 

bulk density is constant with time, equation (5) can be rewritten as 

I = IDexp ( - |.iw pw 0W x - |in pn 0n x ) (6) 



where I0 = I'oexP (" Us Ps x ) 

Substituting subscripts (c) and (a) for 137Cs and 241 Am gamma radiation to form 

two equations and then solving these equations yields the water (0W ) and NAPL (0n) 

contents:13 

®w = ( M-na P„x In ( Ioc / Ic ) - unc pnx In ( Ioa / Ia )) /y (7) 

0n = ( Hwc PwX In ( Ioa / Ia ) - nwa pwx In ( Ioe / Ic ) ) / y (8) 

where y = (^P, x)( \ina pn x) - ( |iWfl pw x)( nnc pn x) 

Experimental Stages 

Once the 2-D cell is calibrated and initial conditions established with a water saturated 

soil cell, the NAPL spill evaluation is performed in four stages. Am and Cs counts 

were taken continuously for 90 seconds each at the 96 programmed cell locations to 

determine NAPL and water saturations during the experimental stages of (1) water 

redistribution, (2) NAPL infiltration, (3) NAPL redistribution, and (4) VER. The 

collection of data at the end of each stage, was used as the representative boundary 

conditions for the start of the next stage during modeling exercises. This required 

documentation of the exact time when each of the sequential stages were completed 

and the next stage began in a continuous manner. 
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Stage 1: Water Redistribution. The top of the cell was covered to prevent 

water evaporation losses. The water in the cell was then allowed to drain through the 

side ports located 10 cms from the bottom until steady state conditions were obtained 

with the water table at 10 cms elevation. Am and Cs readings were taken at all 96 grid 

locations during the water redistribution to enable plotting the water saturation 

contours during the redistribution process through the heterogeneous soils. 

Stage 2: NAPL Infiltration. NAPL was infiltrated at the soil surface at the top 

center of the cell as shown in Figures 1 and 2 for the two experiments. NAPL, 

consisting of Soltrol 170 spiked with iodoheptane, was dripped through 6 nozzles at 

the surface. A steady flow rate of 2 liters/hour was used to infiltrate 9 liters in 4.5 

hours for the first experiment and a total of 3 liters of NAPL for the second 

experiment. The NAPL was fed using a graduated flask fitted with an adjustable valve 

and 6 small flow tubes to facilitate NAPL infiltration on the soil surface over an area 

of 5 cms x 5 cms. Am and Cs counts were taken using a special map file that enabled 

the tracking of the plume close to the spill source during infiltration. 

Stage 3: NAPL Redistribution. The Am and Cs counts were continued 

following NAPL infiltration to track the redistribution of NAPL and water in the 

heterogeneous soils for 20 hours in the case of the first experiment and 5 hours in the 

case of the second experiment. 
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Stage 4: Vacuum Enhanced Recovery. After NAPL redistribution reached 

steady state conditions, the top of the cell was sealed air tight and the vacuum pump 

hooked up to the VER well. Air entry was through the vent well located on the 

opposite end of the cell. For the first experiment vacuum extraction was started at 34 

mb of vacuum. The vacuum was slowly increased to 57 mb which raised the water 

level in the extraction well. NAPL and water was recovered in a graduated flask 

hooked up as shown in Figures 1 and 2. After 12 hours the extraction rate was 

increased to 67 mb. The final vacuum extraction rate was increased to 100 mb for a 

total of 28 hours. The rate of NAPL and water extracted in a graduated flask installed 

with a liquid trap from the VER well was measured. The vacuum was measured using 

a mercury manometer and a Tensimeter was used to measure the air vacuum in the 

soil at the various ports in the cell. 

Data Analysis and Graphing Techniques 

The raw data consisting of Am and Cs counts at the 96 locations at various time 

intervals were converted to NAPL and water saturations using the procedures 

described earlier. The average of two sets of data obtained for NAPL and water 

saturations, one each from the Am and Cs counts were used. A summary of the 

processed data for NAPL and water saturations at the 96 grid locations of the cell is 

shown in Tables 2a and 2b. A series of x-y graphs were plotted showing NAPL and 

water saturations as a function of time. Spreadsheets and graphics by Microsoft EXEL 



(Microsoft Corporation, Redmond, WA) were used to plot these graphs shown in 

Figure 4a through 4h. Saturation plots were plotted using the graphics program 

"Surfer" (Golden Software, Golden, Colarado) using the bottom left hand corner of the 

cell as the orgin (0,0) for the x and y axies. These plots are shown in Figures 5 and 6 

for experiments 1 and 2 respectively. The Kriging feature of the program was used to 

smooth the plots and a shading option used to distinguish the variation in saturations. 

The location of the clay layers were superimposed, shown as dotted lines. 

RESULTS AND DISCUSSION 

The results of measured NAPL and water saturations as a function of time are 

presented as x-y graphs in Figures 4a through 4h for selected locations in the cell to 

study fluid retention characteristics in heterogeneous soils and the behavior of NAPL 

entrapment and recovery by VER. The selected locations identified on the top right 

hand coner of each graph represent the gamma system measurement location shown 

numbered in Figure 1. These graphs were plotted for time period starting from a 

completely water saturated soil cell, followed by the sequential stages of water 

redistribution by draining water from the bottom, NAPL infiltration, NAPL 

redistribution, and VER. The vertical broken lines in these figures represent times at 

which the boundary conditions changed. The first broken line to the right-indicates the 

onset of NAPL infiltration at t = 32 hours; the second broken line indicates the 

initiation of VER with the application of a low vacuum of 37mb at t = 52 hours. 
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NAPL and water saturations as a function of time at selected locations 

Location 54 in the water table: Figure 4a shows NAPL and water saturation 

plots as a function of time at location 54. Location 54 is in the capillary fringe of the 

water table near the lower center of the cell at the 18-cm elevation in Type 1 soil. 

NAPL saturations increased only slightly following the onset of NAPL infiltration. 

This is expected, because of the imposed boundary condition of maintaining the water 

table at 10-cm elevation. The maximum NAPL saturation measured at this position 

was never above 0.10, since water saturations were above 0.9 until VER was applied. 

Following the application of VER starting with a vacuum of 35 mb at t = 52 hours 

until a maximum vacuum of 100 mb was reached at t = 80 hours, the water saturation 

gradually decreased to 0.60 and the NAPL saturation remained trapped at about 0.10. 

A clay layer at the 30-cm elevation could be responsible for the retention of residual 

NAPL at 0.10. The reduction in water saturation may have been caused by the cone of 

depression created at the inception of VER. 

Location 64 in Type 2 sand: Figure 4b shows NAPL and water saturations as a 

function of time at location 64 at the 93-cm elevation near the upper center of the cell 

where the NAPL spill was infiltrated through Type 2 sand. This position was located 

beside the direct path of the NAPL front during infiltration. During the first stage of 

water drainage from total saturation at t = 0 hours, to the start of NAPL infiltration at 

t = 32 hours, water saturations decreased rapidly as the water table was lowered from 
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the soil surface to the 10-cm elevation. By t = 20 hours, the water saturations were 

approaching equilibrium values. NAPL saturations increased only slightly at the onset 

of NAPL infiltration, and then spiked to a maximum of 0.23 at t = 38 hours. 

Following the application of VER starting with lower vacuum at t = 52 hours until the 

end of vacuum at t = 80 hours, the NAPL saturations gradually decreased to 0. A drop 

in the water saturation was observed at t = 52 hours from 0.42 to 0.33 when vacuum 

was initiated. This demonstrates the effectiveness of VER as there was no residual 

saturation of NAPL at this position. 

Location 13 above clay layer: Figure 4c shows NAPL and water contents at 

measurement position No. 13, located above the Type lclay layer at the 39-cm 

elevation in Type 2 sand. This position was located where the NAPL collected over a 

clay barrier during the redistribution stage. During the first stage of water drainage 

from water saturation equal to 1 at t = 0 hours, to the start of NAPL infiltration at t = 

32 hours, water saturations decreased rapidly as the water table was lowered from the 

soil surface to the 10-cm elevation. By t = 20 hours, the water saturations were 

approaching equilibrium values equal to 0.28. At t = 32 hours, NAPL saturations 

increased rapidly to a maximum of 0.70 during the infiltration stage and remained 

trapped until VER was applied at t = 52 hours. Following the application of VER with 

increasing vacuum at t = 60 hours, NAPL decreased rapidly from 0.70 to 0.20. NAPL 

saturations remained steady at about 0.20 until the end of vacuum at t = 80 hours. 

The water saturations remained steady at about 0.20. There was significant reduction 



in NAPL saturation at this location from 0.70 to 0.20 by the application of VER. 

Location 78 in Type 1 clay: Figure 4d shows NAPL and water saturation plots 

as a function of time at location 78. Location 78 is in Type 1C clay at the 55-cm 

elevation on the left side of the cell. This position illustrates the effect of water 

saturated clay, where NAPL was practically unable to penetrate the clay barrier during 

the infiltration and redistribution stages. During the first stage of water drainage, from 

t = 0 hours, when water saturation was equal to 1, to the start of NAPL infiltration at t 

= 32 hours, water saturations decreased by less than 0.10 as the water table was 

lowered from the soil surface to the 10-cm elevation. NAPL saturations only 

increased to 0.06 at infiltration and remained trapped through the redistribution and 

VER stages. Following the application of VER starting with a vacuum at t = 52 hours 

NAPL remained steady around 0.05. The water retention capacity of the clay was 

effective to hold a significant portion of the water and highly restrict the entry of 

NAPL into the fine pores. The low residual saturations of NAPL at 0.05 was found to 

remain consistent even after the application of VER. 

Location 11 in Type 2 soil near surface: Figure 4e shows NAPL and water 

contents at measurement position No. 11, located at the 100-cm elevation near the top 

surface of the cell where the NAPL spill was infiltrated through Type 2 sand. This 

position was located directly in the path of the NAPL front during infiltration. During 

the first stage of water drainage from total saturation at t = 0 hours, to the start of 



NAPL infiltration at t = 32 hours, water saturations decreased rapidly as the water 

table was lowered from the soil surface to the 10-cm elevation. By t = 20 hours, the 

water saturations were approaching equilibrium values. NAPL saturations increased 

very rapidly at the onset of NAPL infiltration, and spiked to a maximum of 0.70 at t = 

34 hours. As the plume front moved down, NAPL saturations gradually reduced to 

about 0.10 in about 10 hours of the redistribution stage. Following the application of 

VER starting at t = 52 hours until the end of vacuum at t = 82 hours, the NAPL 

saturations gradually decreased to 0.05. Water saturations was found to gradually 

increase from about 0.28 at t = 32 hours to 0.40 at t = 80 hours. The efficiency of 

VER for NAPL extraction is illustrated by the extent of reduction in residual saturation 

levels for NAPL at this position found at 0.05. 

Location 25 in Type 2 soil above clay layer : Figure 4f shows NAPL and water 

contents at measurement position No. 25, located close to the VER well, above a Type 

1 clay layer at the 48-cm elevation in Type 2 sand. This position is located where the 

NAPL plume ponded following redistribution and VER over a clay barrier. During the 

first stage of water drainage from water saturation equal to 1 at t = 0 hours,to the start 

of NAPL infiltration at t = 32 hours, water saturations decreased rapidly as the water 

table was lowered from the soil surface to the 10-cm elevation. By t = 20 hours the 

water saturations were approaching equilibrium values. At t = 32 hours, with the onset 

of NAPL infiltration, NAPL saturations increased rapidly to a maximum of 0.81 and 

remained trapped until VER was applied. Water saturations decreased from a 



maximum of 0.26 at the start of NAPL infiltration to a low of 0.10 during VER. 

NAPL saturations remained steady at about 0.70 during the low vacuum extraction 

stage until t = 68 hours. Following the application of VER starting with a higher 

lower vacuum at t = 68 hours NAPL decreased rapidly from 0.70 to 0.30. Residual 

NAPL saturations reduced by about 50% to about 0.30 at t = 78 hours following the 

application of the higher vacuum of 100 mb. 

Location 3 in Type 2 soil: Figure 4g shows NAPL and water contents at 

measurement position No. 3, located at the 55-cm elevation near center of the cell 

where the NAPL spill infiltrated and quickly redistributed in the Type 2 sand. This 

position is located in the path of the NAPL front during infiltration. During the first 

stage of water redistribution from total saturation at t = 0 hours, to the start of NAPL 

infiltration at t = 32 hours, water saturations decreased rapidly as the water table was 

lowered from the soil surface to the 10-cm elevation. By t = 15 hours, water 

saturations were approaching equilibrium values of 0.40. At t = 37 hours, NAPL 

saturations increased very rapidly at the onset of NAPL infiltration, and spiked to a 

maximum of 0.60. As the NAPL plume front migrated down, NAPL saturations 

gradually reduced to about 0.28 in about 10 hours of the redistribution stage. 

Following the application of VER starting with lower vacuum at t = 52 hours until the 

end of vacuum at t = 82 hours, the NAPL saturations gradually decreased to about 

0.23. The residual saturation of NAPL at this position was not significantly reduced by 

VER, and the water saturation was found to remain at about 0.36. 



Location 7 in Type 2 soil above clay layer : Figure 4h shows NAPL and water 

contents at measurement position No. 7, located above a Type lclay layer at the 39-cm 

elevation in Type 2 sand. This position was located where the NAPL collected over a 

clay barrier during the redistribution stage. During the first stage of water drainage 

from water saturation equal to 1 at t = 0 hours, to the start of NAPL infiltration at t = 

32 hours, water saturations decreased rapidly as the water table was lowered from the 

soil surface to the 10-cm elevation. By t = 20 hours, the water saturations were 

approaching equilibrium values. At t = 32 hours, NAPL saturations increased rapidly 

to a maximum of 0.70 and remained trapped until VER was applied at t = 52 hours. 

The water saturations remained steady at about 0.30. Following the application of VER 

starting with lower vacuum at t = 52 hours NAPL decreased rapidly from 0.70 to 0.20. 

NAPL saturations were further reduced to about 0.15 at the end of the high vacuum 

stage at t = 80 hours. This position illustrated the effectiveness of VER to significantly 

reduce NAPL saturations from 0.70 to 0.15. 

NAPL and water saturation contour plots in stages 

The results of NAPL saturations during the 4 sequential stages are presented as 

shaded contour plots obtained using the Surfer graphing program. The locations of clay 

layers for the two experiments are shown in dotted lines. 

Stage 1: Water Redistribution. Figures 5 a and 6a show contour plots of 



measured water saturations for the two experimental soil configurations after water 

redistribution. In the case of the first experiment, the water redistribution contours after 

30 hours show the water table and capillary fringe at the 30-cm to 40-cm elevation 

with saturations from 1.0 to 0.4. The Type 1 clay layer located on the left side of the 

soil cell at the 60-cm elevation, retained moisture over 0.80 even after 30 hours. The 

clay layer located on the right side of the cell at the 70-cm elevation retained moisture 

at about 0.40, as shown by the measured water redistribution contours. The results of 

measured saturations of water redistribution in the case of the second experiment is 

shown plotted Figure 6a after 5 hours of drainage. The vertical clay barrier made of 

Type 2 clay on the top left side of the cell, was found to retain moisture at about 0.90. 

These contour plots of measures water saturations show the significantly higher 

moisture retention characteristics of the Type 1 and Type 2 clays in the two 

experiments. These results agree with the high porosity clays at 60 % compared to 40 

% porosity for sands used in these experiments. 

Stage 2: NAPL Infiltration. Figures 5b and 6b show contour plots of 

measured NAPL saturations and water redistribution for the two experimental soil 

configurations after 3 hours and 5 hours of NAPL infiltration for experiment 1 and 2 

respectively. In the case of the first experiment, the NAPL plume for 9 liters of NAPL 

is found to spread above the clay layer at the 40-cm elevation. The water retention in 

the Type 1 clay layer at the 60-cm elevation on the left side of the cell seems to have 

prevented the NAPL from penetrating the clay to the left. NAPL saturations were 
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found close to 0.80 in the center of the plume at the 45-cm elevation, where the clay 

barrier prevented vertical downward migration. In experiment 2, the flow restricted by 

two vertical columns of clay on both sides of the cell moved the volume of 3 liters of 

the NAPL plume straight down to the water table. The clay barrier at the 80-cm 

elevation which was saturated with water at 0.80, was found to restrict NAPL 

movement into the clay. 

Stage 3: NAPL Redistribution. Figures 5c and 6c show contour plots of 

measured NAPL saturations for the two experimental soil configurations after NAPL 

redistribution after 9 hours and 12 hours respectively. For Experiment 1, the clay layer 

at the 30-cm elevation which retained water at a saturation of 0.7 to 1.0, only allowed 

NAPL entry to saturations of 0.0 to 0.3. This illustrates the mass balance of volume 

occupied by the three phases NAPL-water-air in the soil pores. It appears that is very 

little trapped air in these voids, based on the saturations of NAPL and water at these 

locations. No NAPL saturations were generally present below the clay layer in the 

water table. For Experiment 2, NAPL saturations of 0.30 to 0.50 collected over the 

water table and capillary fringe at the 30-cm elevation. This corresponds very well 

with the water saturations of 0.50 to 0.80 at this elevation during the water 

redistribution phase. 

Stage 4: Vacuum Enhanced Recovery. Figures 5e and 6d show contour plots 

of measured NAPL saturations for the two experimental soil configurations after VER. 



In experiment 1, VER seems to have successfully extracted NAPL to a very large 

extent as shown in Figure 5f. The maximum retention of NAPL saturation is shown 

plotted at about 0.20 near the lower right side of the cell. The rest of the contour plots 

indicate a reduction in the NAPL saturation to below 0.10. The higher vacuum 

extraction rate at 100 mb could attribute to the recovery of NAPLs in the first 

experiment in addition to the fact that a larger volume of NAPL was spilled as free-

product, available for transport and recovery. However, in the case of the second 

experiment, no free-product was recovered by VER. This could be attributed to the 

lower spill volume of 3 liters and a low VER rate of 37 mb. 

Accuracy of NAPL soil retention measurement 

The accuracy of gamma system for the measurement of NAPL retention in the soil 

was evaluated by comparing the actual retention volume with that measured by the 

gamma system. This accuracy analysis was performed by comparing the measured 

NAPL retention volume calculated by integrating measured NAPL saturations at 96 

locations in the cell with the actual NAPL retention derived from the volume 

recovered by the VER system. The actual retention volume was derived by 

subtracting the NAPL volume recovered in the VER extraction system from the 

original infiltration volume of 9000 ml. The measured retention volume of NAPL was 

calculated by integrating the measured NAPL saturations at the 96 locations, using the 

porosity of the soil and the volume represented for each location, as shown: 



®i 1 - Pbi / Pp. ( for i = 1, 96 ) (10) 

0„j x $| x Vj ( where Vj = Xj x A;) (11) 

I. . 96 V . i-l * ni ( for i = 1, 96 ) (12) 

% retention measurement difference is 

E  =  (  (  V „  -  V n )  /  V „  )  x  1 0 0  (13) 

where , Vj and A; are the calculated soil porosity, incremental porous media 

volume and area, respectively, for each representative location i; pbi , X; and 0ni are the 

soil bulk density, path length and NAPL saturation, respectively, determined by the 

gamma system; ppi is the soil particle density measured in the laboratory; Vni is the 

representative NAPL volume calculated for location i; and Vn is the calculated total 

NAPL volume in the cell shown as "measured retention volume" in Table 4. V,is the 

total volume of NAPL added as a spill on the surface of the soil filled cell and Vr is 

the volume of NAPL recovered by VER. Va is the NAPL retention volume determined 

by subtracting the NAPL recovery volume by VER from the total spill volume, ie. 

The total volume is the summation of NAPL volume calculated for each of the 

96 positions. However, an area calibration factor for that represented by locations at 

the lower end of the cell had to be made since not all 96 locations were equally 

spaced within the cell. Since the water table was located at 10 cms from the bottom 

there were no measurement locations below 18 cms. The path lengths determined by 

( Va = V, - Vr ). 
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the gamma system provided an accurate measure of cell thickness at each of the 96 

measurement locations. The NAPL saturations were measured at each of the 96 

location using a count time of 90 seconds. Allowing for the movement time for the 

gamma ray attenuation system between each location, the total time lapse for a 

complete run to measure saturations at all 96 locations is about 3 hours. Due to the 

continuous flow of NAPL during the infiltration and VER processes, and the 

measurements not being instantaneous, an error is introduced in the summation of the 

total NAPL from the measurement of NAPL during each run at all 96 locations. Table 

4 shows the measured and actual (calculated by difference) NAPL volumes over each 

stages of the experiment. The difference ranged between 0.04 % to 5.08 % with a 

mean of 0.97 %. This comparison illustrates the accuracy of the methodology used for 

VER measurement and further verifies the gamma system approach for measuring fluid 

saturations in porous media. 

Vacuum Enhanced Recovery (VER) 

The rate of NAPL and water recovery at various vacuum rates versus time are shown 

plotted in Figure 7. A maximum free-product retrieval rate of 53% NAPL was 

achieved from a total spill volume of 9 liters, by progressively increasing vacuum rates 

in steps of 0, 37 mb, 57 mb, 78 mb, and 100 mb over a total duration of 30 hours. 

Lower vacuum rates of 57 mb and 78 mb resulted in NAPL recovery rates of 18 % 

and 42 % respectively. NAPL recovery in this pilot-scale experiment was performed 



by skimming from the top of the simulated VER well. Figures 5e and 5f illustrate the 

effectiveness of NAPL removal by VER after 18 hours and 28 hours of vacuum 

extraction respectively. The residual NAPL saturations at 18 hours of VER was in the 

range of 0.40 spread over an area of about 50 cms at the 45-cm elevation. At 28 hours 

the residual NAPL saturations over this area was generally reduced to 0.20. The rest of 

the cell had NAPL saturations below 0.10. About 0.10 in NAPL saturation was found 

in the water table. 

SUMMARY & CONCLUSIONS 

This paper demonstrates a methodology for the feasibility assessment of vacuum 

enhanced recovery of free product in a pilot-scale laboratory experiment. Two 

experiments were designed with different NAPL spill and vacuum rates to simulate the 

capability of VER under complex hydrogeoleogy and heterogeneous soil 

configurations. The sequential migration of the NAPL spill during the stages of 

infiltration, redistribution and VER are illustrated by plotting observed fluid saturations 

in shaded contour plots with the clay barriers shown in dotted lines. These plots of 

measured saturations were able to identify the NAPL plume migration between clay 

barriers and entrapment above a water saturated clay layer, and reduction in NAPL 

saturations after the application of VER. A maximum free-product recovery rate of 

53% NAPL was achieved by progressively increasing the vacuum to 100 mb for 35 

hours, while there was no NAPL recovery for the second experiment with a vacuum of 



37 mb and a NAPL spill of 3 liters. Saturation measurements of NAPL and water at 

96 grid positions in the cell enables the quantification and tracking of trapped residual 

NAPL within the heterogeneous soils. The residual NAPL saturations after 18 hours of 

VER was in the range of 0.40 spread over an area of about 50 cms at the 45-cm 

elevation. After 28 hours of VER the residual NAPL saturations over this area was 

generally reduced to 0.20. The pilot-study simulations are useful to estimate the 

volume of NAPL that is trapped or immobile as residual saturations within the 

heterogeneous soils that may not be extracted by VER. A NAPL retention 

measurement accuracy analysis of measured NAPL retention volume with actual VER 

extracted volume was demonstrated with a mean difference of 0.97 %. A companion 

paper details techniques for the calibration and optimization of multiphase models for 

VER of NAPL free-product, using results from the pilot-scale laboratory simulations. 
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Table 1. Summary of moisture content, bulk density, porosity and particle density. 

Initial Moisture Content Dry Bulk Calculated Particle 
Gravimetric Volumetric Density Porosity Density 

Identification (%,g/g) (%, cmW) (g/cm3) (%) (g/cm3) 

Type 1 Sand 33.0 50.2 1.52 43.0 2.67 
Type 2 Sand 23.7 38.7 1.63 40.2 2.73 
Type 1 Clay 47.4 55.6 1.17 57.0 2.73 
Type 2 Clay 56.9 60.6 1.07 61.0 2.73 



Table 2: Summary cf NAPL Water Saturation Data for Experiment 1 

saturation water water water nap) napl napl napl napl 
Location# X Y Ohr 8hr 30 hr 33 hr 39 hr 47 hr 65 hr 75 hr 

1 102 24 1 0.9425 1 0.095 0.07 0.13 0.123 0.106 
2 102 39 1 0.9595 0.3 0.64 0.67 0.7 0.485 0.293 
3 102 55 1 0.953 0.4 0.3 0.6 0.3 0.236 0.222 
4 102 70 1 0.458 0.4 0.285 0.227 0.19 0.188 0.165 
5 102 85 1 0.4015 0.4 0.2 0.16B 0.14 0.128 0.184 
6 76 24 1 0.9685 1 0.05 0.264 0.4 0.207 0.167 
7 76 39 1 0.971 0.3 0.6 0.691 0.72 0.351 0.158 
8 76 55 1 0.431 0.372 0.6 0.64 0.28 0.163 0.145 
e 76 70 1 0.153 0.175 0.5 0.179 0.16 0.095 0.079 

10 76 85 1 0.3195 0.369 0.463 0.227 0.19 0.121 0.101 
11 76 100 1 0.359 0.433 0.474 0.14 0.11 0.057 0.043 
12 50 24 1 0.968 1 0.05 0.17 0.27 0.237 0.262 
13 50 39 1 0.9875 0.33 0.636 0.662 0.67 0.235 0.197 
14 50 55 1 0.4115 0.45 0.646 0.548 0.21 0.1 0.029 
15 50 70 1 0209 0.182 0.006 0.114 0.11 0.001 0 
16 50 85 1 0.171 0.186 0.019 0.109 0.09 0 0.001 
17 126 18 1 0.94 1 0.082 0.047 0.07 0 0 
1B 126 32 1 0.948 0.98 0.098 0.2 0.19 0.096 0.094 
10 126 48 1 0.9525 0.3 0.384 0.623 0.62 0.524 0 2 
20 126 S3 1 0.6695 0.245 0.005 0 0 0 0.04 
21 126 78 1 0.6015 0.4 0.039 0.024 0.03 0.007 0 
22 126 93 1 0.414 0.4 0.02 0.027 0 0 0 
23 114 18 1 0.963 1 0.118 0.08 0.08 0.025 0.023 
24 114 32 1 0.9855 1 0.12 0.158 0.17 0.008 0.083 
25 114 48 1 0.965 0.2 0.072 0.795 0.79 0.593 0.313 
26 114 63 1 0.988 0.3 0.004 0 0.02 0.141 0.148 
27 114 78 1 0.5035 0.5 0.023 0 0 0 0.049 
28 114 93 1 0.465 0.4 0.01 0 0 0 0 
29 102 18 1 0.948 1 0.073 0.05 0.05 0 0.02 
30 102 32 1 0.977 0.96 0.138 0.19 0.23 0.096 0.111 
31 102 48 1 0.982 0.32 0.658 0.693 0.68 0.417 0.231 
32 102 63 1 0.6385 0.3 0.272 0.251 0.21 0.197 0.161 
33 102 78 1 0.2395 0.2 0.1 0.221 0.19 0.196 0.173 
34 102 93 1 0.3815 0.45 0.024 0.012 0.06 0.052 0.093 
35 102 100 1 0.2555 0.32 0.021 0.002 0 0 0 
36 88 18 1 0.9435 1 0.095 0.077 0.08 0.031 0.027 
37 88 24 1 0.925 1 0.047 0.082 0.2 0.167 0.177 
38 88 32 1 0.9765 0.998 0.2 0.2 0.2 0.128 0.116 
39 88 39 1 0.98 0.4 0.6 0.64 0.65 0.553 0.366 
40 88 48 1 0.9845 0.266 0.7 0.73 0.72 0.256 0.148 
41 88 55 1 0.522 0.35 0.6 0.664 0.29 0.193 0.187 
42 88 63 1 0.424 0.41 0.5 0.305 0.24 0.166 0.159 
43 88 70 1 0.2505 0.225 0.6 0.273 0.2 0.161 0.11B 
44 88 78 1 0.231 0.196 0.5 0.3 0.23 0.155 0.158 
45 88 85 1 0.367 0.38 0.5 0.242 0.21 0.152 0.13 
46 88 93 1 0.4215 0.42 0.277 0.2 0.15 0.17 0.145 
47 88 100 1 0.256 0.3 0.38 0.13 0.1 0.067 0.041 
48 76 18 1 0.994 1 0.1 0.08 0.1 0.055 0.07 



Table 2: Summary of NAPL Water Saturation Data for Experiment 1 

4B 76 32 1 0.993 1 0.13 0.135 0.14 0.082 0.082 
50 76 48 1 0.8735 0.228 0.75 0.77 0.78 0.157 0.126 
51 76 63 1 0.3545 0.38 0.4 0.23 0.17 0.137 0.119 
52 76 76 1 0.195 0.2 0.7 0.287 0.21 0.174 0.125 
53 76 93 1 0.3915 0.4 0.6 0.2 0.15 0.137 0.105 
54 64 18 1 0.9555 1 0.06 0.05 0.08 0.034 0.037 
55 64 24 1 0.946 1 0.076 0.222 0.3 0.205 0.235 
56 64 32 1 0.998 1 0.1 0.15 0.11 0.093 0.077 
57 64 39 1 0.966 0.4 0.513 0.56 0.6 0.32 0.222 
58 64 48 1 0.444 0.268 0.563 0.734 0.72 0.135 0.119 
5B 64 55 1 0.411 0.4 0.464 0.606 0.26 0.133 0.104 
60 64 63 1 0.392 0.4 0.3 0.27 0.21 0.154 0.123 
61 64 70 1 0.1715 0.178 0.46 0.233 0.18 0.102 0.08 
62 64 78 1 0.181 0.2 0.542 0.281 0.21 0.128 0.107 
63 64 65 1 0.3515 0.43 0.55 0.275 0.23 0.169 0.123 
64 64 93 1 0.3485 0.4 0.235 0.194 0.14 0.097 0 
65 64 100 1 0.3565 0.43 0.1 0.1 0.1 0 0.01 
66 50 18 1 0.959 1 0.08 0.07 0.14 0.06 0.059 
67 50 32 1 1.002 0.98 0.264 0.27 0.26 0.138 0.149 
66 50 48 1 0.4125 0.214 0.68 0.7 0.71 0.149 0.137 
69 50 63 1 0.29 0.317 0.148 0.13 0.1 0.002 0 
70 50 78 1 0.1425 0.178 0 0.116 0.11 0 0 
71 50 93 1 0.4425 0.53 0.04 0.012 0.02 0.012 0.002 
72 50 100 1 0.341 0.42 0.033 0.023 0.02 0.002 0.012 
73 38 18 1 0.9685 1 0.053 0.037 0.02 0.011 0.008 
74 38 24 1 0.9515 1 0.03 0.12 0.25 0.157 0.15 
75 38 32 1 0.969 1 0.109 0.14 0.16 0.079 0.081 
76 38 39 1 0.894 0.355 0.005 0.66 0.62 0.203 0.194 
77 38 48 1 0.3405 0.28 0.002 0.634 0.63 0.112 0.104 
76 38 55 1 0.959 0.9 0.062 0.058 0.06 0.02 0.013 
79 38 63 1 0.9205 0.89 0.061 0.05 0.04 0 0.002 
60 38 70 1 0.161 0.23 0.017 0.006 0.01 0 0 
61 38 78 1 0.1585 0.18 0 0 0 0 0 
62 38 85 1 0.2485 0.3 0.013 0.003 0 0 0 
63 38 93 1 0.3065 0.34 0 0.01 0 0 0.002 
84 38 100 1 0.241 0.29 0.036 0.01 0 0 0.002 
65 24 18 1 0.9295 1 0.066 0.06 0.06 0.014 0.025 
66 24 32 1 0.9695 1 0.085 0.147 0.13 0.086 0.092 
87 24 48 1 0.261 0.233 0.009 0.649 0.65 0.157 0.116 
88 24 63 1 0.9105 0.924 0.071 0.064 0.06 0.02 0.017 
89 24 78 1 0.0805 0.18 0 0 0 0 0 
90 24 93 1 0.3265 0.37 0.044 0.01 0.01 0 0 
91 12 18 1 0.9245 1 0.062 0.04 0.09 0.062 0.09 
92 12 32 1 0.9435 1 0.092 0.143 0.16 0.102 0.101 
93 12 48 0.2365 0.168 0 0.6 0.64 0.197 0.174 
94 12 63 1 0.824 0.84 0.044 0.026 0.02 0.003 0.001 
95 12 76 1 0.0705 0.126 0 0 0 0 0 
96 12 93 1 0.327 0.39 0.036 0.028 0.01 0 0 



Table 2b: Summary NAPL Water Saturation Data for Experiment 2 

saturation water water NAPL NAPL NAPL 
Location X Y start drainaoe infiltration redistribut VER 

1 76 39 1 0.554 0.095 0.211 0.223 
2 76 100 1 
3 76 24 1 1 0.002 0.034 0.195 
4 102 85 1 0.47 0.033 0.041 0.031 
S 76 55 1 0.427 0.028 0.17 0.137 
6 50 24 1 1 0 0.541 0.346 
7 50 70 1 0.395 0.368 0.14 0.105 
8 50 39 1 0.547 0.376 0.281 0.157 
0 78 70 1 0.373 0.232 0.158 0.124 

10 102 70 1 0.362 0.016 0.018 0.016 
11 102 24 1 1 0 0.006 0 
12 102 39 1 0.577 0.031 0.024 0.02 
13 102 55 1 0.395 0.012 0.01 0.018 
14 76 85 1 0.447 0.2 0.145 0.104 
15 50 55 1 0.62 0.369 0.195 0.147 
16 50 85 1 0.425 0.379 0.153 0.104 
17 126 18 1 1 0 0.008 0 
18 126 32 1 0.534 0.022 0.015 0.021 
19 126 48 1 0.372 0.02 0.024 0.02 
20 126 83 1 0.357 0.004 0.02 0.011 
21 126 78 1 0.472 0.016 0.03 0.024 
22 126 93 1 0.317 0.006 0.009 0.007 
23 114 18 1 1 0.046 0.058 0.058 
24 114 32 1 1 0.042 0.055 0.052 
25 114 48 1 0.413 0.022 0.021 0.016 
26 114 83 1 0.406 0.026 0.022 0.028 
27 114 78 1 0.452 0.035 0.015 0.031 
28 114 93 1 0.436 0.019 0.027 
29 102 18 1 0.992 0.004 0 0 
30 102 32 1 0.87 0 0 0.016 
31 102 48 1 0.411 0.013 0.016 0.026 
32 102 S3 1 0.366 0.023 0.002 0.018 
33 102 78 1 0.411 0.016 0.03 0.018 
34 102 93 1 0.433 0.022 0.018 0.031 
35 102 100 1 
36 88 18 1 1 0 0 0 
37 88 24 1 1 0 0 0.353 
38 88 32 1 0.788 0 0 0.179 
3B 88 39 1 0.551 0.028 0.03 0.023 
40 88 48 1 0.421 0.021 0.027 0.011 
41 88 55 1 0.415 0.031 0.021 0.02 
42 86 63 1 0.333 0 0.015 0.023 
43 88 70 1 0.335 0.011 0.016 0.014 
44 88 78 1 0.394 0.016 0.02 0.029 
45 88 65 1 0.405 0.02 0.018 0.019 
46 88 93 1 0.465 0.029 0.022 0.035 
47 88 100 1 0 0 
48 76 18 1 1 0 0 0 



Table 2b: Summary NAPL Water Saturation Data for Experiment 2 

49 76 32 1 0.8 0 0.477 0.478 
SO 76 48 1 0.467 0.018 0.185 0.157 
51 76 83 1 0.366 0.009 0.155 0.116 
52 76 78 1 0.382 0.023 0.15 0.091 
53 76 93 1 0.432 0.116 0.114 0.104 
54 64 18 1 1 0 0.116 0.051 
55 64 24 1 1 0.007 0.567 0.485 
53 64 32 1 0.497 0 0.581 0.54 
57 64 39 1 0.531 0.442 0.321 0.178 
58 64 48 1 0.463 0.374 0.211 0.134 
59 64 55 1 0.442 0.353 0.194 0.133 
60 64 63 1 0.41 0.326 0.154 0.112 
01 64 70 1 0.384 0.4 0.176 0.111 
62 64 78 1 0.46 0.373 0.185 0.15 
63 64 65 1 0.449 0.328 0.165 0.11 
64 64 93 1 0.472 0.4 0.156 0.121 
65 64 100 1 
66 50 18 1 1 0.008 0.022 0.032 
67 50 32 1 0.812 0 0.446 0.436 
68 50 48 1 0.483 0.036 0.211 0.149 
69 50 63 1 0.421 0.27 0.165 0.114 
70 50 78 1 0.446 0.38 0.154 0.104 
71 50 93 1 0.413 0.4 0.147 0.101 
72 50 100 1 
73 3B 18 1 1 0 
74 38 24 1 1 0 0.221 0.173 
75 3B 32 1 0.852 0 0.031 0.225 
76 38 39 1 0.575 0.02 0.024 0.033 
77 38 48 1 0.501 0.03 0.02 0.047 
78 38 55 1 0.432 0.023 0.119 0.123 
70 38 63 1 0.41 0.017 0.115 0.041 
80 38 70 1 0.415 0.022 0.1 0.066 
81 38 78 1 0.907 0.044 0.036 0.046 
82 38 85 1 0.885 0.058 0.054 0.053 
83 38 93 1 0.841 0.052 0.048 0.054 
84 38 100 1 0 
85 24 18 1 1 0 0 0 
86 24 32 1 0.655 0 0 0.006 
87 24 48 1 0.428 0.03 0.024 0.026 
88 24 63 1 0.362 0.016 0.02 0.004 
89 24 78 1 0.874 0.08 0.05 0.047 
SO 24 93 1 0.91 0.057 0.058 0.052 
91 12 18 1 1 0.008 0.001 0 
92 12 32 1 0.803 0 0 0 
93 12 48 1 0.422 0.019 0.013 0.025 
94 12 63 1 0.364 0.027 0.022 0.018 
95 12 78 1 0.462 0.034 0.045 0.024 
96 12 93 1 0.425 0.016 0.029 0.01 



Table 3. Summary of attenuation coefficients (- |ij p() 

Identification 241Am 137Cs 

Water 0.197552 0.08458 
NAPL 0.760684 0.071456 
Soil 0.250384 0.078785 

Table 4. Summary of accuracy analysis of measured NAPL retention and VER 

Identification VER Gamma VER % 
Time Total Measured Measured Measured Meas 

NAPL Recovery Retention Retention Ret 
Vol Volume Volume Volume Vol 

(hrs) Vt(ml) Vr(ml) Vr(%) Vn(ml) Va (ml) error 

ExDeriment 1 
NAPL infiltration 9 9000 0 0 9364 9000 +4.04 
NAPL redistribution 12 9000 0 0 8975 9000 -0.27 
NAPL redistribution 15 9000 0 0 8600 9000 -4.44 
NAPL redistribution 18 9000 0 0 8542 9000 -5.08 
VER at 57mb 28 9000 1700 18 7278 7300 -0.30 
VER at 78mb 38 9000 3480 42 5200 5220 -0.38 
VER at lOOmb 58 9000 4780 53 4218 4220 -0.04 

Experiment2 
NAPL infiltration 3 3000 0 0 2960 3000 -1.3 
NAPL redistribution 6 3000 0 0 2960 3000 -1.3 
VER at 37mb 10 3000 0 0 2960 3000 -1.3 
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ABSTRACT 

A new procedure is presented for the systematic calibration and optimization of three-

phase models for vacuum enhanced recovery (VER) of free-product non aqueous phase 

liquids (NAPL) such as diesel oil at hydrocarbon spill sites. Results from controlled 

experimental simulations of a NAPL spill in a two-dimensional pilot-scale laboratory 

cell packed with heterogeneous soils are used for this comparative analysis. This 

methodology offers an efficient and cost effective option to calibrate and optimize 

three-phase models by comparison of model estimates of NAPL and water saturations 

with experimental results from a two-dimensional cell, which replicate remediation site 

conditions for material properties of soils and boundary conditions. The finite element 

model MOTRANS (ES&T, 1993) which is an interactive version of the public domain 

model MOFAT (EPA/600/2-91/042) was used to simulate the three-phase water-

NAPL-air saturations for various stages of the experiment. The laboratory 

investigations were conducted in a 1.5 x 1 x 0.08 meter cell equipped with an 

automated dual-energy gamma attenuation system for the simultaneous continuous 

measurement of NAPL and water saturations (Dayal, 1996). The dynamic laboratory 

method determines the spatial distributions of three-phase fluid saturations after an oil 

spill simulation from the surface at the 100-cm elevation as it migrates through the 

vadose zone during the sequential stages of infiltration, redistribution and vacuum 

enhanced recovery (VER). Model calibration is performed using results from the 

infiltration and redistribution stage of the experiment in a sequential manner to 



calibrate and optimize the predictive capabilities during the VER stage for NAPL 

extraction. Hydrophobic and hydrophilic ceramic tensiometers treated by the method 

of Lenhard (1988) were used to measure the NAPL and water pressures in the 

heterogeneous soils packed in the cell, van Genuchten parameters determined by using 

these tensiometer readings during the falling water head phase of the experiment were 

compared with independent soil core analyses for each soil type. A comparison of 

measured and model results indicate the effectiveness of using independent soil core 

analysis for the determination of hydraulic conditions and van Genuchten parameters 

required for model simulations. Modeled saturation profiles of NAPL and water 

indicate good correlation with the posted values of measured saturations during each 

stage of water redistribution, NAPL infiltration, NAPL redistribution and VER. Air 

pressures and vacuum measured at selected ports on each side of the cell using a 

Tensimeter also show good correlation with the modeled air pressures during VER. 

This procedure for three-phase model calibration for VER can be used as a technique 

for the optimization of free-product recovery at NAPL contaminated sites in 

conjunction with a feasibility assessment methodology for VER described in a 

complementary paper (Dayal, 1996). 

INTRODUCTION 

Numerous numerical codes have been developed to evaluate and design various 

remediation strategies for the removal or extraction of nonaqueous phase liquids 



(NAPLs) from contaminated sites with heterogeneous soil and complex hydrogeology. 

Three-phase models have been found to be very useful to estimate and predict NAPL 

flow and design remediation plans and assess the associated costs and risks involved 

in the process. Some of these three-phase models applicable for air-water-NAPL flow 

in three dimensions can be used to predict and design vacuum enhanced recovery 

systems. However, most of these models have been tested against other two-phase 

analytical solutions or numerical codes, with very few tested against experimental 

three-phase flow data. Abriola (1988) noted in the Electric Power Research Institute 

(EPRI) Report on multiphase flow and transport models for organic chemicals, that 

few investigators attempted to test their immiscible-phase flow models against 

quantitative multiphase flow data. 

Lenhard (1995) noted the need for three-phase models to be tested against 

laboratory data before they are routinely employed in environmental restoration 

activities, to establish that the code is capable of accurately predicting subsurface flow 

and transport phenomena. Unless the models can accurately simulate results of 

controlled experiments, it cannot be known whether the constitutive relations utilized 

in the code accurately represent the governing flow and transport processes. Three-

phase modeling codes that have been successfully tested with experimental data allow 

investigators to have confidence that the code will predict the field behavior 

reasonably well, provided that the site is accurately characterized and the model 

parameters are adequately calibrated to the site. Although it would be preferred to test 



models against data from NAPL contaminated field sites rather than against laboratory 

results, controlled field experiments for NAPL remediation are not approved by most 

environmental regulators in the United States. Such field experiments would be very 

expensive and time consuming. Using data from existing NAPL-contaminated sites 

would also be difficult due to the inability to accurately establish initial and boundary 

conditions such as duration, quantity, rate and time of NAPL leak or spill. Under 

current environmental regulations and the need to ensure that experimental conditions 

are controlled, laboratory scale experiments such as the one performed in this research 

may present an ideal option for testing three-phase models for NAPL remediation by 

vacuum enhanced recovery. Such laboratory and validation exercises may also give 

environmental restoration personnel some degree of confidence (Lenhard, 1995). This 

paper presents a technique for comparing results of controlled three-phase flow 

experiments in a two-dimensional cell with model simulations to calibrate and 

optimize NAPL extraction from heterogeneous soils by Vacuum Enhanced Recovery. 

Selected Review of Multiphase Models for VER 

In the past 10 years, numerous multi-phase flow and transport models for air-water-

NAPL have been developed including those by Abriola and Pinder, 1985; Hochmuth 

and Sunada, 1985; Faust and Rumbaugh, 1985; Osborne and Sykes, 1986; Baehr and 

Corapcioglu, 1987; Kuppusamy et al., 1987; Kaluarachchi and Parker, 1990; Mendoza 

and Frind, 1990; Kueper and Frind, 1991; Katyal et al., 1991; Falta et al., 1992; Sleep 



and Sykes, 1993. A brief review of some of these models was done to check its 

applicability for simulating two-dimensional laboratory experimentation of three-phase 

flow and vacuum enhanced recovery in heterogeneous soils. Only two models, 

MOFAT (EPA)/MOTRANS (licensed by ES&T) and VALOR (licensed by EPRI) were 

found suitable for this research of three-phase flow of air-water-NAPL and VER of 

NAPL in a two dimensional cell packed with heterogeneous soils. 

The code VALOR developed for EPRI by L. Abriola et al. (1992), is a two-

dimensional numerical model for immiscible multiphase fluid flow in subsurface 

systems. The numerical model is based upon the solution of coupled mass balance 

equations and is titled "Vertical and Lateral Organic Redistribution" or VALOR. The 

numerical solution method employs a fully implicit finite difference technique with a 

Newton-Raphson iteration procedure. Parametric models are employed to estimate 

three-phase capillary pressure functions and relative permeability functions from two-

phase data. The two-phase capillary pressure functions are modified to account for 

fluid entrapment and are also assumed to be scalable by fluid interfacial tension. The 

flow equations are solved with the implicit pressure-explicit saturation (IMPES) 

scheme using finite difference discretization techniques. VALOR is capable of 

simulating the vertical and lateral simultaneous migration of water, air and nonaqueous 

phase liquids (NAPLs) in heterogeneous soils with horizontally aligned geologic strata. 

This makes it suitable for evaluating flow through horizontal soil and clay layers, such 

as that tested in the first experiment of this research. The code outputs the pressure 
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and saturation distributions for each fluid at discrete timesteps. The code was tested by 

mass balance checks and verification against other existing codes. VALOR has not 

been validated with field or laboratory data (Abrioia, 1992). 

Hochmuth and Sunada (1985), developed a code to simulate the two-

dimensional areal distribution of NAPL and water in coarse-grained porous media. The 

code was used to evaluate the horizontal spread of NAPL after reaching the water 

table. The code is limited to fixed saturations of NAPL and water. A static air phase is 

assumed and mass transfer between fluids is not considered. The simplified capillary 

pressure-saturation curve is assumed constant for the domain. The Galerkin finite 

element technique is used to numerically solve the governing equations. This model is 

not suitable for simulating VER, since it neglects the vertical migration of NAPL. 

Faust and and Rumbaugh, (1985) developed a code SWANFLOW to simulate 

the three-dimensional, multiphase flow of NAPL-water-air through porous 

heterogeneous media. The two mobile fluids, water and NAPL, are considered to be 

incompressible and their movement is governed by the pressure distribution within 

each phase and the capillary forces acting in the flow domain. Relationships describing 

relative permeabilities and capillary pressures as functions of saturations are externally 

specified. The numerical solution employs a fully implicit finite difference technique 

and a Newton-Raphson iteration procedure. This model is not suitable for simulating 

VER, since it assumes a static air phase with no mass transfer between fluids. 



Osborne, M. and J. Sykes (1986), developed the code WSTIF to simulate two-

dimensional flow of NAPL and water in a vertical- direction through saturated porous 

media. It is assumed that the two fluids occupy the entire flow domain simultaneously. 

The movement of each phase is governed by the pressure distribution of each phase 

and the capillary forces acting in the flow domain. Functions relating relative 

permeabilities and capillary pressures for both phases to the degree of saturation of the 

wetting fluid are externally specified. The numerical solution technique is based on a 

generalized method of weighted residuals in conjunction with the finite element 

method. This code is not suitable for simulating VER, since it does not consider the 

air phase and assumes no mass transfer between fluids. 

Baehr A. and M.Y. Corapcioglu (1987), developed a code to simulate the two-

dimensional flow and transport of air-water-NAPL in unsaturated porous media. NAPL 

is considered immobilized at residual saturation. The code allows for the mass transfer 

between the three fluids. Hence, a contaminant can be represented not only as a 

component of an organic fluid, but also as a soluble component in water and a volatile 

component of air. The code allows for chemical partitioning of compounds between 

the fluids, sorption into soil and microbial degradation. Migration of chemical 

contaminants in the air phase is controlled by molecular diffusion and chemical 

partitioning. The numerical solution method employs a Crank-Nicholson finite 

difference technique. This code is not suitable for simulating VER, since both NAPL 

and air are assumed to be static with water as the only mobile phase. 
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Model Description 

Environmental Systems & Technologies, Inc., (1993) developed a user interface for an 

interactive version of the public domain model MOFAT (EPA/600/2-91/042). MOFAT 

is available from the U.S. EPA, Ada, OK or as MOTRANS licensed by ES&T, (1993). 

MOFAT/MOTRANS is a two-dimensional finite element model capable of coupled 

multiphase flow in planar or radially symmetric vertical sections. Flow in three phases 

air-water-oil may be modeled. The flow module of the model can be used to analyze 

two phase flow of water and NAPL in a system with gas present but at constant 

pressure, or explicit three phase flow of water, NAPL and gas at variable pressure. 

The system of governing equations for multiphase flow are solved using an 

upstream-weighted finite element scheme. To avoid costly numerical integration, an 

influence coefficient approach is utilized using linear rectangular elements. Nonlinear 

time integration in the flow analysis is handled using a Newton-Raphson method with 

an implicit saturation derivative formulation of the governing equations, which is very 

accurate. The program is based on an earlier code MOFAT with modifications that 

enable improved efficiency, accuracy and robustness. Constitutive functional 

relationships between fluid permeabilities (k), saturations (S) and pressures (P) and 

various theoretical methods for estimating k-S-P relations from S-P measurements is 

used (Parker and Lenhard, 1987). The effects of hysteresis and nonwetting fluid 

entrapment in three-phases is treated using k-S-P relations by Parker and Lenhard. 
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Required input for flow analyses consist of initial conditions, soil hydraulic 

properties, fluid properties, time integration parameters, boundary condition data, and 

mesh geometry. Three phase permeability-saturation-capillary pressure relations are 

defined by an extension of the van Genuchten model which considers effects of oil 

entrapment during periods of water imbibition. The model requires specification of 

parameters defining the air-water capillary retention function, NAPL surface tension 

and interfacial tension with water, NAPL viscosity, NAPL density, maximum residual 

NAPL saturation and soil hydraulic conductivity. The latter may be anisotropic and 

soil properties may vary spatially. 

Initial conditions for the flow analysis are described by phase pressures 

expressed in terms of water-equivalent heights. If the analysis involves NAPL, the 

program has the capability to determine and assign NAPL heads which correspond to 

the zero oil saturation condition. Time-dependent boundary conditions for the flow 

analysis may involve user-specified phase heads at nodes or phase fluxes along a 

boundary segment with zero-flux as the default condition. Program output consists of 

basic information on input parameters, mesh details and initial conditions plus pressure 

heads, saturations and velocities for each phase at every node for specified output 

intervals. In addition, the total volume or mass of each phase, time-step size and 

number of iterations are printed at each time-step. 

MOFAT/MOTRANS code is used in this experimental research for evaluating 



VER through heterogeneous soils. However, during the process of calibration and 

optimization of this model by comparison with laboratory measured data, problems 

were encountered during the vacuum enhanced recovery stage. This required a code 

modification by the author of this model. When a flux boundary condition was 

imposed for the NAPL phase during the vacuum enhanced recovery stage, some 

numerical instability was noticed. A critical analysis of the NAPL and water 

saturations during a time step revealed that when NAPL was extracted from the 

domain as stipulated in the user defined flux boundary condition and there was not 

sufficient NAPL present at the location of the recovery well, a numerical anomaly was 

generated. MOFAT was modified to correct this situation. When NAPL saturation at 

the location of the extraction well was less than 0.05, no NAPL flow was invoked 

during the current time step, but the flux boundary was re-imposed soon after NAPL 

saturation exceeded 0.05. 

EXPERIMENTAL MATERIALS AND METHODS 

The investigations were conducted in a 1 m high, 1.5 m long and 0.08 meter wide cell. 

The steel framed cell had the front and back sides made of amber semi-transparent 

plastic which is resistant to organic chemicals. An automated dual-energy gamma 

attenuation system was used for the simultaneous and continuous measurement of 

NAPL and water saturations at preprogrammed locations in the cell filled with 

heterogeneous soils. More details of the experimental cell, including the gamma ray 
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attenuation system and calibration procedures can be found in Dayal ( 1996). A series 

of calibrations were performed by the preprogrammed computer controlled movement 

of the dual energy (Am and Cs) source and detector assembly by a of set stepper 

motors to 96 measurement locations in the cell. These 96 measurement locations are 

identified in Figure 1. The results of measured saturations were posted in graphs for 

comparison with model simulations shown later in contour maps. 

Two experiments were conducted in the experimental cell. The first experiment 

was used for simulating a NAPL spill followed by VER through horizontal layers of 

soil and clay packed in the cell to calibrate and optimize a three-phase model for 

VER. The second experiment was used to evaluate the feasibility of using tensiometers 

to measure the NAPL and water pressures in the cell for the determination of 

hydraulic parameters of heterogeneous soils. Clay barriers were used to evaluate 

model simulation capability and accuracy by comparison with NAPL and water 

saturation measurements in heterogeneous porous media. Horizontal clay barriers were 

used for the first experiment and vertical clay barriers in the second. The layout of the 

heterogeneous soils and clay for the 2 experiments are shown in Figures 1 and 2 

respectively. A schematic layout of equipment used for the measurement of NAPL and 

water saturations by the dual-energy gamma attenuation system is shown in Figure 3. 

Two rectangular slotted casing wells 8 cms wide x 5 cms were installed at each 

end of the cell. One well was designed to enable vacuum enhanced recovery and the 
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other for air entry. The slotted casing was designed using a fine wire mesh and a 

gravel pack just outside the well to prevent the sand and clays from plugging the 

wells. The vacuum extraction system used a graduated flask for NAPL and water 

retrieval hooked up to a variable vacuum pump. The top of the cell was sealed during 

the VER stage of the experiment. NAPL infiltration at the soil surface over an area of 

25cm2 was accomplished by gravity feed through a set of 6 distribution tubes from a 

calibrated bottle before the start of the experiment. 

Soltol-170 with a density of 0.83 g cm"3 was used to simulate light non 

aqueous phase liquid in the oil infiltration and vacuum extraction experiments. To 

enable clear differentiation between the attenuation factors for LNAPL and water, the 

Soltrol was spiked with the addition of 1-iodoheptane, a branched alkane solvent 

manufactured by Phillips Petroleum of Bartlesville, Oklahoma, U.S.A., at a volumetric 

mixture at a ratio of 1:9. Preliminary studies were performed using soil core analyses 

to determine the hydraulic properties for the heterogeneous soils. Table 1 lists the 

initial moisture content, dry bulk density, porosity and particle density for the soils and 

clays used in the two experiments. Table 2 lists a summary of the unsaturated 

hydraulic properties for each soil and clay expressed in terms of Van Genuchten 

parameters derived from saturated hydraulic conductivity data and moisture 

characteristic curves of capillary pressures versus water content. 



Measurement of NAPL and Water Pressures by Tensiometers 
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NAPL and water pressures along with the respective saturations are required for 

developing saturation-pressure curves which are used to derive van Genuchten 

parameters used later in the modeling. One-dimensional laboratory experiments were 

performed initially using soil column studies to determine hydraulic properties and 

parameters required for model input. These soil core experiments serve to compare and 

calibrate model parameters estimated directly from readings taken by tensiometers 

installed in the cell. Experiment 1 was conducted using no tensiometers, since van 

Genuchten parameters required for modeling were determined by these independent 

soil column studies for each type of heterogeneous soil. Experiment 2 used 

hydrophobic and hydrophilic ceramic tips connected to pressure transducers to measure 

oil and water pressures. The ceramic tips of tensiometers used to measure NAPL 

pressures were chemically treated, as outlined in Lenhard and Parker (1988), to render 

them hydrophobic. Access ports on each of two cell faces allow insertion of porous 

ceramic tensiometers. The locations of the 16 ports where hydrophobic and hydrophilic 

tensiometers were installed on opposite faces of the cell for Experiment 2 are shown in 

Figure 2. These 16 locations are used to measure oil and water saturations by the 

gamma system along with tensiometers to measure the oil and water pressures. The 

ceramic tensiometer cups were connected to 0-10 volt Omega transducers using stiff 

Teflon tubing which prevented flexing and expansion on contact with 

hydrocarbons.This helped prevent air bubbles from entering the system, which could 



effect the accuracy of pressure measurements transmitted by the transducers. Pressure 

data from the tensiometers are first converted to voltages by transducers which are 

then transmitted to an analog to digital converter board that is housed in a data 

acquisition system. Communication links to the various subsystems are provided via 

dual RS-232 ports. Each transducer was calibrated by measuring voltage responses to 

known pressure heads applied to the tensiometers by varying the level of water from 

100-cm elevation to the four levels where the tensiometers were installed in the cell. A 

simple linear regression program was used to calibrate the transducers for both the 

positive and negative ranges of pressure. 

Model Calibration and Optimization Techniques 

Fluid boundary conditions were a consideration in the design of the experiments within 

the confines of a two-dimensional laboratory cell packed with heterogeneous soils. 

This was accomplished by performing initial screening model runs using the MOFAT/ 

MOTRANS model to determine the design parameters for conducting the laboratory 

experiments such as the duration of NAPL infiltration, amount of NAPL to be spilled 

and location of spill with reference to the cell. These initial screening model runs were 

also used to simulate and determine ideal locations for soil layers and clay barriers to 

be placed in the cell. These model simulations enabled an analysis of the limitations of 

the model and refinements to accommodate executable boundary conditions. Other 

parameters which were also simulated in the screening model runs included, the 
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determination of the duration and amount of vacuum required for simulating the 

vacuum extraction, stage of the experiment. 

Final model runs were later performed by MOFAT/MOTRANS for each stage 

of the experiment using the boundary conditions for water drainage, NAPL infiltration, 

NAPL redistribution and vacuum enhanced recovery. A systematic process of 

refinements to the calibration process and model parameterization was carried out 

during each stage of the experiment to improve the agreement between measured and 

predicted results. A sequential approach was used, in which data of increasing 

complexity was used to make predictions, followed by refinements to the calibration 

and model parameterization, until the agreement was satisfactory. For example, 

parameters determined from the preliminary experiments, were used to predict results 

during infiltration and redistribution phases. Further, these parameters were refined as 

necessary using data from the NAPL infiltration experiment for subsequent prediction 

during the fluid redistribution and vacuum enhanced recovery stages. 

Experimental Stages and Boundary Conditions 

The continuous measurement of NAPL and water saturations in the cell was divided 

into four stages to enable the establishment of boundary conditions for model input 

and allow model calibration and optimization. The experimental stages consist of : (1) 

water drainage and redistribution, (2) NAPL infiltration, (3) NAPL redistribution, and 
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(4) vacuum enhanced recovery (VER). The collection of data at the end of each stage, 

was used as the representative boundary conditions for the start of the next stage 

during modeling exercises. This required documentation of the exact time when each 

of the sequential stages were completed and the next stage began in a continuous 

manner. 

Stage J: Water Redistribution. Initial conditions at time t = 0, water saturated 

the porous medium with the water table located at the upper boundary of the soil 

packed cell (i.e., 100-cm elevation). The top of the cell was covered to prevent water 

evaporation losses. The water in the cell was then drained from time t = 0 through the 

side ports located 10 cms from the bottom until steady state conditions were obtained 

with the water table at 10-cms elevation. NAPL and water saturation measurements 

were taken continuously at all 96 grid locations during the water drainage and 

redistribution to enable plotting the water saturation contours during the redistribution 

process through the heterogeneous soils. 

Stage 2: NAPL Infiltration. At time t = 32 hours, NAPL was infiltrated at the 

soil surface at the top center of the cell as shown in figures 2 and 3 for the two 

experiments. NAPL, consisting of Soltrol 170 spiked with iodoheptane, was dripped 

through 6 nozzles at the surface. A steady flow rate of 2 liters/hour was used to 

infiltrate 9 liters in 4.5 hours for the first experiment and a total of 3 liters of NAPL 

for the second experiment. The NAPL was fed using a graduated flask fitted with an 



adjustable valve and 6 small flow tubes to facilitate NAPL infiltration on the soil 

surface over an area of 5 cms x 5 cms. The position of the water table during NAPL 

infiltration and subsequent redistribution and VER periods was held at 10 cms above 

the lower boundary. 

Stage 3: NAPL Redistribution. The end of NAPL infiltration was used as the 

initial conditions for the redistribution stage (i.e., t = 36.5 hours for experiment 1). 

Water and NAPL measurements were taken continuously to track the redistribution of 

NAPL and water in the heterogeneous soils for 20 hours in the case of the first 

experiment and 5 hours in the case of the second experiment. The NAPL was allowed 

to redistribute throughout the cell until stage-4 boundary conditions were imposed for 

the initiation of vacuum enhanced recovery. 

Stage 4: Vacuum Enhanced Recovery. After NAPL redistribution reached 

steady state conditions, the top of the cell was sealed air tight and the vacuum pump 

hooked up to the VER well. Air entry was through the vent well located on the 

opposite end of the cell. For the first experiment vacuum extraction was started at 34 

mb of vacuum. The vacuum was slowly increased to 57 mb which raised the water 

level in the extraction well. NAPL and water recovered in a graduated flask hooked up 

as shown in Figures 2 and 3. After 12 hours the extraction rate was increased to 67 

mb. The final vacuum extraction rate was increased to 100 mb for a total of 28 hours. 

The rate of NAPL and water extracted in a graduated flask installed with a liquid trap 



from the VER well was measured. The vacuum was measured using a mercury 

manometer and a Tensimeter was used to measure the air vacuum in the soil at the 

various ports in the cell. 

Data Analysis and Graphing 

The results of model simulations were compared with experimental results by posting 

the measured fluid saturations with superimposed maps of model results shown as line 

contours. The location of the clay layers and barriers are shown in dotted lines. The 

graphics software Surfer, (Golden Software, Golden, Colorado) was used to plot these 

figures. No Kriging or smoothing options were used for these contour plots. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Observed and predicted NAPL and water saturation distributions for each stage of 

Experiment 1 are shown compared in Figures 4 through 7. The location of the clay 

layers are shown in dotted lines for each figure. The results of model simulations are 

shown as contour plots of water and NAPL saturations. Measured water and NAPL 

saturations are shown as posted values at 96 grid locations for Experiment 1. The 

small font numbers posted above the + signs represent measured water and NAPL 

saturations. The thin solid lines are predicted water and NAPL saturations with the 

corresponding saturations for each contour shown in large Italic font. 
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Comparison of Modeled and Measured Fluid Saturations in Heterogeneous Soils 

Stage 1: Water Redistribution. Figures 4 shows the results of model simulations 

as contour plots of water saturations compared with posed values of measured water 

saturations at the 96 grid locations for Experiment 1. The small font numbers posted 

above the + signs represent measured water saturations after 30 hours of drainage and 

redistribution. The thin solid lines are predicted water saturations with the 

corresponding water saturations for each contour marked using large Italic font. The 

water table was maintained at 10-cm elevation in Type 1 coarse sand. The clay layers 

are shown in dotted lines. The retention of water in the clay layers are clearly 

identified by the measured values. The effect of capillary fringe over the water table at 

an elevation of 10-cm along with a clay layer at 22-cm elevation could be attributed to 

the measured water saturations equal to 1.0 from the bottom up until the clay layer 

breaks at the 38-cm elevation. The modeled estimates of water saturations 

underpredicted the measured saturations by an average of 10% in most of the 

unsaturated zone. However the modeled estimates in the upper two clay layers seemed 

to correlate very close to the observed water saturations. The high water saturations 

measured in the range of about 0.40 near the surface of the cell could be attributed to 

uneven packing of soil or preffered drainage from the surface. 

Stage 2: NAPL Infiltration. Figures 5 shows the results of modeled and 

measured saturations of NAPL at 3 hours after the start of NAPL infiltration from the 



top surface for Experiment 1. In general, there is very good agreement between the 

experimental data and simulation results for the complete area covering 96 measured 

locations in the cell. For the 30-cm elevation, the predicted NAPL saturations fall well 

within the scatter of experimental data close to 0.10. The retention of water in the clay 

layers prohibited the entry of NAPL as indicated by both the measured and predicted 

saturations. The lower clay layer is found to create a pan-cake effect by ponding and 

restricting the vertical downward flow of NAPL. The two upper clay layers also 

restricted the lateral flow of NAPL at the 60-cm elevation and the 80-cm elevation. 

Although the model estimates shown in contour plots were estimated for 3 hours, the 

measured NAPL saturations are shown averaged over a time span of 3.2 hours since 

the gamma system counts are taken for 90 seconds at each of 96 locations with an 

additional need for about 30 seconds each on average for the automatic movement of 

the source-detector assembly between each measurement position. This time lag of 

measured values should be taken into account when compared with simulated 

estimates for all 96 locations at a fixed time (i.e., t = 3 hr ). 

Stage 3: NAPL Redistribution. Figures 6 shows the results of modeled and 

measured saturations of NAPL after 18 hours of redistribution following the end of 

infiltration. In general, there is good agreement between the experimental data and 

simulation results for NAPL saturations. However, the measured values indicate a 

ponding and collection of NAPL at 0.70 saturation above the clay layer at 40-cm 

elevation, compared to model estimates of 0.30 saturation at the 50-cm elevation. At 
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the 30-cm elevation NAPL saturations were measured between 0.10 to 0.40 compared 

to modeled saturations between 0.10 and 0.30. This indicates a NAPL penetration of 

about 0.20 saturation into the clay layer at the 30-cm elevation. 

Stage 4: Vacuum Enhanced Recovery. Figures 7 shows the results of modeled 

and measured NAPL saturations after 22 hours of vacuum enhanced recovery for 

Experiment 1. In general, there is good agreement between the experimental data and 

simulation results for NAPL saturations. The measured values indicate the successful 

extraction of NAPL by VER to the right side of the cell. At the 40-cm elevation, 

NAPL was found trapped above the clay layer with measured saturations between 0.16 

to 0.37 compared to model simulations of 0.1. At the 30-cm elevation, modeled 

estimates indicate a gradual penetration of NAPL through the clay layer ranging 

between 0.1 and 0.3 compared to measured NAPL saturations between 0.1 and 0.2. 

The model also simulated the flow of NAPL at a saturation of 0.4 from the right VER 

well into the Type 1 coarse sand below the clay layer at the 10-cm elevation compared 

to no measured NAPL penetration. Both model and measured estimates for NAPL 

saturations were near 0 at the two clay layers at the 60-cm and 80-cm elevations. 

Figure 8 shows a comparison of modeled and measured air pressures in the 

heterogeneous soils after 22 hours of vacuum enhanced recovery for Experiment 1. 

The air pressures were measured using a Tensimeter (Soil Measurement Systems, 

Tucson, Arizona) at selected ports on both sides of the cell. These ports shown in 



Figure 2, were specially built with rubber septums filled with glass wool inside. 

Measuring air pressure with a Tensimeter through septum stoppers was found to be 

very accurate and convenient. In general, there is good agreement between the 

experimental data and simulation results. However, the modeled estimates were found 

to underpredict the pressures by approximately 10 to 20 mb. 

The location of 16 pairs of hydrophobic and hydrophilic tensiometers installed 

in the cell for Experiment 2 enabled simultaneous pressure and saturation 

measurements in the Type 2 soil. Tensiometers could not be installed at the locations 

of the clay packing. Therefore, there were no pressure readings taken using these 

tensiometers in the clay locations. However there were two saturation measurements 

available at location 23 and 24 in the lower right clay barrier and four saturation 

measurements at the upper left clay barrier at locations 81, 82, 83, and 84. These 

locations are identified in Figure 2. This prevented the construction of saturation-

pressure relationships for the clay in the cell to compare with results obtained for the 

clay by independent soil column studies (Table 2). Earlier experiments by Parker, et. 

al., (1991) used a single homogeneous soil in the two-dimensional cell to determine 

van Genuchten parameters for model validation exercises. This indicates the need to 

use soil column studies in lieu of installing tensiometers in the cell to determine van 

Genuchten parameters when heterogeneous soils are used in the 2-D cell. 



SUMMARY AND CONCLUSIONS 

A methodology is presented for the calibration and optimization of three-phase models 

for vacuum enhanced recovery of NAPL using the results of controlled two-

dimensional experimental simulations. The results of the comparative analysis of 

model simulations with measured fluid saturations in a two-dimensional cell show that 

this technique can be employed to help calibrate three-phase models for the 

optimization of vacuum enhanced recovery of NAPL free product from remediation 

sites with complex hydrogeology and heterogeneous soils. Model calibration and 

optimization techniques include the use of a systematic process of refinements to the 

calibration and model parameterization in four stages of: (1) water redistribution, (2) 

NAPL infiltration, (3) NAPL redistribution, and (4) VER. A sequential approach was 

used, in which data of increasing complexity was used to make predictions and 

compare with measured results, followed by refinements to calibrate the model and 

improve model parameters, until satisfactory agreement was obtained. Results of model 

simulations for each of these experimental stages are shown in contour plots with the 

corresponding observed saturations posted at each of the 96 measurement locations. In 

general, there was agreement between the experimental data and simulation results. 

The technique of model calibration and optimizion using experimental data in 

stages, resulted in the identification of numerical instability in the code during the 

vacuum enhanced recovery stage for the NAPL phase. This required a modification by 
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the author to the MOFAT code which is described in the section under model 

description. Such model verification using experimental data is recommended before 

they are used for contaminated site remediations. The feasibility assessment of VER 

for site specific heterogeneous soils is recommended using the two-dimensional 

experimental procedures (Dayal, 1996) as a complementary method, along with this 

technique of calibration and optimization of three-phase models for vacuum enhanced 

recovery of NAPL. 

ACKNOWLEDGEMENTS 

This research was performed as part of the author's PhD dissertation. The author 

wishes to thank his dissertation committee members from the University of Arizona, 

Dr. Peter J. Wierenga, Dissertation Director, Dr. Heinrich Bohn, Dr. D.A. Contractor 

and Dr. Q. Fernando, for their comments and discussion while reviewing the 

manuscripts. The author extends his thanks to the external committee members Dr. J. 

Parker, for helping utilize laboratory facilities at Virginia Tech and Dr. Ishwar 

Murarka, EPRI for the financial support. Special thanks are extended to Dr. N. 

Persaud, Dr. T. J. Johnson and Dr. A. Katyal for the valuable laboratory and computer 

modeling assistance. 



101 

REFERENCES 

Abriola, L. M., 1988. Multiphase Flow and Transport Models for Organic Chemicals: 
A Review and Assessment. EPRI, Palo Alto, CA., Report No. EPRI EA-5976. 

Abriola, L. M., K. Rathfelder, M. Maiza and S. Yadav, 1992. VALOR Code Version 
1.0: A PC Code for Simulating Immiscible Contaminant Transport in Subsurface 
Systems. EPRI, Palo Alto, CA., Report No. EPRI TR-101018. 

Baehr, A. L. and M. Y. Corapcioglu. 1987. A Compositional Multiphase Model for 
Groundwater Contamination by Petroleum Products 2. Numerical Solution. Water 
Resources Research 23(1) : 201-213. 

CDM, Inc. 1987. Identification and review of Multiphase Codes for Application to 
UST Release Detection, Office of Underground Storage Tanks, Final Report Contract 
No. 68-01-7053, U.S. EPA. 

Dayal, P. 1996. Feasibility Assessment of Vacuum Enhanced Recovery for NAPL 
Remediation in the Vadose Zone. Journal of Air & Waste Management Association 
(pending submittal). 

Environmental Systems and Technologies, Inc., 1993. MOTRANS - A Finite Element 
Model for Multiphase Organic Chemical Flow and Multispecies Transport - User and 
Technical Guide, Version 1.2, Blacksburg, VA. 

Faust, C. R. 1985. Transport of Immiscible Fluids Within and Below the Unsaturated 
Zone: A Numerical Model. Water Resources Research 21(4) : 587-596. 

Hochmuth, D. P. and D. K. Sunada, 1985. Ground-Water Model of Two-Phase 
Immiscible Flow in Coarse Material. Groundwater 23(5) : 617-626. 

Katyal, A. K., J. J. Kaluarachchi, and J. C. Parker. 1991. MOFAT: A Two 
Dimensional Finite Element Program for Multiphase Flow and Multicomponent 
Transport, Program Documentation, Version 2.0. Ada, Oklahoma: Robert S. Kerr 
Environmental Research Laboratory, Final Report Project No. CR-814320, U. S. EPA. 

Lenhard, R. J., T. J. Johnson and J. C. Parker, 1993. Experimental observations of 
nonaqueous-phase liquid subsurface movement," Journal of Contaminant Hydrology, 
12, , 79-101. 

Lenhard, R.J., M. Oostrom, M. D. White, Modeling Fluid Flow and Transport in 
Variably Saturated Porous Media with the STOMP Simulator, 2. Verification and 
Validation Exercises, Water Resources Research (in review). 



102 

Lenhard, R. J., J. H. Dane, J. C. Parker, and J. J. Kaluarachchi, 1988. Measurement 
and Simulation of One-Dimensional Transient Three-Phase Flow for Monotonic Liquid 
Drainage. Water Resources Research 24(6) : 853-863. 

Oostrom, M. and J. H. Dane, 1990. Calibration and Automation of a Dual-Energy 
Gamma System for Applications in Soil Science, Alabama Agricultural Experiment 
Station, Auburn University, Alabama, Agronomy and Soils Departmental Series No. 
145. 

Osborne, M. and J. Sykes. 1986. Numerical Modeling of Immiscible Organic Transport 
at the Hyde Park Landfill. Water Resources Research 22(1) : 25-33. 

Parker, J. C., R. J. Lenhard, and T. Kuppusamy, 1987. A parametric Model for 
Constitutive Properties Governing Multiphase Flow in Porous Media. Water Resources 
Research 23(4) : 618-624. 

Parker J.C.; A. K. Katyal, J. J. Kaluarachchi, R. J. Lenhard, T. J. Johnson, K. 
Jayaraman, K. Unlu and J. L. Zhu, 1991. Modeling multiphase organic chemical 
transport in soils and ground water, Ada, Oklahoma: Robert S. Kerr Environmental 
Research Laboratory, Report No. EPA/600/2-91/042, U. S. EPA. 

About the Author 

Prabhu Dayal, P.E., is Director of Corporate Environmental Compliance and Permits at 
Tucson Electric Power Company, P.O. Box 711, Tucson, AZ 85702-0711. The 
experimental work was conducted at Virginia Tech as part of his PhD Dissertation 
from the University of Arizona. 

List of Figures 

Layout of heterogeneous soils and measurement locations for Experiment 1. 
Layout of heterogeneous soils and tensiometer locations for Experiment 2. 
Configuration of dual-energy gamma radiation system. 
Water Saturations after 30 hours redistribution (Experiment 1) 
NAPL Saturations after 3 hours infiltration (Experiment 1) 
NAPL Saturations after 18 hours redistribution (Experiment 1) 
NAPL Saturations after 22 hours of VER (Experiment 1) 
Air Pressures at 22 hours of VER (Experiment 1) 

List of Tables 

Table 1. Summary of soil moisture content, bulk density, porosity and particle density. 
Table 2. Summary of NAPL and water saturation data for experiment 1. 

Figure 1. 
Figure 2. 
Figure 3. 
Figure 4. 
Figure S. 
Figure 6. 
Figure 7. 
Figure 8. 



103 

Table 1. Summary of moisture content, bulk density, porosity and particle density. 

Initial Moisture Content Dry Bulk Calculated Particle 
Gravimetric Volumetric Density Porosity Density 

Identification (%.g/g) (%, cm3/cm3) (g/cm3) (%) (g/cm3) 

Type 1 Sand 33.0 50.2 1.52 43.0 2.67 
Type 2 Sand 23.7 38.7 1.63 40.2 2.73 
Type 1 Clay 47.4 55.6 1.17 57.0 2.73 
Type 2 Clay 56.9 60.6 1.07 61.0 2.73 

Table 2. Summary of unsaturated hydraulic properties determined by soil column expt. 

a n er 0S Ksat 

Identification (cm"') (%, cm3/cm3) (%, cm3/cm3) (cm/sec) 

Type 1 Sand 0.0271 3.9449 0.18 42.6 3.0 x 10"2 

Type 2 Sand 0.0476 2.1988 1.1 41.1 2.2 x 10"2 

Type 1 Clay 0.0032 1.7901 8.3 47.5 1.2 x 10-5 

Type 2 Clay 0.0321 1.3570 21.7 56.8 2.0 x lO 4 
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Figure 8 Air Pressure at 22 hours of VER (Experiment 1) 
Thin solid lines represent Modeled Ar Pressure. 
large Italic numbers represent Modeled Air Pressure. 
Snail numbers above the • represent measured Mr Pressure. 
Dotted lines represent Qay layers. 



112 

REFERENCES 

Abriola, L. M., 1988. Multiphase Flow and Transport Models for Organic Chemicals: 
A Review and Assessment. Electric Power Research Institute, Palo Alto, CA., Report 
No. EPRI EA-5976. 

Environmental Systems and Technologies, Inc., 1993. MOTRANS - A Finite Element 
Model for Multiphase Organic Chemical Flow and Multispecies Transport - User and 
Technical Guide, Version 1.2, Blacksburg, VA. 

Katyal, A. K., J. J. Kaluarachchi, and J. C. Parker. 1991. MOFAT: A Two 
Dimensional Finite Element Program for Multiphase Flow and Multicomponent 
Transport, Program Documentation, Version 2.0. Ada, Oklahoma: Robert S. Kerr 
Environmental Research Laboratory, Final Report Project No. CR-814320, U. S. EPA 
Report No EPA/600/2-91/042. 


