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ABSTRACT 

The widespread problem of contamination of soil and groundwater by petroleum 

hydrocarbons and chlonnated solvents is the result of accidental chernical spills, underground 

tank leakage, and uncontained direct disposal. Organic pollutants can exist as separate non- 

aqueous phase liquids (NAPLs) and may dissolve in groundwater, adsorb to soil grains. and 

partition into the soil gas phase. 

This research focuses on assessing the feasibility of remediation of groundwater 

contamination by in situ steam flushing. Steam flushing experiments were conducted in a 

two-dimensional chamber containing silica sand. The system was equipped with pressure 

transducers, themiocouples, time domain reflectometry probes, and fluid sampling ports. A 

cornputer controlled data acquisition system was used to control a s t e m  generator and to 

record and monitor the pressure, temperature, and water saturation data. Nonane and PCE 

were spilled into the chamber under saturated and partially saturated conditions. Complete 

removal of PCE and nonane fiom the area swept by steam was achieved. Vertical wells were 



more efficient than horizontal wells 

ovemde occurred in the expenments 

for steam injection and NAPL extraction. Some stearn 

Laboratory measurements of air-water-silica and PCE-water-silica drainage and imbibition 

capillary pressure-water saturation curves at various temperatures showed that the capillary 

pressures decreased significantly when temperature was increased from 20 to 80 O C .  For the 

PCE-water-silica system, the residual water saturation increased and the residual PCE 

saturation decreased when temperature was raised, while there were no clear trends for these 

parameters for the air-water-silica system. The capiliary hysteresis between the drainage and 

imbibition c w e s  decreased for both the air-water-silica and PCE-water-silica systems when 

temperature was increased. A model accounting for the decrease of capiilary pressures with 

increasing temperature was developed and fitted to the experimental data. Application of the 

Laplace equation suggests that the changes in capillary pressures can not be explained only 

by the changes in interfacial tensions and contact angles. 

A steam flushing numerical model was tested against the laboratory experiments. The 

predictions of the model matched experimental results reasonably well. 

i i i  
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Ciiapter 1. Introduction 

CHAPTER 1 INTRODUCTION 

1.1 Background 

The contamination of soil and groundwater by petroleurn hydrocarbons and chlorinated 

solvents is a widespread problem facing the world today. Contamination is the resuit of 

accidental chemical spills, underground tank leakage, and uncontained direct disposal. 

Organic chemical pollutants can exist as separate non-aqueous phase liquids (NAPLs) which 

may dissolve in groundwater, adsorb to soil grains and partition into the gas phase. 

When an organic chemical spi11 percolates downward through the vadose zone. it is trapped 

and immobilized by capillary forces as blobs and ganglia and retained by iow-permeability 

layers or scattered fine-grained lenses. When enough chemical is present it will reach the 

water table. If the chemical is lighter than water (referred to as light non-aqueous phase 

Iiquid or LNAPL), it will pool on the water table, and move lateraliy dong the water table. If 

the chemical is denser than water (referred to as dense non-aqueous phase liquid or DNAPL), 

it will move downward past the water table until it pools on fine-grained lenses and layers. 

The trapped and retained DNAPL in the saturated zone below the water table is immobilized 

by c a p i l l q  and buoyancy forces (Kueper, 1989; van Geel, 1994). 

1.2 l n  Situ Remediation Methods 

Over the past decade, many in situ biological, chemical and physical methods have been 

developed for groundwater remediation. Biological methods such as bioventing stimulate the 

local biological community to use the organic contarninants as sources of carbon and energy. 

Chernical methods include processes such as surfactant flushing which reduces the water- 

NAPL interfacial tension and increases aqueous phase solubility , making the removal of 

trapped blobs and ganglia easier. Physical methods such as soil vapor extraction (SVE), air 



Chapter 1. Introduction - 1 

sparging, and aqueous pump-and-treat use hydraulic gradients to remove contarninants From 

the subsurface. 

Physical remediation methods have been the most widely used to date. SVE and aqueous 

pump-and-treat have been applied in soil and groundwater remediation for many years. The 

SVE technique involves applyiiig a vacuum to an extraction well to recover the easeous 

phase in the vadose zone. Volatile contaminants with high vapor pressures and high Henry's 

law constants, are removed preferentially due to high concentrations in the gaseous phase. 

Less volatile contaminants are removed slowly due to low concentrations in the gaseous 

phase (She et al., 1995; Pedersen and Curtis, 199 1). 

TeKrony er al. (1 995) investigated the use of thermal venting to increase SVE efficiency. In 

thermal venting hot air is injected to raise subsurface temperatures. As temperatures are 

increased the vapor pressures of the organic species are increased and removal rates may be 

increased. However, the energy carried into the soil is quickly dissipated due to the low heat 

capacity of air relative to that of water and soil. Therefore, no significant improvement of 

SVE efficiency will be made by hot air injection (TeKrony er al. 1995). 

Recently, there has been interest in applying steam flushing to remove volatile and semi- 

volatile organic compounds fiom soils (Hadim et al., 1993; Falta er al., 1992; Hunt er al., 

1988a; Sleep, 1995). Steamflooding methods have been used successfully in the petroleum 

industry for several decades, primarily as a tertiary oil recovery method. Stearn is injected 

through vertical and horizontal wells to raise the temperature of heavy oil in order to reduce 

its viscosity dramatically. Heated oil is then pushed by the steam to several production wells 

which are usually around the injection well. Special attention has been given to heavy oil 

and bitumen since the large reduction of viscosity of heavy oil and bitumen makes the ratio 

of oil viscosity to water (steam condensate) viscosity closer to unity, reducing the nsk of 

viscous f i n g e ~ g  and making the displacement more efficient. 
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Sevenl field demonstration projects related to in sit~r soil remediation by steam tlushing 

techniques have been conducted in the past few years (DePercin, 1991: Noonan er a l .  1993: 

Hadim rr al.. 1993; and TeKrony er al.. 1995). DePercin ( 1  99 1 ) reported that more than 85% 

of the volatile organic compounds (VOCs) and as much as 55% of the semi-volatile organic 

compounds (SVOCs) were removed by the stearn and hot air flushing technique from a field 

demonstration project performed by the U S .  EPA under the Superfùnd Innovative 

Technology Evaiuation (SITE) program. In a pilot-scale field study o r  a site contarninated by 

acetone, 2-butanone, chiorinated solvents, BTEX (benzene, toluene, ethyl benzene. and 

xylenes) Noonan et al. (1993) reported that the initiai soil concentration of ZOO0 mgkg was 

reduced to a final soi1 concentration of 12 mgkg in 140 houn by steam injection. TeKrony er 

al. (1995) reported the results of a pilot-scale study of in situ s t e m  extraction and SVE for 

the recovery of DNAPLs from the vadose zone. They found that the two c o l m s  charged 

with saturated stearn at 7.5 psig (528 cm H,O) yielded 71% and 97% recoveries of the initial 

chioroform volume after the addition of less than one pore volume of steam, compared with 

an average recovery of 15% achieved by SVE in one pore volume at the sarne site. 

Steam flushing rnay be combined with other in situ remediation methods to improve NAPL 

clean up eficiency and overall removal. The natural aerobic bioremediation of some NAPLs 

in the subsurface rnay be enhanced by injecting a certain amount of s t e m  to maintain the soil 

temperature between 20 and 40 O C  for the optimal growth of local microorganisms 

(especially attractive in the winter time). It is also possible that heating of soi1 for prolonged 

time rnay have adverse effects on the local microorganisms and the soil. The groundwater 

sterilization of the local biological community rnay be avoided if warm water instead of 

steam is injected. The efficiency of pump-and-treat systems rnay be improved by injecting 

warm water instead of arnbient temperature water into the subsurface for the fiee phase 

NAPL recovery due to the increase of NAPL solubilities in the groundwater and the decrease 

of residual NAPL saturations in the soil. Soi1 vapor extraction rnay be combined with steam 

flushing to enhance the removal of NAPL vapors in the soil gas phase and minimize the risk 

of steam breakthrough at the ground surface. 
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Even though the steam flushing method has good potential for remediating NAPL 

concentrations in the subsurface. fiirther studies have to be undertaken since the NAPL 

remediation process differs from petroleum recovery processes in many ways (Sleep, 1995). 

These differences include different initial petroIeum/NAPL saturations, chemical species and 

properties, final removal goals, and operational risks. The initial petroleum saturations in 

petroleum reservoin can be as high as 100% while the initial NAPL saturations in 

contaminated aquifen are usuaily at residuai levels (10 - 40%, Wilson and Corad, 1984). The 

petroleum species are mainly hydrocarbons while NAPLs c m  be any toxic or hazardous 

chemical such as halogenated (mainly chlorinated) solvents, BTEX, PCBs, as well as 

petroleum hydrocarbons. The production of petroleum is stopped once the operation is no 

longer economical while the NAPL remediation operation has to continue until the NAPL 

concentrations reach the reguiated level. There are greater operational risks involved in 

NAPL remediation than oil production since the contarninated site may be undemeath a 

building or factory while oil fields are almost always located in less populated areas. 

1.3 Research Objectives and Thesis Organization 

This thesis focuses prirnarily on the following three major objectives: 

1. To study the feasibility of the remediation of volatile and semi-volatile organic 

chemical contaminated soi1 and groundwater by in situ steam flushing in a two- 

dimensional system 

2. To investigate the effect of temperature on the air-water-silica and PCE-water- 

silica capillary pressure-water saturation curves 

3. To test an existing s t e m  flushing numerical mode1 

This thesis consists of seven chapters which are organized as follows: 
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Chapter 1, the current chapter, bnefly introduces the problem of soil and groundwater 

contamination and relevant Ni situ remediation methods. This chapter explains why steam 

flushinp. as a potentially very good alternative method of soil and groundwater 

rernediation, should be studied fiuther. 

Chapter 2 presents a literature review of steam flushing both in petroleurn resewoir 

engineering and in remediation. The lack of multi-dimensionai studies of steam flushing 

in groundwater remediation literature motivates this thesis research. S t em flushing 

removal rnechanisms are examined in detail and their relative importance is discussed. 

Chapter 3 deals with measurements of the impact of temperature on the capillary 

pressure-water saturation c w e s  for the fluid pairs of air-water and NAPL-water in 

unconsolidated silica sand at different temperatures. The experimental methods are 

descnbed and results presented. A model accounting for the change of capillary pressure 

with temperature, based on the previous research results reported in the literature. is 

developed and fitted to the experimentai results. The measured data and model 

parameters provide insight and understanding of the effect of temperature on organic 

contaminant rernoval in soil and groundwater during s t e m  flushing. The possible factors 

affecting the change of capillary pressure with temperature are discussed. 

Chapter 4 describes the steam flushing system. The tensiometers, time domain 

reflectometry probes, fluid sampling ports, chernical spi11 distnbutor, wells, two- 

dimensional sand packer, steam generator, condenser, and chemicaYwater separator are 

the key devices and apparatuses designed and consûucted. The apparatuses described in 

this chapter provide very important tools to study the steam flushing. 

Chapter 5 presents and discusses the results of the steam flushing experiments and 

demonstrates that the first objective is satisfactorily accomplished. Contour plots of 

organic concentrations, water saturations, water pressures, and soil temperatures for 
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different well orientations and water saturation conditions in the two-dimensional sand 

chamber show how the steam flushing technique works and illustrate why steam flushing 

may be effective for the clean up of groundwater contamination. 

Chapter 6 presents and discusses the computer simulation of the steam flushing 

experiments. obtained with COMPSIM descnbed in Appendix D. The complex numencal 

model, once tested against the experirnental measurements, could be used to predict the 

outcome of a site remediation by steam flushing without actuai operation for the purpose 

of feasibility evaluation. 

Chapter 7 contains conclusions derived fkom the capillary pressure-water saturation 

experiments, steam flushing experiments, and numencal simulations. Recommendations 

for future research are also made. 
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CHAPTER 2 S T E M  FLUSHING THEORY 

2.1 Literature Review 

2.1.1 Petroleum Reservoir Engineering 

Since steam injection techniques were first used in 1933 (White and Moss. 1983). 

approximately 80% of al1 tertiary oil produced worldwide has been recovered by thermal 

methods, primarily steam injection (Ahner and Sufi, 1994). S t e m  injection techniques have 

been used to enhance oil recovery for both light and heavy oil reservoirs after secondary 

enhanced oil recovery (usually water-flooding). The steam injection still leaves behind 10 - 

40% of the oil found in the s t em zones even when economical limits are reached (White 

and iMoss, 1983). The principle oil recovery rnechanisms are steam distillation for light oil 

and oil viscosity reduction for heavy oil. Other factors include thermal oil expansion and 

solvent-extraction effects (Willman et al., 196 1; Stewart and Udell, 1988; White and Moss, 

1983). 

Stearnflooding, cyclic stimulation, and steam assisted gravity drainage are the three main 

modes of steam injection (Sleep, 1995). In steamflooding, s t e m  is usually injected in a 

central well to drive heated oil to four evenly spaced wells around the injection well (tïve- 

spot well pattern). As shown by the top graph of Figure 2.1 (White and Moss, 1983), the 

temperatures drop sharply at the steam condensation front, where latent heat is released 

raising the system temperature. The bottom curve shows oil being displaced by cold water in 

zone 3, followed by hot water and steam in zone 2 and steam in zone 1. 

Tlus saturation distribution illustrates that both steam and hot water can displace oil 

eficiently because oil viscosity decreases at elevated temperatures. However, steam 

displacement has many advantages over hot water displacement. Higher in situ temperatures 

c m  be achieved with steam injection than with hot water flooding, allowing greater 
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reductions in viscosity and density. The most significant advantage is s t e m  distillation 

(Stewart and Udell, 1988). 

S t e m  condensation 

Tempe rature: 

Reservoir temperature 
% 

, 
* 

. - Water 

Saturation 
Oil 

Injection 
well 

Zone I Zone 2 Zone 3 

Production 
weI1 

Figure 2.1 Temperature and saturation profiles of steam injection processes between injection 

and production well. 

Cyclic stimulation is more energy efficient than steamflooding. In cyclic stimulation, a well 

is injected with steam for several days to several weeks, then the heated well is used to 

produce heated oil. This "hSand-pdf" injection technique requires heating only a srna11 

area around the well, while in steam flooding it is necessary to heat up al1 the reservoir rock 

between the injection and production wells. 
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The steam assisted gravity drainage technique was developed to avoid the steam ovemde and 

channeling pro blerns associated with steamflooding. S team ovemde occurs because of the 

density differences between steam and oil. Steam channeling is due to heterogeneity of the 

formation. Both problems cause steam to bypass the target zone and create an early 

breakthrough of steam at the production well (Butler et al., 198 1 ; Butler and Stephens. 198 1 : 

Joshi and Threlkeld, 1985; Chung and Butler, 1988; Ahner and Sufi, 1994). In s t e m  assisted 

gravity drainage, steam is injected into a horizontal well just above the horizontal production 

well. The steam chamber expands upward and sideward while the heated oil and steam 

condensate flow countercurrently as a thin layer around the steam chamber down to the 

production well. Foarn production should be avoided since foarn has a higher viscosity than 

oil and is hard to break. 

2.1.2 Groundwater Remediation 

Sleep ( 1995) presented a detailed review of stearn injection technology applied recently for 

NAPL remediation. He stated that the published applications of s t e m  injection techniques 

are limited to remediation of LNAPL fiom the vadose zone of unconsolidated and 

unfiactured media. 

Hunt et al. (1988b) conducted laboratory studies of steam injection in a horizontal Ottawa 

sand column which was equipped with pressure transducers and thermocouples and wrapped 

with heating tapes to ensure uniform axial flow conditions. The initial average NAPL 

saturation in the column was 2.5%. Expenments with trichloroethylene (TCE), a benzene- 

toluene mixture, and a commercial gasoline showed that water flow at rates as high as 15 d d  

could not displace these NAPL, while steam injection recovered 94% of the TCE, 50% of 

the benzene-toluene m i m e  and 74% of the gasoline. 

Hadim et al. (1 993) published their bench-scale one-dimensional laboratory experiments of 

steam injection for in situ remediation of soils contaminated by No. 2 heating oil and jet fuel. 
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They used four soils with uniform grain sizes of 1.20. 0.6 1, 0.3 1. 0.22 mm. and a well- 

graded soi1 with a mean grain size of 1.2 mm. The LNAPL saturation established afier 

watertlooding was fked at 23% for al1 the expenments except for the well-graded soils. for 

which it was 48%. The temperature of the s t e m  was 102-1 IO'C and the pressure was 12.4- 

14.8 kPa (125451 cm H20). The final recovery was 98.2%-99.8%. They concluded that an 

increase in steam injection pressure and soi1 grain size resulted in an increase in LNAPL 

recovery, and the LNAPL residual saturation d e r  steam injection was essentially 

independent of the starting LNAPL saturation. 

More multi-dimensional experiments are needed to evaluate the design of horizontaVvertica1 

well systems and the degree of stearn ovemde, s t em channeling and unwanted downward 

remobilization of NAPLs. The difference in removal eficiency between LNAPLs and 

DNAPLs, between saturated and unsaturated conditions, and between volatile and semi- 

volatile organic pollutants should be examined in multi-dimensional systems as well. 

2.2 Mechanisms 

The rnechanisms of organic contaminant removal by steam injection include steam 

distillation of NAPL, s t e m  and hot water drive, solvent drive, and residual NAPL clean up. 

These are discussed in more detail below. 

2.2.1 Steam Distillation of NAPL 

The primary mechanism of the removal of volatile and serni-volatile LNAPLs and DNAPLs 

by steam injection is stearn distillation (Hunt et al., 1988; Stewart and Udell, 1988; Willman 

et al., 1961). The vapor pressures of NAPLs increase when temperature is increased. The 

variations of PCE, n-nonane, and water vapor pressures with temperature are shown in Figure 

2.2 (Lide and Frederikse, 1995). 
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According to Dalton's law for the summation of partial pressures. the total gaseous phase 

pressure (Pa), P.. is the sum of the partial pressure (Pa). Pa, of the N individual compounds 

present: 

273.15 293.15 313.15 333.15 353.15 373.15 393.15 

Temperature (K) 

Figure 2.2 Vapor pressures of PCE, nonane, and water vs. temperature. 

The ided gas law states: 

where V is the gaseous phase volume (in3), n, is the nurnber of moles of cornponent a, T is 

the absolute temperature (K), and R is the universal gas constant (0.082 atm-m3/grnol-~). 

Then we have: 

Therefore, the individual compound mole fraction >hg = I@G, in the gaseous phase c m  be 

derived from Equation 2.1,2.2, and 2.3 as the following: 
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Mole fractions of various NAPL in air or steam (water vapor) are calculated and shown in 

Table 2.1. It is assumed that only hvo components. either air-NAPL or stearn-NAPL. exist in 

the system when the mole fractions are calculated. 

Pure phase (20°C) Pure phase ( 100°C) Air (20 OC) ' S t e m  ( 1  00 OC) 

TCE 78 .O 1475.3 0.0765 0.59 

PCE 18.7 544.7 0.0 183 0.35 

nonane 4 -3 21 1.9 0.00424 0.17 

Table 2.1 Chemical componeiit mole fractions in air and steam. 

When steam is fist injected into the subsurface, it condenses imrnediately and the heat is 

transferred to the soi1 and pore fluids to raise their temperature. The vapor pressures of water 

and LNAPL increase when steam is injected above the water table, which makes more 

LNAPL partition into gaseous phase. If the steam is injected below the water table, a vapor 

phase is fonned at a particular location when the sum of the vapor pressures of the Iiquid 

phases present (water and DNAPL) exceeds the in situ liquid pressure. The composition of 

the vapor phase formed will be a function of temperature and of the fluids present. That is. 

compounds which have higher vapor pressures at steam temperatures will have higher mole 

fractions in the vapor phase and will be preferentially removed from the DNAPL. 
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2.2.2 Steam Drive 

2.2.2.1 NAPL in the Vadose Zone 

When stem is injected continuousiy from several injection wells covenng the contaminated 

region in the vadose zone, the stearn zone expands toward the extraction well in the center. A 

typicai scenario is postulated in Figure 2.3. 

Steam injection well Extraction welI 

Chemical spi11 
u' 

'l' 
Ground surface 

Vadose 
zone 

U P P ~ ~  
aquifer 

Aquitard 

\ Dissolved 
plume Lower 

I aquifer 
Ground water flow direction ' . 

Bed rock 

Fig 2.3 LNAPL and DNAPL steam flushing. 
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total vapor pressure of water and DNAPL exceeds the total in situ liquid phase pressure. The 

immobile residual DNAPL is vaporized and then condensed at a propagating steam front 

where it forrns a DNAPL bank (Figure 2.5). The steam phase expands and drives the 

DNAPL bank toward the extraction well (Figure 2.3). 

DNAPL bank 

Saturation 
Steam 

Distance 

Figure 2.5 DNAPL Bank. 

When the DNAPL is perched on an aquitard it rnay be mobile if enough DNAPL was leaked, 

spilled, or dumped. This mobile DNAPL is displaced by water first and then distilled by 

steam to join the DNAPL bank at the steam front. The risk of contaminating the aquitard and 

underlying aquifers with the DNAPL is possible since increasing temperature causes a 

decrease of water-DNAPL interfacial tension which reduces the DNAPL entry pressure into 

the aquitard (see Figure 3.7). S t e m  may also desaturate the aquitard so that DNAPL can 

displace the gaseous phase. One way to reduce the risk is to inject stem below the aquitard 

so that the DNAPL is pushed upwards. 
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For both LNAPL and DNAPL cases, stearn ovemde due to the density difference between 

steam and the liquid (water, NAPL) c m  be a significant problem. 

2.2.3 Solvent Drive 

As seen in Table 2.1. different organic compounds have different vapor pressures and mole 

Fractions in the vapor phase at stearn temperature. The more volatile compounds (e.g. PCE) 

are stripped first fiom the trapped blobs and ganglia by steam. These more volatile 

cornpounds condense at the steam front to form a NAPL bank. The NAPL bank dissolves 

less volatile compounds, making their removal more efficient. This mechanism is not 

considered as a major one. 

2.2.4 Residual NAPL Removai 

Blobs and ganglia of organic contaminants present at residuai saturations in soil pores are 

trapped by capillary forces. In order to mobilize a trapped blob or ganglion, the interfaciai 

tension (IFT) has to be reduced to an extent that the pressure gradient created by the flow of 

continuou phase of hot water or s t e m  is suficient to overcome the capillary force in the 

direction of flow (Lam et al., 1983). The degree of removal of the residual NAPL through 

viscous fluid displacement depends on the ratio of viscous forces to capillary forces. defined 

as the capillary number, N, (dimensionless), (Larson et al., 1981): 

where V, is Darcy velocity of the displacing fluid (water) (mls), H, is the viscosity of the 

displacing fluid (water) (cP), a is the IFT between NAPL and water (rnN/rn), and 0 is the 

contact angle between the fluid-fluid interface and the soil surface. Figure 2.6 shows the 

variation of IFT with temperature for PCE. 
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The higher the N,, is, the more NAPL will be removed. If 0 = O, then cos0 = 1. If the Darcy 

velocity of injected water in a typicai aquifer is assumed to be 3.8 x IO-' d s  (3.3 d d )  the 

N,, for a PCE-contaminated aquifer decreases fiom 8.3 x  IO-^ to 6.5 x l ~ - ~  when the 

temperature is increased from 20 to 90 O C .  Thus. in the case of PCE clean-up by hot water 

and steam flushing, the hydrodynamic removal of PCE will not be significantly enhanced by 

the increase of temperature. The steam distillation of PCE is the primary mechanism for the 

decontamination of soi1 (Ma and Sleep, 1995). 

-- 

PCE viscosity vs tempe rature PCE IFT vs temperature 

O l 1 
273.1 5 323.15 373.1 5 

Temperature (iQ 
273.15 323.1 5 373.15 

Tern perature ()O 

-- -- - -- - 

PCE density vs temperature PCE solubility vs temperature 
1.65 - 1 400 

1 
I 
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1 î èl 200 .- /4 i I i u 

O 
E z i 

g 1.5 .- 100 ,. I 
l 

1.45 , O .  
I 
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Figure 2.6 The properties of PCE vs. temperature (Ma and Sleep, 1995). 
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Figure 2.6 also shows the thermal variation of PCE density, viscosity and solubi 

small decrease of PCE density with increasing temperature indicates that the a 

18 

Iity. The 

ddi tional 

recovery of NAPL by thermal swelling would be small. while the increase of the buoyancy 

force would be minor as well. 

The solubility of PCE increases by a factor of two when the temperature increases Frorn O to 

120 OC indicating that additional PCE would be recovered in the water collected from the 

extraction well. However, the arnount of PCE recovered would be srnall because of the low 

aqueous solubility of PCE. 

2.3 Summary 

The rnajority of tertiary oil produced worldwide has been recovered by steam injection in the 

modes of stearnflooding, cyclic stimulation, and steam assisted gravity drainage. Research on 

soi1 and groundwater remediation by steam flushing is still in the initial stages. The 

laboratory experiments reported in the groundwater remediation literature are ail one- 

dimensional with no measurements on the variation of organic contaminant concentrations, 

water saturations, and water pressures in the porous medium. The major steam flushing 

mechanisms are steam distillation of organic contarninants and steam drive of the mobile 

NAPLs. Other minor steam flushing mechanisms include solvent drive of organic 

contaminants, themal swelling of NAPLs, and increased aqueous NAPL solubilities. 
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CHAPTER 3 EFFECT OF TEMPERATURE ON P,-S, RELATIONS 

3.1 Literature Review 

Many experiments have been perfomed on various soils to study the effect of temperature 

on air-water capillary pressure curves (P,-S, relations), typically in the temperature range of 

0-55 O C  (Chahal, 1965; Haridasan and Jensen, 1972; Cary, 1975; Constantz, 1982; Hopmans 

and Dane, 1986; Nimmo and Miller, 1986; Davis, 1994). When stearn injection became 

popular as a tertiary oil recovery method in the 19607s, there were sorne experiments 

perfomed measuring the oil-water capillary pressure c w e s  on rock cores over a wider 

temperature range than those investigated by soi1 scientists (Poston et al., 1970; Sinnokrot et 

al.. 197 1 ; Constantz and Herkelrath, 1984). However, so far, no experiments have studied the 

effect of temperature on capillary pressure curves for chlorinated solvent-water systems. 

It is usually assurned that there is a capillary pressure corresponding to a given water 

saturation which corresponds to a particular effective mean radius of the undrained portion 

of a porous medium. Performing the mechanical and energy balance results in the Laplace 

equation (Sinnokrot et al., 1 97 1): 

where j = a for air, or j = O for oil or organic chernicals or non-aqueous phase liquids 

(NAPLs), oj, is the interfacial tension (IFT) between phase j and w (Nlm), and 8, and €Io, 

are the contact angles formed by the interfaces of air-water and organic-water with the solid 

soi1 surface, respectively. r is the effective mean soi1 pore radius (m). 

In addition, 

3.2 (a) 

3.2 (b) 
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where P,, and P,, are the capillary pressures (Pa) for an air-water system and organic-water 

system. respectively. P,, Po, P, zre air, organic, and water pressures (Pa). respectively. 

The wetting coefficient, cosûj,, c m  be expressed as 

where qs is air-soi1 (0,) or organic-soi1 (O,,) IFT and o,, is water-soi1 IFT. Equation 3.3 is 

obtained from Young's equation: 

,,% = (3 ,, + 0 ,w  COS^ ,, 3.4 

Gardner (1954) measured the effect of temperature on the air-water capillary pressure c w e s  

of various kinds of soils and found that the capillmy pressure decreased significantly when 

temperature increased. Philip and De Vries (1957) derived an expression for (àPcjJal),,v . 
termed the temperature coefficient of capillary pressure: 

They assumed that the wetting coefficient, cosOj,, did 

3.5 

not change with temperature (i.e. 

d(cos8 ,,)ln = O). Since air-water or organic-water IFT decreases with increasing 

temperature (Figure 2.6), capillary pressures should decrease with increasing temperature. 

Many experimental results (Chahal, 1 965; Haridasan and Jensen, 1 972; Constantz, 1 983; 

Nimmo and Miller1986) could not be explained on the basis of changes in air-water IFT 

alone, because the temperature effect was larger than at predicted by the Philip and De Vries 

(1 957) theos. by one to five orden of magnitude (Nimmo and Miller, 1986). The hypothesis 

offered by Nimmo and Miller (1986) was that the temperature dependence of the IFT of soi1 

solution was greater than that of pure water since the concentration and effectiveness of 

dissolved surfactants (such as fulvic and humic acids) increased when temperature increased. 

Solutions of such fatty acids have been s h o w  to have IFT as low as 44 mN/m (Nirnmo and 



Chapter 3. Effect of Temperature on P,-S, Relations 2 I 

Miller. 1986). The ca, values measured for soil water are somewhat less than the 72 mN/m 

of pure water, but are considerably greater than 44 mN/m of the fatty acid solution. It is 

likely that the concentrations of surfactant in soil solutions were significantly less than the 

concentration at which the surfactants have their maximum effect (the critical micelle 

concentration, or CMC). The possible significance of this mechanism is difficult to assess 

because the identity of surfactants and the chernical environment of the soil are not well 

known. 

Another hypothesis offered by Chahal (1965) was that the effect of volume change of the 

entrapped air or the nucleation of air in the soil with increasing temperature would cause the 

larger than predicted temperature effect due to IFT changes aione. The entrapped air was 

defined as the air in the discontinuous pores or in the pores isolated by water from the 

continuous fiee air phase. He showed that the temperature coefficient of capil lary pressure 

was larger than expected from Equation 3.5 immediately following air entry and decreased 

back to the values calculated from Equation 3.5 at higher capillary pressure during the 

drainage process. Hopmans and Dane (1986) set up a system to rneasure the entrapped air 

volume and drainage-imbibition capillary pressure curves simultaneously and found that the 

entrapped air volume decreased with increasing temperature, which was in apparent 

contradiction with the concept that the entrapped air volume should increase due to thermal 

expansion. This decrease in entrapped air volume may have been caused by an increase in 

pressure of entrapped air bubbles, which resulted in an increased flow rate of air from the 

entrapped region to the fiee air phase. They concluded that a complete explanation for the 

discrepancy between the rneasured and calculated temperature effects on air-water capillary 

pressure curves rernains unknown. The work of Chahal (1965) and Hopmans and Dane 

(1986) were based on the concept of adding one term accounting for the effects of entrapped 

air volume on the air-water capillary pressure curves to Equation 3.5 by introducing the 

apparent volumetric water saturation ( S, ) as defined in Equation 3.27. This resufted in the 

following equation: 
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The fact that the change of contact angle Bj, with the change of temperature may cause the 

discrepancy between the measured temperature coefficient and that calculated fiom Philip 

and De Vries (1957) theory was pointed out by petroleum engineers (Poston et al., 1970; 

Sinnokrot et al., 197 1 ). Poston et al. ( 19?O) measured the contact angle O,, (in the range of 

20 - 35') for three different refined oils (80,99,600 cP) over the temperature range of 25 - 88 

O C  in an oil-water-glass system and found that al1 the 8 ., decreased with an increase of 

temperature. This means that the capillary pressure for a given water saturation should 

increase with increasing temperature. This would increase the discrepancy between the 

measured temperature coefficient and that calculated fiom Philip and De Vries ( 1957) theory. 

However, the effect of contact angle may be small since the temperature coefficients of 

contact angle are small. For example, the change was -0.27 OPC for an organic-water-glas 

system of Poston et al. (1970), -0.29 OPC for a bayol-water-siliconed glass system of Phillips 

and Riddiford (Sinnokrot et  al., 197 1), and -0.13 OPC for an air-water-naphthalene system of 

Jones and Adarnson (Sinnokrot et al.. 1971). The measured contact angle for an air-water- 

silica system is near zero (Davis, 1994). 

Liu and Dane (1993) developed a new theory based on the hypothesis that when temperature 

increases, water flows nom isolated packets to the continuous water phase which results in 

an additional temperature effect on the capillary pressure curves. It was assumed that the total 

water saturation S, equals the sum of continuous water saturation S, and isolated water 

saturation SWiS (that is, S, = S,, + SWiJ and S, changes linearly with S,. The theory did 

predict a larger temperature coefficient than that calculated by Equation 3.5 and produced a 

closer match with the experimental drainage curves of a Norfolk sandy loam at 20 and 44.5 

OC than those produced by Philip and De Vries (1957) theory. 
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Grant and Salehzadeh (1996) extended the theory of  Philip and De Vries (. 1957) by 

including temperature dependence of the contact angle. They denved the following equation 

from Equation 3.1 : 

Grant and Salehzadeh (1996) assumed that the effect of temperature on air-water or organic- 

water interfacial tension can be described by the linear relation: 

a,, = a + b T  3.8 

where oj, is in mN/m and T is in K. Constants a (mN/m) and b (mN/m-K) are given in 

Equation 3.38 and 3.39 for calculating the air-water and PCE-water IFTs, respectively. The 

temperature denvative of the wetting coefficient c m  be expressed in terms of independently 

rneasurable p hysical-c hemical quantities: 

where A',;h' is the enthalpy of immersion per unit area and "s" refers to *30il" or "solid". A 

differential equation for cos(Oj,) c m  be obtained by combining Equations 3.5 and 3.9: 

which, for d( Aih'  )/dT = 0, has the solution: 

where constant Cl = (L\:h ' + ( I ~ O S ~  ,, )n + bcosû ,, 1 T, ) T, (T, is a ceference 

temperature). 

When the wetting coefficient is independent of temperature, Grant and Salehzadeh (1996) 

obtained the following expressions for P,, and aP,, /3ï fiom Equation 3.1 and 3.5 using 
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o ,, = a + bT (Equation 3.8) and da ,, l dT = b : 

Rewriting Equation 3.13 gives 

When the wetting coefficient is ternperature sensitive and enthalpy of immersion is 

independent of temperature, t!!at is, d( A y h  ' )/dT = O, Grant and Salehzadeh ( 1  996) derived 

the following expression fiom Equation 3.1 and 3.1 1 : 

The ternperature derivative of P,, is: 

Rewriting Equation 3.16 gives: 

The following linear equation can be used to represent both Equation 3.14 and 3.17 for a 

given S,: 
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where p, = a/% (in K) for constant 8,, or p, = - A<;h'lC, (in K) for Grant and Salehzadeh 

(1996) theory and P, = 1. If the estimated values of Po are near a h ,  then c0s(0~,J is constant. 

Otherwise. it is suggested that cos(Oj,) does change with increasing temperature and affects 

the P,-S, relationships. 

In order to fit the data for the drainage or imbibition events for a porous medium to an 

analytical model, Equation 3.18 waç rewTitten and integrated by Grant and Salehzadeh (1 996) 

to give the following equation 

where PGWf and P,,, are the capillary pressures at a given temperature TI and reference 

temperature T ,  respectively. Equation 3.19 c m  be incorporated into any empirical capillary 

pressure functions such as those of van Genuchten ( 1980), as is discussed in detail in the next 

section. 

A number of studies surnrnarized in Table 3.1 provide experimentd data on the effect of 

temperature on residual water saturation S,,, residual air saturation Sm residual organic 

saturation S,, and displacement pressure Pd of the capillary pressure curves for the air-water 

and organic-water systems in the literature. One cm observe that for the air-water systems, in 

almost al1 studies the residual water saturation S,, and displacement pressure Pd of different 

porous media (soil, sand, glass beads) decreased with an increase in temperature for both 

static equilibrium and transient flow methods. Only the experirnents of Haridasan and Jensen 

(1972) and Constantz (1983) showed an increase of residual air saturation S,. For the 

organic-water systems, residual water saturation SWr increased and residual organic saturation 

S,, decreased with an increase in temperature. 

Demond and Roberts (1991) pointed out that the factors affecting the S, may be attribiitable 

to the change in pendular moisture, to the pore size distribution of the porous medium, and to 
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the drainage rate of water from the porous medium. They stated that pendular moisture is of 

the order of 4.2% - 5.5% so changes in penduiar moisture due to changes in interfaciai 

tension do not likely have a significant effect on S,,. Simokrot et al (1971 ) pointed out that 

the increase in S ,  with decreasing interfacial tension due to increasing temperature may lead 

to a small reduction in S,,. The reason is that the water wetness of the solid surface is 

increased with increasing temperature since the contact angie is decreased with increasing 

temperature as discussed before. The trapped organic exists as pendular rings (Wilson and 

Conrad, 1984) and may be squeezed out by water since either the surface active agents in the 

organic film are desorbed or the aqueous solubility of organic is enhanced. Demond and 

Roberts (1 991) observed that the difference between S, of the O-xylene-water and the air- 

water systems was much more significant in unhctionated sands than in a sand pack of 

mesh size 60-120. Morrow (1970) found that S, in a 3 mm porous g l a s  beads varied over a 

small range, 8%-8.5%, even though the organic-water interfacial tension ranged from 22 to 

71.2 mN/m. The dependence of wetting and non-wetting phase residual saturations on 

displacement rate may be due to increased bypassing of the displaced phase since the viscous 

fingering and channeling is increased when the displacement rate is increased (Peters and 

Flock, 1979). This results in higher S,, in the drainage processes and higher S,, or S, in the 

imbibition processes. 

In summary, the effect of temperature on the capillary pressure cuves of air-water and 

organic-water systems is significant and may be attributed to the effect of temperature on the 

air-water and organic-water IFT, dissolved surfactants or impurities, changes in entrapped air 

volume in the porous media, the flow of water fiom isolated packets to continuous water 

phase in the porous media, and changes in contact angles between the fluids and between 

fluids and the solid surface. For a given water saturation in the air-water and organic-water 

systems, the measured capillary pressure decreases with an increase in temperature. The 

Grant and Salehzadeh mode1 (1996) is used in this study to analyze the ef5ect of temperature 

on the capillary pressure curves at various temperature levels for the air-water-silica and 

organic-water-silica systems. 
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Table 3.1. Summary of previous temperature-dependent capillary pressure curves. 

3.2 Two-phase Hysteretic Pc-S, Relationship 

1 
was constant for 20130 sand and increased for 

Hysteresis in P,-S, relations of two-phase systems has been well-documented and various 

theoretically and empirically based models have been developed to describe two-phase 

mixed sanc 
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hysteretic P,-S, functionals fiom primary drainage and imbibition path measurements. Parker 

and Lenhard (1987) presented a parametric model of hysteretic P,-S, relations which 

included the eKect of air or organic phase entrapment during imbibition. Entrapped non- 

wetting fluid saturations at a given point dong a saturation path were linearly interpolated 

between the end points of the primary imbibition scanning curve using maximum trapped 

saturations estimated by extension of the method of Land (1968). More detail is given at the 

end of this section. 

van Genuchten (1980) presented the following capiilary pressure b c t i o n s  to fit both main 

drainage and imbibition branches of a non-wetting phase (i phase) - water system in a porous 

medium: 

3.20 (a) 

- 
s ,  = 1 when P,, = O 3.20 (b) 

where sw is the effective water saturation as defined by Equation 3.24. The parameters a. n. 

and m = 1 - l/n are empirical constants that may be determined fiom experimental data. 

In order to fit al1 the drainage data of a porous medium at al1 temperatures to the van 

Genuchten function, the Grant and Salehzadeh (1996) model cm be incorporated into the van 

Genuchten function by combining Equation 3.1 9 and 3.20: 

when P,, = O 

The effective air, organic, and water saturations are defined, respectively, as 

3.21 (a) 

3.2 1 (b) 
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where Sa, S,, S, are air, organic, and water saturation, respectively. S,, is the irreducible 

water saturation reached by following a drainage path extrapolated to infinity. ïhe  non- 

wetting phase effective saturation $, consists of the Free phase effective saturation Sd and 

trapped phase effective saturation sjf 

Then the "apparent" water saturations for the air-water and organic-water systems. 

respectively, are 
- - - 
SW = Sw +.Yat for air-water 
- - - - 
sw = s, +sot for organic-water 3.28 

The capillary heads (m H20) for the air-water and organic-water systems, respectively, are 

where g is the gravitational acceleration constant (m/s2) and p, is the water density (kg/m3). 

Parker and Lenhard (1 987) developed a primary imbibition scanning curve interpolation 

method by generalizing the empirical relationship observed by Land (1968). For a two-phase 

system with main drainage, main imbibition, and primary scanning imbibition c w e s  where 

the revend point fiom drainage to imbibition is ( a,, h,, ), the entrapped non-wetiing fluid 
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- 
effective residual saturation corresponding to the primary imbibition scanning curve is S, . 

J 

and the maximum entrapped non-wetting fluid effective residual saturation corresponding 

the main imbibition curve is 'Sjr (Figure 3.1 ). the Sjr of a primary imbibition scanning 

c u v e  can be estimated as 

s w  

Figure 3.1 Parker and Lenhard model. 

in which 
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- - - 
$ is predicted to Vary linearly with Sw as 

- - 
where $ =O at the drainage and imbibition reversal point (when S , = 9, ). 

Therefore, with j = a or O, Equation 3.27 and 3.28 become 

in which S, is the rneasured water saturation of the primary imbibition scanning c w e .  The 
- - 

"apparent" water saturation, S w ,  is used for the capillary pressure calculation. It was 

assurned that S,, and 'sj, varied linearly with temperature T (K): 

s, =ar  +brT 3.36 

' s ,~  = C, + dJ  3.37 

3.3 Experimental Apparatus 

3.3.1 Experimental Setup 

The experimental setup consisted of a water bath (Brinkmann Instnunent, Inc., Mode1 Super 

RMT-20, -1 5 to +120 *O. 1 OC) to regulate the temperature of the pressure cell, a temperature 
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control chamber to regulate the temperature of the pressure tramducers (SensotecTM 

differential pressure transducers, Model WD-Z, f 2 +0.005 psid or 2 140 f 0.35 cm H20), a 

nitrogen cylinder to provide gas pressure, a data acquisition system (Sciemetric Instruments. 

Inc., System 200 series, Model 23 1, 25 1 B, 802) controlled by a cornputer to record the 

capillary pressure, and a syt-inge pump (Cole Parmer Instrument Company, Model 230 series, 

flow range: 0.00 1 püh - 70.5 mumin (60 ml syringe)) to inject or withdraw water fiom the 

pressure ce11 (Figure 3 2) .  

IBM 486 Cornputer - 
Two-stage Data acquisition system - 
pressure \ -. 
regulator 

-. ,Y 

c y linder tube 
Temperature control chamber \ ~ a t e r  bath with cover 

Figure 3.2 Setup for capillary pressure cuve measurements. 

The water bath has a built-in cooling coil, built-in water circulation pump, and digital 

temperature control panel. The surface of water in the bath was covered with plastic balls to 

reduce heat loss. An automated level control system was set up, using the data acquisition 
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systern to maintain the water level in the water bath and replace evaporated water. 

Even though a two-stage pressure regulator was rnounted on the nitrogen cylinder to control 

the air pressure of the pressure cell, it was still very difficult to set the air pressure of the cell. 

A glass 'YJ" tube half-way filled with water and equipped with MO one-meter rules was used 

to set the air pressure for the cell. 

3.3.2 Pressure Cell 

Many types of cells have been developed over the past decades to measure the moisture 

content of soils by soi1 scientists. One typical ce11 used in the early days and still in use today 

is made fiom a Buchner-type funnel which has a fritted porous g l a s  disc welded in the lower 

part of it (Chahai, 1965; Lin et al., 1982; Kueper, 1989; van Geel, 1994). The porous glass 

disc has fine pores with very high air entry pressure. Manometers or burettes filled with water 

or mercury were used to measure the water pressure or water suction. This type of ce11 was 

open to the air and only allowed the measurements of air-water capillary pressure curves. 

Care rnust be taken to avoid the hamihl vapor of toxic organic liquids to the expenmenter if 

such a ce11 is used to measure the water-organic capillary pressure curves at elevated 

temperatures. 

Other types of pressure cells (Topp et al., 1967; Haridasan and Jensen, 1972; Cary, 1975; 

Constantz and Herkelrath, 1984; Nimmo and Miller, 1986; Stonestrom and Rubin, 1989; 

Salehzadeh and Demond, 1994) designed to measure only the drainage capillary pressure 

curves, c m  not be used to measure the imbibition capillary pressure curves of organic-water 

systems since they only have hydrophilic semi-permeable bamiers (such as porous cerarnic. 

porous fntted glass, and porous polyethylene membrane). Hydrophobie semi-permeable 

barriers (such as porous teflon membrane), in addition to hydrophilic semi-permeable barrier. 

are needed to measure the drainage and imbibition capillary pressure curves to prevent 

imbibed water frorn leaving the cell. 
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Figure 3.3 Pressure ce11 (top); top view of the stauiless steel disc (bottom). 
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A new pressure ce11 was designed and constructed with a heavy-wall glas pipe (Figure 3 . 3 ) .  

An extra-fine porous fitted glass disc of 5 pm pore size was welded into the glas  pipe and 

one flange was added at each end making the 5.5 cm-diameter glass cylinder a total of 7 cm 

long. A 0.5-cm thick stainless steel (SS) disc drilled with 0.3 cm diameter holes. spaced 0.7 

cm apart, was used to support two layen of porous teflon membrane (Cole Parmer 

instrument Company, PTFE membrane. 0.2 pm pore size) on top of siiica sand. The SS disc 

was sealed against the g las  cylinder by one Viton TM "0" ring. The glass cylinder was closed 

with hvo pieces of 1/4" thick square SS metal with Viton TM "OoC " rings as the gaskets and 

was held together by four threaded SS rods bolted at the ends. Five ll8" Swagelok TM brass 

male connecton were installed on the SS squares to connect the pressure cell to the syringe 

containing water, to the air pressure (Nz) cylinder, and to a pressure transducer by 1/8" tetlon 

tubing. A segment of the teflon tubing was comected to the water chamber below the porous 

tiitted g las  disc to allow the removal of air bubbles from time to time. 

3.3.3 Sand Packing 

ln order to pack the sand tightly and uniformly, a simple and consistent method to pack the 

sand is needed. The usual methods of packing involve some kind of tamping, shaking, or 

vibrating techniques which are either non-uniform or mechanically unstable (Wygal, 1963). 

Wygal (1963) constmcted a sand packer based on the law of deposition proposed by 

Kolbuszewski (1965; Kolbuszewski and Jones, 1961). The law states that a low velocity of 

fa11 of granula. material (as for example, in water) leads to high porosity, independent of the 

intensity of deposition. A high velocity of fa11 (as for exarnple, fiom heights of severai inches 

or feet in air) produces a low porosity with low intensity of deposition. However, with 

increasing intensity of deposition the porosity increases progressively until, with a high 

intensity of deposition corresponding to the free fail of a mass of sand, the porosity is of the 

same order as that obtained by deposition in water. Kolbuszewski and Jones (196 1) reported 

experimental results £iom the deposition apparatus based on the law of deposition for two 

types of sands and obtained excellent reproducibility of porosity. Motion pictures at 3,000 
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frarnes /s of the surface of a growing pack of 2.74 mm glas  beads showed that the g l a s  

beads with proper velocity and intensity were observed to hit the surface singly at well 

spaced points of impact and the growing surface appeared fluid and alive for a depth of two 

to three particle diameten. The energy was transferred to the surface beads which were 

knocked into more stable positions. 

I 25 mesh 
nylon screen 

Five-layer 
evenIy - spaced 
nylon 
screen 

Plexiglass 
pipe 

Figure 3.4 Column sand packer. 
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A sand packer similar to Wygal's (1963) particle distributor was built with a 5 cm diarneter 

plexiglass tube and 25 mesh nylon screens (Figure 3.4). Five evenly spaced layers of nylon 

screens were inserted between the plexiglass pipe segments at intervals of 4 cm. Silica sand 

introduced with a funnel at the top of the column sand packer passed through and collided 

with the screens falling a total distance of 60 cm to the pressure cell. The flow rate of sand 

was 0.023 g/cm2-s, which was found by 5 tests to give excellent repeatable results, and was 

controlled by the size of the opening of the h e l .  The porosity of F75 silica sand was 36.7 + 
0.5 %. The sand surface in the ceil could be leveled by slightly tilting the colurnn toward the 

direction needing more sand. The column sand packer was able to produce homogeneous and 

reproducible sand samples simply and quickly. 

3.3.4 Temperature Control Chamber 

The temperature in the laboratory where the capillary pressure c w e  experiments were 

conducted changed by more than 10 OC over a 24-hou period. This caused senous problems 

for measuring the capillary pressure since the pressure transducers were very sensitive to 

temperature. A change of 10 OC in room temperature would change the pressure reading as 

much as 20 cm H20. However, most of the organic-water capillary pressure curves had 

capillary pressure values less than 20 cm H20 (Figure 3.7). The main cause of capillary 

pressure change with temperature is that air volume in the pressure transducer chamber 

changes when temperature changed. 

A temperature control chamber was built for the pressure transducers to regulate their 

temperature (Figure 3.5). A small cornputer h was used to unifomly distribute the heat 

generated by a 40 watt light bulb which was turned on or off by a computer through a solid 

state relay. With the thennocouple (Thermo-Elecûic, T-type, maximum 399 OC) monitoring 

air temperature in the chamber, the computer tumed the light bulb off if the temperature was 

more than 30 OC and on othenvise. The temperature of 30 OC was chosen since it was always 
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higher than the laboratory temperature. The variation of air temperature in the chamber was 

fess than 0.5. 

Figure 3.5 Temperature control chamber. 

Wood 

3.4 Experimental Procedure 

Using the column sand packer, 135 g of F75 silica sand (see Chapter 4.10 for sieve analysis 

box 1- 40 cm - Pressure 
transducer 

and physical properties) was packed into the glas  pressure ce11 over 5 minutes for dl the 

I l  
I 

experiments. The SS disc with the porous teflon membranes attached at the bonom was 

pushed into the ce11 fiom the top until it sat on the sand and left no gap between the 

membrane and sand. The 118" thick SS squares were assembled and the ce11 was checked for 

leakage. A vacuum of 61 cm Hg (818 cm H,O) was applied at the top of the ce11 for 20 

minutes and then distilled, deaerated water was drawn in slowly nom the bottom until the 
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sand was hlly sanirated which was venfied by weighing the ce11 before and after the 

saturation (assuming porosity was known). A total 30 ml of PCE was introduced into the ce11 

at the top if PCE-water capillary pressure curves were to be measured. 

The ce11 was then placed into the water bath and left over night to raise the ce11 temperature 

to the required level and to equilibrate the air and water pressures. A constant air pressure of 

110 cm H 2 0  was applied at the top and the ce11 was closed and left over another night for 

pressure equilibration. Then. a small amount of water (0.1 - 1 ml) was withdrawn with the 

syringe purnp and the ce11 was closed again until the capillary pressure remained constant. 

The procedure was repeated until no more water could be withdrawn even at extremely slow 

rates, rnarking the end of drainage process. The imbibition process was started by injecting 

water back into the cell, step by step. until the capillary pressure reached zero. Only about 

half of al1 experiments were repeated since a cornplete drainage-imbibition expenment took 

about 2 to 4 months to finish. The static method was used in the experiments. 

3.5 Experimental Results 

The experimental results of drainage and imbibition capillary pressure curves for the F75 

silica sand at temperatures of 20,40, 60, and 80 O C  are ploned in Figures 3.6 and 3.7 for air- 

water and organic-water, respectively, where "air" means nitrogen gas and "organic" means 

PCE. Replicate experiments were conducted for air-water drainage curves at 20, 60. and 80 
O C, air-water imbibition c w e s  at 20 OC, and organic-water drainage and imbibition c w e s  at 

With increasing temperature, the air-water capillary pressure decreased uniformly over most 

of the water saturation range for the drainage process. However, as the irreducible water 

saturations were approached the curves for 20, 40, and 60 OC approached similar capillary 

pressures. It appears that S, is decreasing slightly as the temperature increases fiom 20 OC to 

60 OC. This is consistent with the results of Davis (1994) for air-water systems in well graded 
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silica sand and the temperature range of 10-30 . However. for a uniform 20/30 silica sand 

Davis (1  994) found no changes in S,,. The curve for 80 O C  shows a large increase in S,,. The 

change of capillary pressure with temperature for the imbibition process did not follow any 

trend (Figure 3.6). The hysteresis of the capillary pressures between the drainage and 

imbibition curves decreased for al1 the temperatures. The residual air saturation S, and 

displacement pressure Pd decreased with increasing temperature. 

When temperature increased, the organic-water capillary pressure for a given water saturation 

decreased for the drainage process while it increased for the imbibition process (Figure 3.7). 

This resulted in a decrease in hysteresis between the drainage and imbibition processes. The 

increase of water saturation at the reversal point, the decrease of residual organic samation 

S,, and the decrease of displacement pressure Pd (which is estimated as the inflection point 

of the drainage curve near complete water saturation) cm be seen in Figure 3.7. The resultant 

trend is quite similar to the sandstone case of Simokrot (1971). They used a different fluid 

pair (CHEVRON 15 white oil-water) and different porous medium (consolidated natural 

sandstone). 

The experimental data for each temperature were fitted with various models using a non- 

linear least square method with the Levenberg - Marquardt scheme (Press et al., 1987). The 

air-water results are shown in Figure 3.8 - 3.1 1 and organic-water results are shown in Figure 

3.14 - 3.17. The VG-GS (Van Genuchten-Grant and Salehzadeh) and VG-PL-GS (Van 

Genuchten-Parker and Lenhard-Grant and Salehzadeh) model curves were obtained by fitting 

al1 the experirnental data of al1 the temperatures. The VG (Van Genuchten) and VG-PL (Van 

Genuchten-Parker and Lenhard) models gave slightly better fits than VG-GS and VG-PL-GS 

models (see Table 3.2 (a) - (f)). The VG-GS model results for al1 the temperatures were 

plotted for air-water in Figure 3.12 and for organic-water in Figure 3.18 while VG-PL-GS 

model results for al1 the temperatures were plotted for air-water in Figure 3.13 and for 

organic-water in Figure 3.19. 
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Figure 3.6 Air-~ater experimental data at 20,40,60, and 80 O C  ("D''=drainage; 
6 6  99- 1 -imbibition). 
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Figure 3.7 PCE-water experimental data at 20,40,60, and 80 OC ("DW=drainage; 
< L  39- I imbibition). 
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Figure 3.8 Air-water experimental and fitted data at 20 OC ("DW=drainage; T'=imbibition). 

Figure 3.9 Air-water experimental and fitted data at 40 OC ("DW=drainage; "I"=imbibition). 
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Figure 3.10 Air-water experirnental and fitted data at 60 OC ("DW=drainage; "1"imbibition). 

0 W.#l (Dl (0) 
V G  (D) - - VG-GS (D) 

a W.#l (1) -VG-PL (1) 

0 - * VG-PL-GS (1) 

Figure 3.1 1 Air-water experirnental and fitted data at 80 OC ("D''=drainage; 'T'=imbibition). 
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Figure 3.12 Predicted air-water drainage cuves of VG-GS mode1 for 20,40,60, and 80 OC 
("DW=drainage). 
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Figure 3.13 Predicted air-water imbibition curves of VG-PL-GS mode1 for 20.40, 60, and 80 
O C  ("I"=imbibition). 
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Figure 3.14 PCE-water experimental and fitted data at 20 OC (T'=drainage; "I"=imbibition) 

0 -.#l (O) V G  (D) 

- - VG-GS (D) L\ m.#i (1) 

-VG-PL (1) - - 9 VG-PL-GS (1) 

Figure 3.15 PCE-water experimental and fitted data at 40 OC ("Dm=drainage; "I"=imbibition) 
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Figure 3.16 PCE-water experimental and fitted data at 60 OC ("D''=drainage; "I"=imbibition) 
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Figure 3.17 PCE-water experimental and fitted data at 80 OC C'D''=drainage; "I"=imbibition) 
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Figure 3.18 Predicted PCE-water drainage curves of VG-GS mode1 for 20,40,60, and 80 OC 
("D''=drainage) 
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Figure 3.19 Predicted PCE-water imbibition curves of VG-PL-GS mode1 for 20,40,60, and 
80 OC ('T'=imbibition) 
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3.6 Discussion 

The linear relationships between interfbcial tension and temperature for air-water and PCE- 

water, as shown in Equation 3.8, are 

G, = 117.66-0.1535T 3 -38 

a,,, = 57.28 - 0.042T 3.39 

where 0, and q,, are in mN/m and T is in K (Ma and Sleep, 1995 and Grant and 

Salehzadeh, 1996). The coefficients of determination (EtL) were 0.99899 and 0.994 for 

Equation 3.38 and 3.39, respectively. Thcn, Po = a / b is -766.5 (K) for air-water systems and 

-1363.8 (K) for organic-water systems. The values of Po fiom curve-fitting of the 

experimental data for air-water drainage and imbibition are -448.6 (K) and -496.5 (K), 

respectively, which are much larger than -766.5 (K), while the Po for organic-water drainage 

and imbibition are -413.0 (K) and -848.8 (K), respectively, which are also much larger than 

-1 363.8 (K) (see Table 3.2 (e) and (f)). Therefore, From the Grant and Salehzadeh (1 996) 

theory discussed before, we know that the effect of ternperature on the drainage and 

imbibition capillary pressure curves of the air-water and PCE-water systems cannot be 

explained by the effect of temperature on the IFTs alone since the experimental values of Po 
are quite different from the theoretical values of Po. 

However, if the ratios of wetting coefficients, cos(QT / cos(Bh,, of air-water and PCE-water 

drainage data are plotted against temperature (Figure 3.20) and against water saturation 

(Figure 3.21), the Grant and Salehzadeh (1996) theory predicts that the ratios of wetting 

coefficients decreased, i.e., the contact angles increased, for both air-water and PCE-water 

drainage data when temperature increased. Even though there are no contact angle data 

obtained directly fiom the air-water-silica and PCE-water-silica systems at different 

temperatures to veriQ the prediction, the contact angle data fiom the literature (Neumann, 

1978; Poston et al., 1970; Davis, 1994) often showed a decrease of contact angle with 

increasing temperature, or at most very small increases. Neumann and Spelt (1996) reported 
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that the contact angle increased fkom 106.5 O to 109 O for a air-water-siliconized g l a s  system 

when temperature changed fiom 5 O C  to 50 O C  (i.e.. +0.056 'Pc) .  If we assume that the 

contact angle of the air-water-silica system increased from O O to 3.5 O over the temperature 

range of 20-80 OC, cos(3S0) / cos(oO) is only 0.998, which is larger than even the highest 

value of the wetting coefficient ratios (0.88 for air-water-silica at S, = 0.3; Figure 3.21. top 

graph). Therefore, it is obvious that physically reasonable changes in contact angle can not 

account for the difference between the measured capillary pressures and calculated capillary 

pressures not accounted for by changes in interfacial tension. 

The factors that rnay be responsible for the decrease of capillary pressures with increasing 

temperature, in addition to the reduction of the air-water and PCE-water interfacial tension 

and increase of contact angle, are the increase of impurity (surfactant) concentration, the 

change of entrapped air volume, the increased flow of water fiom isolated packets to the 

continuous water phase, and the change of sand compaction (see Table 3.1). The F75 silica 

sand used was not washed so it was possible that there may have been some impurities left on 

the sand surface, even though the amount was very likely insignificant. The volume of 

entrapped air would be zero, or at rnost negligible, since high vacuum was used to pull the 

air out before the water was sucked in. Therefore, the effect of change in entrapped air 

volume should have been negligible. The effect of the increase of flow of water from isolated 

packets to the continuous water phase was hard to evaluate since the experiments were not set 

up to measure this flow. The change of pore sizes due to the change of sand compaction with 

increasing temperature rnight happen because of the thermal expansion of the sand and ce11 

matenals. According to the Laplace equation (Equation 3.1 ), the effective mean soi1 radius, r, 

would have to be increased with increasing temperature in order to reduce the capillary 

pressure. However, the thermal expansion would are be negligible for the sand, glass, and 
-6 O stainless steel 304 since the linear thermal expansion coefficients 4.68 X10 / C for silica 

-1s O sand and glass and 1.73 X 10 1 C for 304 stainless steel (Lide and Frederikse, 1996). 
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Table 3.2 (a) Drainage: air-water, VG model fitting results. 

T (."CI 

20 

40 

60 

80 

Ir('') 1 u 1 Confidence 1 n 

( 1 /cm H20) Levei (95%) 

Confidence Confidence 

Leve1(95%) 

a 

( 1 /cm H20) 

0.0 1860 

0.02 147 

0.02473 

0.03002 

Table 3.2 (b) Drainage: PCE-water, VG model fitting results. 

Confidence 

Leve1(95%) 

&0.00025 

k0.00033 

+O.OOOSO 

&0.00054 

Table 3.2 (c) Imbibition: air-water, VG-PL model fitting results. 

- T ( O C ) .  

20 

40 

60 

80 

n 

8.62 

8.4 1 

7.30 

7.00 

a 

(I/cmHzO) 

0.0294 

0.0425 

0.0387 

0.0450 

Confidence 

LeveI (95%) 

k0.83 

k0.93 

+0,82 

k a 7 3  

Confidence 

Level(95%) 

H.00 1 1 

kO.0028 

M.0022 

k0.0060 

S,, 

O. 132 

0.126 

0.117 

0.244 

Confidence 

Level(95%) 

k0.030 

k0.035 

+O .O44 

k0.023 

n 

4.94 

4.02 

4.47 

3.45 

Confidence 

LeveI (95%) 

10.51 

iO.55 

H.76 

k0.73 

' s w 

O. 133 

0.060 

0.087 

0.101 

Confidence 

Leve1(95%) 
1 

fl.024 

kO.040 

k0.043 

k0.049 
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Table 3.2 (d) Imbibition: PCE-water, VG-PL model fitting results. 

T ("Cl 

20 

40 

60 

80 

n 

,+Confidence 

Level, 95% 

8.0742 

k0.5590 

4.0570 

k0.3245 

a 

( 1 /cm H20) 

0.2 07 

O. 180 

O. 13 1 

0.157 

Air-Water 

PCE- 

Water 

a ( 1 /cm H20) 

&Confidence 

Level, 95% 

0.0 186 

k0.0003 

0.0552 

I0.0017 

"0 6) 
+Confidence 

Level. 95% 

-448.6 

t6.5 

413.0 

17.4 

Confidence 

Level(95%) 

k0.020 

I0,O 15 

k0.014 

f 0.024 

a, 

+Confidence 

Level, 95% 

-0.5514 

k0.2032 

- 1.2740 

50.2971 

Table 3.2 (e) Drainage: air-aater and PCE-water, VG-GS model fitting results (for al1 the 

temperatures: 20,40,60, and 80 OC). 

br 

%onfidence 

Level, 95% 

0.00222 

kO.00061 

0.00438 

40,00088 

n 

2.2 1 

2.2 1 

2.79 

2.29 

n 

'Confidence 

Level, 95% 

4.05 

M.43 

2.35 

10.15 

1 

Air-Water 

PCE- 

Water 

Cr 

+Confidence 

Level, 95% 

0.128 

H.328 

1.279 

I0.261 

Confidence 

Level(95%) 

&O. 1 1 

I O .  1 1 

k0.3 1 

k0.22 

a ( k m  H20) 

Sonfidence 

Level, 95% 

0.03 18 

IO.OO 19 

0.1587 

34.0186 

Konfidence -7 

Table 3.2 (f) Imbibition: air-water and PCE-water, VG-PL-GS model fitting results (for al1 

the temperatures: 20,40,60, and 80 OC). 

Isar 

0.244 

0.162 

0.147 

0.084 

Confidence 

Leve1(95%) 

40.0 18 

kO.0 17 

k0.029 

k0.03 1 
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S,, (Measured) 

0.1 10 

0.076 

0.058 

0.046 

T ( O C )  

20 

40 

60 

80 

'Su (VG-PL) 

+95% C.L. 

0.133 

+0.024 

0.060 

t0.040 

0.087 

kO.043 

0.101 

k0.049 

'Su (VG-PL-GS) 

0.107 

0.106 

0.104 

0.103 

Sw (VG) 

I95% C.L. 

0.132 

10.030 

0.126 

k0.035 

0.1 17 

k0.044 

0.244 

k0.023 

Table 3.2 (g) Air-water system, residuai water saturations (S,,'s) and residuai air saturations 

('sxqs). 

Sw (VG-GS) 

0.098 

0.142 

0.187 

0.23 1 

S, (VC-GS) S,, (Measured) 

Table 3.2 (h) PCE-water system, residual water saturations(S,'s) and residual air sanirations 

(%r's)* 

+95% C.L. 

0.244 

iO.0 18 

0.162 

130.0 17 

0.147 

I0.029 

I 

a 

- 

- 

- 

'S., (VG-PL) 

0.268 

0.199 

0.130 

'S,, (VG-PL-GS) 
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- - o. - AW: S ~ 0 . 3  

- - + - AW: Sw0.7 

- . - A. - AW: Sw=0.999 

+OW: sw0.4  

+ OW: SwO.7 
- ~+OW: S ~ 0 . 9 9 9  

Temperature (OC) 

Figure 3.20 The ratios of wetting coefficients of air-water (AW) and PCE-water (OW) 

drainage data at different water sahuations vs. Temperature (T0=20 OC). 

Figure 3.2 1 The ratios of wetting coefficients of air-water (AW) and PCE-water (OW) 

drainage data at different temperatures vs. water saturation. 
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The residual water saturations, residual air saturations, and residual PCE saturations are 

summarized in Table 3.2 (g) and (h). The S,, values in the second column and the 'S, values 

in the fifih column of Table 3.2 (g) and the S,, values in the second column and the 'S,, 

values in the fiflh column of Table 3.2 (h) were taken from Table 3.2 (a) - (d). The S,, values 

in the third column of Table 3.2 (g) and (h) were calculated using q+b,T (Equation 3-37} with 

the a, and b, values in  able 3.2 (e). The 's, values in the last column of Table 3.2 (g) and the 

's,, values in the last colurnn of Table 3.2 (h) were calculated using c,+dJ (Equation 3.38) 

with the c, and d, values in Table 3.2 (f). The S, and S,, values in Table 3.2 (g) and (h), 

respectively, were determined directly fiom the expenmental data. 

The S,, values of air-water drainage c w e s  from the VG mode1 decreased fiom 0.132 to 

0.1 17 and then jumped to 0.244 while the S, values from the VG-GS model increased from 

0.098 to 0.23 1 over the temperature range of 20-80 OC. In fitting the VG-GS model with S,v, 

= a, + brT, a statistically significant, positive value of b, was obtained, indicating that S,, 

increases with temperature in the air-water system. However, the data suggest that the 

influence of temperature on S, is not linear, nor monotonie and that a more complex 

functional relationship is appropriate. For the PCE-water drainage cuves, the S, values for 

both VG and VG-GS models increased. The S,, values for the VG model increased from 

0.076 to 0.193 while the S, values for the VG-GS model increased fiom 0.008 to 0.271. The 

VG-GS model predicted a wider range of change of S, than the VG model and may not be 

mie since it assumed that the S, varied linearly with temperature. 

The measured residual air saturations decreased fiom 0.1 10 to 0.046 over the temperature 

range of 20-80 O C .  The VG-PL-GS model predicted the same trend as the measured S, 

values. However, the temperature dependence of S, was not significant since 4 (-0.00007 1 * 
0.001024, Table 3.2 (f)) was not significantly different than zero. The VG-PL model 

predicted a decrease of the residual air saturation fiom 0.133 to 0.060 when temperature 

increased fiom 20 OC to 40 O C  and an increase of the residual air saturation fiom 0.060 to 
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0.101 when temperature increased from 40 OC to 80 OC. The VG-PL rnodel did not fit the 

experimental data very well however. especially at the higher temperatures. 

The residual PCE saturation frorn the expenmental results. the VG-PL rnodel calculations. 

and VG-PL-VG model calculations decreased over the temperature range of 20-80 OC. The 

values of the residual PCE saturations obtained fiom the VG-PL and VG-PL-GS models at 

each temperature were quite close to the rneasured values of residual PCE saturations. 

The analysis of the effects of temperature on capillary pressure-water saturation curves have 

the following implications with respect to s t e m  flushing: a) The undesirable downward 

mobilization of a DNAPL can happen due to the decrease in capillary pressure with 

increasing temperature since the DNAPL will flow downward and enter the smaller pores. 

which c m  not be entered at lower temperatures, if the capillary pressure is decreased below 

the entrance pressure of the DNAPL into the smaller pores. The magnitude of the decrease of 

PCE entry pressure into F75 silica sand, which could be as high as 50 % over the temperature 

range of 20 to 80 OC (see Figure 3.7), may be comparable with the magnitude of changes of 

entry pressure in a surfactant flooding. b) More hydraulic removal of organic contaminants 

fiom the subsurface by hot water during s t e m  flushing is possible, in addition to the organic 

contaminants removed by cold water ahead of the steam front, due to the decrease in residual 

organic phase saturations with increasing temperature. That is, a portion of the immobile 

organic contaminant phase would be mobile at higher temperatures and could be displaced by 

hot water or stearn. c) The Pc-S, model accounting for the change of capillary pressures with 

temperature could be incorporated into a stearn flushing numencal model. The predictions 

made by such steam flushing simulator rnay be more redistic than those s t e m  Bushing 

simulators not accounting for the effect of temperature on capillary pressures-water saturation 

curves since the magnitude of the decrease of capillary pressures with increasing temperature 

could be as high as 50 % over the temperature range of 20 to 80 O C .  
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3.7 Conclusions 

A P,-S, mode1 accounting for the decrease of capillary pressure with increasing temperature. 

based on an extensive literature review, was presented and fitted very well to the 

experimental data. A g l a s  pressure cell, colurnn sand packer, and temperature control 

charnber were designed and constmcted. Very good repeatability was obtained for the 

capillary pressure curves by using the g l a s  pressure cell. 

From the experimental measurements of air-water and PCE-water drainage and imbibition 

curves of F75 silica sand at temperatures of 20.40, 60, 80 OC and parameter estimation trials, 

the following conclusions on the effect of temperature on capillary pressure c w e s  (P,-S, 

relations) can be drawn: 

Temperature had a considerable effect on air-water and PCE-water capillary 

pressure-water saturation drainage and imbibition curves. 

The capillary pressure and hysteresis of air-water-silica and PCE-water-silica 

systems decreased when temperature increased fiom 20 OC to 80 OC. 

The residual water saturations in the PCE-water-silica system increased when 

temperature increased fiom 20 O C  to 80 OC. Residual water saturations in the air- 

water-silica system decreased slightly over the temperanire range of 20 - 60 OC 

and then increased significantly From 60 OC to 80 OC. 

The residual PCE saturations in the PCE-water-silica system decreased when 

temperature increased fiom 20 OC to 80 OC. The measured residual air saturations 

in the air-water-silica system decreased when temperature increased from 20 O C  to 

80 OC. The fïtted residual air saturations for the air-water-silica system decreased 

when temperature increased fiom 20 OC to 40 OC and increased when temperanire 

increased fiom 40 OC to 80 OC 

The magnitude of the effect of temperature on P,-S, c w e s  can not be fully 

explained by thermal variation of air-water and organic-water interfacial tensions 
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and contact angles. Other possible factors are increases of impurity (surfactant) 

concentrations, changes of entrapped air volumes, increased 80w of water from 

isolated packets to the continuous water phase, and changes of sand compaction. 

The above findings from the analysis of the effects of temperature on capillary pressure-water 

saturation curves have the following implications with respect to steam flushing: 

1. When temperature is increased, the undesirable downward mobilization of a 

DNAPL c m  happen if the capillary pressure is decreased below the entrance 

pressure of the DNAPL into the smaller pores which can not be entered at lower 

temperatures. 

2. In addition to the removal of organic contaminants by cold water ahead of the 

s t e m  front, more hydraulic removal of organic contaminants from the subsurface 

by hot water during steam flushing is possible due to the decrease in residual 

organic phase saturations with increasing temperature. 

3. The P,-S, model accounting for the change of capillary pressures with 

temperature couid be incorporated into a s t e m  flushing numerical model. The 

predictions made by such s t e m  flushing simulator may be more realistic than 

those steam flushing simulators not accounting for the effect of temperature on 

capillary pressures-water saturation curves. 
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CHAPTER 4 LABORATORY SETUP FOR STEAM FLUSHING 

4.1 Introduction 

The purpose of the steam flushing experirnents is to investigate NAPL removal eficiency, 

steam gravity ovemde, remobilization of NAPLs, as well as the effects of well orientations. 

soil layering, soil saturation conditions, and NAPL compositions on NAPL removal. The 

experiments also provide data for numerical model testing. The steam flushing system 

consisted of £ive components (see Figure 4.1): 

1. A sand chamber equipped with pressure sensors, temperature sensors, water 

saturation sensors, sampling ports, and wells for injection and extraction 

2. A chemicai spill system consisting of syringe pump and chernical spill distributor 

3. A steam generating system in which the steam temperature was regulated and 

steam pressure was monitored and controlled 

4. A water and NAPL collecting, condensing, and separating system 

5. A process control and data collection system including a data acquisition system. 

a cable tester, gas chromatography, and two personal computers 

The majority of the equipment was designed and constmcted in the groundwater laboratory 

of the Department of Civil Engineering of the University of Toronto during this thesis work. 

The rest of this chapter explains the construction and testing of these devices. 

4.2 Parailel Plate Sand Chamber 

The parailel plate sand chamber represents a vertical-cross section of subsurface and holds a 

volume of sand 1 10.5 cm wide, 57.5 cm high, and 10 cm thick. The two-dimensional (2D) 

model consists of one 1/2" thick tempered g l a s  plate at the fiont and one 1/4" stainless steel 

(SS) plate at the back supported by an aluminum frame (Figure 4.2). Two vertical iron bars 

61 
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were placed at the front side of the mode1 to support the g las  and withstand the force 

generated during ihe stearn flushing process. The VitonM gaskets were placed between the 

glass and aluminum m e ,  between the SS plate and aluminurn fiame, and between two SS 

lids and the top aluminum b e  fonning the two windows which rneasured 44.7 cm long 

and 5.2 cm wide. A drainage port was placed at the bottom near the right side. One inch thick 

fiberglass insulating material was wrapped around the parallel plate sand chamber to reduce 

heat loss from it. 

, Water container 

Steam generator - 

Water -_ - - - :  / 
Relay 
box Data 

acquisition Cab te Computer 
Computer 

system tester 

Figure 4.1 Setup for s t e m  flushing experiments. 
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\Metal bar /' 

Top window Pressure transducer 

---  -L 
C 

Figure 4.2 Two-dimensional vertical-cross section sand chamber. 
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4.3 Temperature Measurement 

A total of 24 T-type thermocouples (Thermo-Electric) were installed on the back at various 

locations (Figure 4.2, 4.3). The tips of the shielded thermocouples were placed in the center 

of the sand chamber (5 cm From the inside face of the SS plate). A thermistor inside the data 

acquisition system provided a reference temperature measurement for ail the experiments. 

The error of temperature measurements is less than t 0.5 OC. 

/ .  A'/' ,., ,',, 
/ / c .  -. 114" SS plate (back) 
/,/',/, ,'. 

1/I 6" Swagelok male connecter 

Figure 4.3 Temperature sensors. 

4.4 Pressure Measurement 

Silica sand 

A total of 12 pressure transducers (Micro Gauge Inc., model: P102, pressure range: O - 15 

psig, accuracy: 0.25% Full scale = 2.6 cm H20) were connected to various locations on the 
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back of the model. In order for the pressure transducers to maintain water contact with the 

sand inside the model, a pressure tensiometer sirnilar to Van Geel's ( 1994) was designed and 

made (Figure 4.4). It consisted of a 3/8" b r a s  SwagelokM fitting with a 1-bar bubble 

pressure ceramic cup (frorn Soi1 Moistwe Corporation) glued into the hole drilled at the end 

of the SwagelokTM fitting. The glue of choice was epoxy (LePage) since it is compatible with 

the chernicals used. The pressure transducers were re-calibrated after each experiment since 

they drifted away fiom zero by as much as 5 cm of water, which is about 0.5% of their range. 

, 1' 1 , , '. 

% S  1 /4" SS plate (back) 
, I 

I ,  

8 4 .' / ,  
, P. Pressure transducer 1/8" Swagelok male connector 

- - - , 
< - Siiica sand 

Figure 4.4 Pressure temiorneter. 

Senous enors in pressure measurement or damage to the pressure transducen could be 

caused by the hot SS plate surface during the steam flushing process if the pressure 

transducers were too close. Therefore, three metal strips were mounted on the back of the 

model 25 cm fiom the stainless steel plate to hang the 12 pressure transducers outside of the 

insulating fiberglass. The 148" TenonTM tubing comecting the pressure transducers to the 

ceramic tensiometers were filled with room temperature deaerated and distilled water. 
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4.5 Water Saturation Measurement 

Time domain reflectometry (TDR) was used in the expenments to measure the volumetric 

water saturation as an inexpensive, non-destructive, fast, and accurate method compared with 

gamma ray sensor, x-ray sensor, and neutron sensor methods. TDR is based on the theory 

that the propagation velocity of a high frequency electromagnetic wave through three parallel 

SS rods in a wet soil is highly dependent on the soil's dielectric constant which in turn is 

highly sensitive to the water saturation of the soi1 (Topp et 02. 1980; Topp et al. 1982; Topp 

and Davis, 1985; Topp et al. 1988; Zegelin et 02. 1989) (see Figure 4.5). A cable tester 

(Tektronix 1502C, Metailic TDR Cable Tester), which has been used in the 

telecommunication industry for locating fadty coaxial cables, was used by Topp et al. (1 980) 

to determine the propagation velocity. The cable tester displays a wave form which shows the 

dielectric response corresponding to an electrornagnetic pulse traveling inside the soil. Once 

the travel time of the electromagnetic pulse dong the rods in the soil has been read directly 

from the wave form, the propagation velocity, v, can be easily calculated since the length of 

the three parallel SS rods is known. Then the apparent dielectric constant, &,, c m  be 

calculated from the formula 

v = c / ( W O . ~  4.1 

where c (300,000 km/s) is the electromagnetic wave propagation velocity in fiee space. 

Topp et al. (1980) also found that the dielectric constant was highly sensitive to water 

saturation and weakly sensitive to soil type, texture, and density. The sait concentration only 

affected the attenuation of the dielectric constant. A "universal" empiricd formula , which is 

not dependent on soi1 type, was obtained by fitting their data to a third degree polynomial. 

The formula is slightly modified to express the volumetric water saturation instead of 

volumetric water content as followed 

S, = ( - 5 . 3 ~ 1 0 - ~  + 2 . 9 2 ~ 1 0 ~ ~  &-5wazni .5x104 &,2+4.3~104 k3)4 
where $ is the soil porosity. 
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+ I/2" Tempered glas  (fiont) 1/4" SS plate Viton "* 
/"O M g  

I/ 
1/16" diarneter X 10.7 cm long SS rod. 

1.6 cm Teflon TM inserter 

I 1.6 cm Central conductor 

conductor 
Silica sand 

Figure 4.5 TDR sensors for measuring water saturation. 

Zegelin et al. (1989) showed that a three-wire sensor can adequately represent a coaxial ce11 

(Topp, 1980) and has much better accuracy than a two-wire sensor (Herkelrath et al., 199 1 ; 

Brisco et al., 1992). The three 304 SS rods used in this study are 10.7 cm length and 11 1 6" 

diarneter. The central rod was screwed directly to the central conductor of the coaxial 

connector. The two side rods were screwed into the threaded central holes of two screws 

mounted on each side of the coaxial conductor on the SS plate which is in direct contact w i t i  

the outer conductor of the coaxial connector. VitonTM "0" ~ g s  were used on the screws and 

coaxial connectors to prevent the leaking of water and chemicals fiom the modef. 

The cable tester, used to measure the 12 volumetric water saturations, was comected through 

a 50-pin ribbon cable to a 486 personal computer to read, store, and analyze the wave forms. 

The variation of the water saturation measurements was less than 2%. 



Chapter 4. Laboratory Setup for S t e m  Flushing 68 

Tests were done by Milko (1995) to study the effect of temperature on the water saturation 

reading for the air-water and water-transformer oil (ESSO Petroleum Canada, Voltesso 35) 

tluid pairs in F75 Ottawa silica sand over the temperature range of 20 - 80 OC. Negligible 

temperature effect was found. Expenment results also showed that this method can not be 

used to accurately measure the oil saturation in an air-oil system since the air and oil have 

similar dielectric constants (e.g. air: 1; nonane: 1 .Wî; water: 78.54 (Lide and Frederikse. 

1995); soils: 2 to 5 (Pepin et al. 1995)). 

M e r  the measurement of the variation of the dielectric constant (KJ with temperature for a 

range of soil types (sand, loam, and peat) with the water content (i.e. $S,) ranging fiom O to 

0.8 and soil temperature ranging fiom 5 to 50 OC, Pepin et al. (1995) reported that the 

absolute error of water saturations was 0.00175+SW 1PC. The relative error of water 

saturations was 2.6% for a soi1 with an average water content of 0.15 and a temperature 

change of 15 O C .  The same error was found for a peat with an average water content of 0.8 

and a temperature change of 15 OC. The absolute error of water saturations for the F75 silica 

sand used in this thesis research would be fiom 1.4% when S, = 10% to 14% when S, = 

100% with a temperature change of 80 O C  (from 20 to 100 OC) if we assume that the absolute 

error of water saturations of 0.00 175& 1 PC could be used. 

4.6 Concentration Measurement 

A total of 24 sampling ports were made with 1/8" bras SwagelokTM male connectors screwed 

into the SS plate (Figure 4.2). Two sep- discs were placed in the hollow of each 

SwagelokTM comector and were held in place by screwing on the nut (Figure 4.6). The 

septum discs can hold more than 20 psig pressure prevent the leaking of steam and other 

fluids. A side port needle was used with a 0.5 ml Hamilton gas-tightTM glass syringe to take 

samples from each port by piercing the needle through the septum discs. 



Chapter 4. Laboratory Setup for Steam Flushing 

, , 
J ,' 

, 1/4" SS plate (back) 
' ',, , 

,",. 118" Swagelok male connector - . .  / 

Figure 4.6 Sampling port. 

A Hewlett Packard 5890 Senes II Gas Chromatography (GC) equipped with a flame 

ionization detector (FID) and a 7673 auto-sampler was used to analyze al1 the sarnples. The 

column used was a 6-foot 3% ov-1 packed column and the carrier gas was helium with a flow 

rate of 60 rnl/min.. Hydrogen with a flow rate of 30 mlhin .  and air with a 80w rate of 300 

ml/rnin. were used for FID. The 486 personal cornputer connected to the GC collected, 

analyzed, and stored the results. The retention tirne waç less than 6 minutes with a multi-level 

temperature program (21 0 OC for the injecter, 220 O C  for the detector, and 90 O C  during the 

first 1 minute and 120 O C  during the final 4.5 minutes for the oven) of the GC since the vapor 

pressures of both perchloroethylene (PCE) and n-nonane (nonane) are low. PCE and nonane 

had retention times of 3 and 4.5 minutes, respectively. 

A GC standard for PCE was prepared by injecting a mass of 5.01 mg of PCE into 100 ml of 

water sealed in a 100 ml volumetric flask to produce a solution with a PCE concentration of 

50 mg/L. The flask was shaken by hand for sufficient t h e  (30 minutes) to mix the chernicals 

with water. AAer complete dissolution of the PCE, a volume of 0.5 ml of aqueous solution 

was withdrawn with a syringe and injected into a 2-ml vial containhg 0.5 ml 
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dichloromethane (DCM) (BDH Laboratory Reagents, 99.5% pure) which was used as a 

liquid solvent to extract the PCE. The vial was shaken sufficiently (3 minutes) and put into 

the auto-sampler tray for analysis. The 10 pl syringe on the auto-sarnpler took 1 pl of DCM 

solution from the boaom of the 2-ml vial (DCM is heavier than water) and injected it into 

the GC. The concentration was automatically calculated based on the area under the and 

identified by the retention time. A Cpoint (50.0. 250.9, 752.8, and 1505.7 mg/L) GC 

calibration was used. The .replicates of four points showed excellent repeatability and the GC 

standard was checked with a single point (50 mg/L) after each experiment. Relative variation 

of the concentrations was less than 4%. A 0.5 ml water sarnple was withdrawn fiom each 

sarnpling port and was analyzed the same way as the standard was analyzed. A concentration 

of O mg/L was assurned when the PCE concentration was below 0.0001 mg/L which is the 

detection lirnit of the method used. 

For the nonane or the mixture of PCE and nonane, the GC standard was prepared in a 

different way since the aqueous solubility of nonane was quite low (0.122 mg/L). Two DCM 

solutions with different concentrations of PCE and nonane were prepared by injecting known 

volume ratios of PCE and nonane into two 45 ml vials containing 41.8 ml of DCM. The first 

volume ratio of PCE to nonane was 2.5 pL : 1 .O PL, which gave a DCM solution with a PCE 

concentration of 97.24 mg/L-DCM and a nonane concentration of 17.17 mg&,-DCM. The 

second volume ratio of PCE to nonane was 5.5 pL : 3.5 PL, which gave a DCM solution with 

a PCE concentration of 2 13.93 mg/L,-DCM and a nonane concentration of 60.08 mgK.-DCM. 

Afier the two 45-ml vids were shaken for 30 minutes, a volume of 0.5 ml sample was taken 

from each of these two DCM solutions by syringe and injected into a 2-ml vial. A volume of 

0.5 ml of distilled water was added to each of the 2-ml vials. After each of the two 2-ml vials 

was shaken for another 30 minutes, the two 2-ml vials were put into the auto-sampler on the 

GC for analysis with the same setup and procedure descnbed before. Variation of the 

concentrations in repeated tests was less than 4%. 
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1.7 Organic Chernicals Utilized 

The chemicals used were perchloroethylene (PCE) and n-nonane (nonane) (Caledon 

Laboratory Ltd.. PCE: 99.0%, nonane: 99.0%) which are semi-volatile organic chemicals 

(Table 4.1). PCE is called a DNAPL (dense non-aqueous phase liquid) since it is heavier than 

water and nonane is called a LNAPL (light non-aqueous phase liquid) since it is lighter than 

water. Magdala Red (Allied Chemical Corporation) was chosen to dye PCE red since it was 

soluble in PCE and insoluble in water. 

Perchloroethy lene (PCE) n-nonane (nonane) 

Molecular formulaa 

Molecula. mass (ghol)" 

Note: ' Mackay er al . (1 993); k i d e  (1  995); 'Lide and Frederikse ( 1  995); * ~ o n t ~ o r n e r y  ( 199 1 ): ' Ma and Sleep 

( 1994); Temperature =20 OC except noted. 

Solubility @ 25 OC (dm')' 

Solubility (g/m3) 

Vapor pressure (Pa) 

Viscosity (cP, @ 25 OC) '  

Specific densitya 

Table 4.1 Chemical properties.and 

CCL2=CCL2 

peak 165.83 

4.8 Chemical SpiII Distributor 

C9Hzo 

128.26 

150- 1503 

799 (@ 100 

1 86Cia 

0.844 

1 A26 

In order to run the steam flushing experiments, organic chemicals have to be spilled into the 

parallel plate sand chamber to create a plume of LNAPL or DNAPL which is uniform across 

150.8 Boiling point (OC)' 

0.07 1 - 1.70 

1.7 (@ 121.3 'C)' 

429' 

0.665 

0.7 176 

121 
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the thickness as the initial condition. It is very important to ensure the uniformity of the 

plume along the thickness so that the experiment is two-dimensional rather than three- 

dimensional. 

A spi11 distributor was assembled with b ras  SwageiokM fittings and 3/8" stainless steel (SS) 

porous tubing (Cole Parmer Instrument Company) (Figure 4.7). The porous SS tubing which 

has a pore size of 5 micron was sealed at the end. When PCE or nonane was injected into the 

tubing breakthrough dong the tubing occurred at a pressure of 2 psig. Once the chernical 

broke through the porous tubing, it spread out laterally about 2 cm from the center of the 

tubing to each side. Therefore, the three porous tubes were able to cover 12 cm, which was 

enough to cover the whole thickness of the model. 

/ 
318" OD porous SS tubing 118" swagelok cross 

\ 1/8" 

1/8" SS tubing - 

Figure 4.7 Chemical spill distributor. 

The chernical spill distributor is 17 cm long and was placed in the sand chamber 5 cm from 

the top of the sand starhg 30.5 cm from the nght end of the sand chamber (Figure 4.8). 

Figure 4.8 (a) is for Experiment #1,2, and 3. Figure 4.8 (b) is for Experiment #4. 
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Chernical spi11 distributor 

I 

F75 silica sand 41.5 cm 

1 Well 1, 1 Chemical spi11 distributor 

F 1 10 silica sand 

b) 

Figure 4.8 Sand layers. a) Vertical wells; b) Horizontal wells. 

4.9 Wells 

Al1 wells were constructed with 3/8" stainless steel (SS) 304 tubing (Figure 4.9). Many holes 

with a diameter of 1/16" were drilled dong the tubing and covered with a SS screen of sieve 

size of 200. The use of screens prevented the sand fiom entering the well during sand packing 

and NAPL recovery. The weils placed honzontally or vertically were connected to the stearn 

generator and condenser for s t em injection and NAPL recovery, respectively (Figure 4.8). 

The vertical wells were 30 cm long and were divided into two segments of 15 cm by a central 

plug in the wells. They were located 7 cm from the side of the sand chamber and were 

centered verticaily. The horizontal wells were 65 cm long and were located 1 cm fiom the top 

of the sand chamber and 1 8 cm fiom the bottom of the sand charnber. 
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1/16" hole X 4 on _ .  
200 mesh SS screen - 

\ /the cross-section - . - .  

Figure 4.9 Well construction details. 

4.10 Sand Used 

Two types of Ottawa silica sand (US Silica), F75 and FI  10, were used for al1 the 

experiments. The sieve analysis for the two sands are listed in Table 4.2. The physical 

properties are listed in Table 4.3. 

4.11 Sand Packing and Packer 

It is very important to pack the sand into the NO-dimensionai mode1 tightly and uniformly to 

ensure a homogenous porous medium. Since the fiont of the two-dimensional mode1 was 

made of glass and was fiagile, and TDR sensors, thermocouples, and ceramic pressure 

senson were placed in the chamber before sand was added, portable vibrators and floor top 

shakers could not used. The Kolbuszewski and Jones (1961) rnethod (as discussed in Chapter 

3) was used to pack the sand. 
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F75 Silica sand 

JO mesh 

% Retained 

50 mesh 

F l  IO SiIica sand % Retained 

0.3 % 

70 mesh 

I 
6.0 % 

100 mesh 

50 mesh 

25.4 % 

140 mesh 

1 
0.5 O/O 

70 rnesh 

39.9 % 

I 

200 mesh 

I 1 I 1 

Note: Data were From US SiIica Corporation. 

4 O h  

100 mesh 

22.0 % 

>ZOO mesh 

Table 4.2 Typical sieve analysis of the sands. 

18 % 

140 mesh 

I 1 F7S Silica sand 1 FI10 Silica sand I 

44 % 

200 mesh 

8 %  
1 

0.8 % 

25 % 

5.6 % 

1 Bulk density (kg/m3) I 1670 I 1700 I 

270 mesh 

>270 mesh 

Porosity (%)a 

Permeability (m'la 

0.5 % 

36.7 % 

1.07 X IO-'" 

Heat capacity (k.J/kg-O~)~ 

n- -- - -- 

a Measured data; Falta et ai., 1992. Other data were from US Silica Corporation. 

34 % 

5.32 X 10"' 

1 

1 .O 1 1 .O 
I 

Table 4.3 Physical properties of the sands. 

2.86 
1 

A two-dimensional sand packer, 105 cm long by 60 cm high by 1 1  cm wide, was built 

(Figure 4.1 0). Five layers of evenly spaced 25-mesh screens, at intervals of 4 cm, were placed 

inside the two-dimensional sand packer. A pattern of 0.2 cm holes was drilled with the same 

intervals of 4 cm in both directions on a wooden board, which was placed 4 cm above the top 

screen in the MO-dimensional sand packer to serve as a metering board controHing the flow 

rate of the sand. 

Thermal conductivity ( W / ~ - ' C ) ~  2.86 
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0.2 cm hotes , ,Wood metering board - 

25 mesh Nylon screen \Wood frame 

Figure 4.1 O Two-dimensional sand packer. 

Sand was added to the top of the metering board continuously and packed into the two- 

dimensional model in about 4 hours. The porosity of the silica sand in the two-dimensional 

model was assumed to be 36.7% for the F75 silica sand and 34% for the FI 10 silica sand 

(Table 4.3). The values of the sand porosity were found by measuring the volumes of water 

and sand after a known volume of sand was deposited into a beaker containing water. The 

permeabilities of the silica sands were measured with a constant head permeameter made 

fiom a 55 cm length of 1.5" pipe and a fl psid Sensotecm pressure transducer (Table 4.3). 
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1.12 Steam Generator 

In order to control the temperature and flow rate of steam precisely and have negligible heat 

loss, a conventional boiler is not adequate. Sanchez and Schechter (1990) developed an 

adiabatic steam generator. A 46 cm length of 1/8" SS tubing, which was bent as a "UV shape 

and wrapped with a 0.476 cm diameter electrical heating cord, was wrapped rvith fiberglass 

insulation and pressed into a Dewar flask. The thermocouple inserted at the outlet end 

measured the temperature of steam and fed it back to the cornputer for monitoring and 

controlling. They reported that the adiabatic conditions were maintained at the ambient 

operating temperature even at low flow rates and high exit temperature. 

Encouraged by their results, a similar adiabatic steam generator was constmcted. However, a 

nurnber of problems were encountered even though the s t em generator worked. The power 

supplied by the electrical heating cord was insufficient and the fiberglass insulation material 

burned. The Dewar Bask was not large enough to hold a longer and larger diameter SS tube. 

Consequently, a second adiabatic steam generator was constmcted (Figure 4.1 1). 3 16 SS 

tubing of 1/4" diameter and 610 cm length was bent into a coil shape and wrapped tightly 

with 5 high power elecaical heating tapes (Cole Paxmer Instrument Company). Each 

electrical heating tape was 366 cm long and could generate 628 watts of heat. Five electrical 

heating tapes generating a total of 3140 watts required that 3 separate electric outlets and a 

relay box be built (Figure 4.12). The coil was placed into a barre1 and insulated with ceramic 

cloth which could withstand temperatures up to 1000 OC. A thermocouple was inserted into 

the ceramic cloth to monitor the temperature. Another thermocouple was inserted into the 

outlet of the coil to measure the s t e m  temperature which was fed back to the data acquisition 

system (DAS) for monitoring and controlling. Two pressure gauges (30 psig) were installed 

to monitor the water and steam pressure. Two in-line spring-type pressure-cracking valves 

(Cole Panner Instrument Company, Nupro C Senes, 3-50 psig cracking pressure) were used 

as safety valves to release the steam pressure when it went up to a preset value (20 psig for al1 

the experiments). 
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Figure 4.1 1 Steam generator system. 

f i e  idet of the steam generator was comected to a gear type pump (Cole Parmer Instrument 

Company gear pump (Model # 7144-00) with Micropump head (Model # 120-000)) which 

delivered small fIow rates of deaerated and distilled water from a 55-liter container to the 

s t e m  generator. The SS tubing between the outlet of the s t e m  generator and the sand 

chamber was wrapped with several layers of insulating tape to reduce heat loss. The power 

input to the steam generator could be calculated fiom the cornputer displayed power level and 

the capacity of the electricai heating tapes. 
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To heating tapes of stearn generator 

Channel 1 2 3 4 5 6 

1 - 
To 2 - 

DAS - 

& 4 -  
PC 5 - 

6 

+ A 
- - . - 

SSR 5 
To 

-- SSR I 
- -- 

SSR 3 

- --- B 115V 

-- SSR 2 SSR 4 SSR 6 ,-C - _  AC - 

Switch 1 2 3 4 5 6 A B C  

a) WhoIe box of 6-SSR comection diagram. 

1 2 V  DC Diode 
Transistor 

Pulse 

,- . - . - SSR Switch 1 Switch A 
. , ,  - - + --- Resistor 1 

- 115 V A C  

Resistor 2 . . ' Resistor 3 

Ground 

b) One SSR connection diagram. 

Figure 4.12 Solid state relay (SSR) box. 

The pro portion-integration-derivation SC heme (PID) in the W inGenm so &are (Sciemetric 

Instrument Inc.) was used to regulate the steam temperature. The temperature from a 

thennocouple installed at the outlet of the steam generator was fed back to the cornputer 
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which controlled the power level of the heating tapes by b n g  them on or off through the 

relay box. The control parameters had to be conditioned for the particular steam generator 

before the stearn generator could actually be used. 

3.13 Condenser 

In order to handle the steam safely and capture al1 the organic contaminants, a steam 

condenser was needed. A condenser was constnicted with SS tubing of 6 10 cm length and 

1/4" diameter which was rolled into a coil and installed in a Plexiglassm container of 40 cm 

long, 35 cm wide, and 40 cm high (Figure 4.13). Roorn temperature tap water was circulated 

through the Plexiglassm container. The SS tubing was covered by cool tap water al1 the tirne 

with the warm water drained constantly from the top of the container. 

Plexiglas Container e T a p  water 

' Open CO air 

1 + 

- 7 z  -- - , ' 
L A  r 

d ' ;  - .-.- 
JI 

1/4" SS tubing coi1 t Drainage 

Figure 4.13 Stearn condenser. 
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4.14 Chemical and Water Separator 

The NAPL and water phases removed From the extraction well had to be separated 

continuously in order to measure the cumulative arnount of organic contaminants recovered 

during steam flushing. One of the difficulties associated with the separation of chernical and 

water was how to measure the arnount of chernicals accurately since the volume of water was 

much larger than the volume of chemicds. Another dificulty was that DNAPLs are heavier 

than water and LNAPLs are lighter than water. 

Open to au  

Paranin 
Open to air 

From fi lm ParaffuiRim +- .A - open to air condenser 

\ - 
LNAPL f P m f i  fih 

- -7 -IL- .-/ - 

- - I 4 Water solution +-. . - 
\ 

t--. DNAPL ___ 
I 
L: 

/ -- 
\ 

Rubber plug 

\ ~ a t e r  solution 

Figure 4.14 Chemical and water separator. 
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A chernical and water separator was constructed with the combination of a I-liter g l a s  

Funnel. a 45 cm length of 1" diameter g las  pipe. and Niter and 20-liter g l a s  boales (Figure 

4.14). The g l a s  b e l ,  pipe. and 20-liter bottle were marked with volume accuracy of 0.52. 

0.5. and 5 ml, respectively. Al1 the openings were covered with plastic film with û srna11 hole 

in the center to minimize the loss of organic chemicals. The DNAPL was drained fiom the 

bottom of the fume1 from time to time. The LNAPL was drained from the pipe by syringe 

from time to time. The volume of water was read from the mark on the bottle directiy. The 

outlet was switched to another ernpty 20-liter bottle once the 70-liter bottle was full. 

4.15 Data Acquisition System 

A Data acquisition system (DAS) (Sciemetric Instrument Inc.) was used to collect 

temperature, pressure data and control the steam temperature. The DAS consists of one 

analog to digitai converter board (Model 23 1). one 16 channel analog expansion transducer 

interface card (Model 25 1 B), one 16 channel analog expansion thermocouple interface card 

(Model 251), and one 8 channel TTL compatible timer and counter card (Model 240). The 

DAS was comected to a interface card (Model 802) instailed in a 486 DX II - 66 IBM 

compatible personai computer by a 50-pin ribbon cable to communicate with the computer. 

WindowTM based software WinGenTM was used to set up the system, monitor and store the 

temperature and pressure data, and control the steam temperature. 

4.16 Measurement of P,-S, Curves for FI10 Silica Sand 

The air-water drainage and imbibition P,-S, curves for F 11 0 silica sand were measured with 

the same devices and procedures descnbed in Chapter 3. The experimental data are presented 

in Figure 4.15. 

The PCE-water drainage curves for the F 1 10 silica sand at the temperatures of 20, 40, 60. and 

80 OC were calculated by using the VG-GS mode1 described in Chapter 3 (Figure 4.16). 
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Figure 4.15 The experimental air-water drainage and imbibition curves of F 1 10 silica sand at 
20 O C .  

Figure 4.16 PCE-water drainage c w e s  of the VG-GS mode1 for FI10 silica sand at 20,40, 
60, and 80 OC. 
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Additional information is presented in Appendix B. The P, of F 1 1 O silica sand is assumed to 

be the same as the value of F75 silica sand. which may be justified since the theoretical value 

of p, is only dependent on the IFT of the Buid pair. The PCE en- pressures of the water 

saturated F 1 I O  silica sand at the temperatures of 20,40, 60. and 80 O C ,  which were rstimated 

from the inflection points of the curves near 10O0h water saturation, were 45. 35. 30. and 22 

cm H20. respectively. The PCE entry pressures decreased fiom 45 cm H20  to 23 cm H,O 

when temperature increased fiom 20 O C  to 80 O C .  From Figure 3.7 (Chapter 3), The PCE 

entry pressures of the water saturated F75 silica sand at the temperatures of 20,40,60, and 80 

OC were estimated as 12, 10, 7, and 5 cm H20, respectively. The PCE entry pressures 

decreased fiom 12 cm H20 to 5 cm H 2 0  when temperature increased fiom 20 OC to 80 OC. 

4.17 Summary 

Nearly a dozen devices and apparatuses, which are the parallel plate sand chamber. 

tensiometers, time domain reflectometry probes, sampling ports, chemical spill distributor. 

wells, two-dimensional sand pocker, steam generator, condenser, and finally, chemical and 

water separator, were designed and constmcted. They were tested and modified until 

satisfactory performances were obtained. Some of the problems encountered and solved for 

these devices and apparatuses were leakage, temperature and chemical incompatibility, and 

sand clogging. 
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CHAPTER 5 STEAM FLUSHING EXPERIMENTAL RESULTS AND 

DISCUSSION 

5.1 Introduction 

ï h e  steam flushing experimental results. obtained from the two-dimensional sand charnber 

described in Chapter 4, are presented in this chapter. Al1 the experiments were started by 

injecting a certain amount of PCE or nonane or a mixture of PCE and nonane with a syringe 

purnp into the sand charnber and allowing the chemical(s) to flow laterally and downward. 

The maximum duration of injection for al1 the experiments was less than one hou.  The water 

saturations were measured in time intervals from one hour to one day for a penod of three 

days to one month. No rneasurable change was noticed &er three days fiom the start of each 

spill. Subsequently, the steam injection was started at least three days afler the time of the 

spill in each expenment. 

Distilled and deaerated water was pumped from a 55-liter reservoir to the s t e m  generator at 

a rate of 58 mlhnin. Once the temperature of the s t e m  generated reached a pre-set 

temperature (1 05 -125 OC), the steam was introduced into the sand charnber through a vertical 

or horizontal well. The concentrations and saturations were measured at time intervals fiom 

one to six hours while pressures and temperatures were recorded every 2 minutes. The hot 

water and steam collected from the extraction well were cooled down by a condenser to 

approximately room temperature. Then the cooled stream went through the chernical and 

water separator, which separated the LNAPL (nonane), DNAPL (PCE), and water. The 

volumes of LNAPL, DNAPL, and water were measured. 

The steam injection was temllnated when al1 water samples taken fiom the 24 sarnpling ports 

did not indicate any NAPL lefi in the sand chamber. Hot water was pumped into the sand 

chamber to lower the sand temperature and prevent any damage fiom formation of an 



Chapter 5. Steam Flushing Expenmental Results and Discussion 86 

extreme vacuum due the condensation of steam in a very short time period. The collected 

water was anaiyzed for LNAPL and DNAPL concentrations from time to time. 

For the four steam flushing experiments, the stratification of silica sand porous medium. well 

orientation and configuration, composition of pollutants, steam injection rates, steam 

temperatures at the injection points, and steam injection pressures at the injection points are 

sumrnarized in Table 5.1. 

Description 

Sand charnber 

Contam inant(s) 

Injection rates 

(% s t em quality) 

S team 

temperatures 

S t em pressures 

Experiment # 1 

Coarser sand (F75) 

Finer sand (F 1 10) 

Coarser sand(F75) 

Right vertical 

injection well 

Left vertka1 

extraction welI 

PCE 

58 ml H,Olmin. 

(IO0 %) 

1 10 Oc 

- 

6 - 8 psig 

(4.22-5.63 mH20) 

I Experiment # 4 

Vadose zone (F75) 

Finer sand (F 1 10) 

Experiment # 2 

Coarser sand (F75) 

Finer sand (F 1 10) 

Coarser sand (F75) 

Right vertical 

injection well 

Lefi vertical 

extraction well 

PCE & nonane 

58mlHtO/min. 

(100 %) 

125 'C 

Bottom horizontal 

injection well 

Top horizontal 

extraction well 

Experiment # 3 

Vadose zone (F75) 

Finer sand (FI 10) 

Coarser sand (€75) 

Right vertical 

injection well 

Left verticaI 

extraction well 

nonane 

58mlH20/min .  

(100 %) 

1 1 0 " ~  

1 ï 

Table 5.1 Experimental conditions and variables of the four s t e m  flushing experiments. 

4 -7 psig 

(2.82-4.93 mH20)  

As discussed in Chapter 4, the errors of the temperature measurements with the 

thennocouples and the pressure measurements with the pressure tramducers were k 0.5 OC 

and t 2.6 cm H20 (k 0.25 % of 15 psig), respectively. The variation of repeated water 

saturation rneasurements with the time domain reflectometry probes was less than 2 %. The 

variation of repeated organic chemical concentration rneasurements on the gas 

chromatography was less than 4%. 

5 - 8 psig 

(3.52-5.63 mH20) 

3 - 7 psig 

(2.1 1-4.93 mH20) 
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5.2 Saturated Three Iayer System with Two Vertical Wells and DNAPL 

(Experiment # 1) 

In this experiment the main goals were to study the possibility of downward rernobilization 

of DNAPL during the steam flushing process and to assess the severity of steam ovemding 

water. PCE was injected into the upper coarser sand layer through a chernical spi11 distributor 

(Figure 4.7) over a duration of 25 minutes (Figure 4.8 a)). The injection rate was 3.2 ml/min. 
-8 3 or 5.33 X 10 m /S. The volume of PCE injected is s h o w  in Table 5.2. 

Description 1 Experiment # 1 

duration 1 8 h. 50rnin. 1 I I  h.3Jmi.n. 1 9 h. 20 min. / I I  h. 10 min. I 
S t e m  flushing 

1 Experiment # 2 
f 

Experiment # 3 Experiment # 4 

S team 

breakthrough tirne 

1 (PCE) 1 (PCE:nonane=l:l) 1 (nonane) 1 (nonane) I 
NAPL injected 

1 1 I 

NAPL recovered 1 67.3 ml 1 126.5 ml 132 ml 1 134 ml 1 

3 h. 30 min. 

80 ml 

3 h. 40 min. 

% NAPL recovery 

160 ml 

1 1 1 

2 h. 42 min. 

84 % 

Water recovered 

2 h. 28 min. I 
I 

40.3 L I 23.0 L Water injected 

NAPL in waste 

Table 5.2 Summary of results of the four s t e m  flushing experiments. 

150 ml 

79 % 

I 37.0 L 30.7 L 

45.5 L 

65.6 mg/L (PCE) 

water 

Seven days after start of the DNAPL spill, steam at a temperature of 1 10 OC was injected into 

the sand chamber with a constant injection rate of 1.16 X 1 o5 m3/ç over a duration of 8 hours 

150 ml 

88 % 

41.2 L 

115 mgL 

89.3 9'0 

34.8 L 

0.4 mg/L (nonane) 

22.4 L 

0.0229 mg/L 0.0137 mg/L I 
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50 minutes. S t e m  was injected through the top half of the injection well while the fluids 

were recovered through the top half of the exuaction well. PCE (dyed red) was observed at 

the outlet afier 3 houn 20 minutes of steam injection. The DNAPL looked opaque and 

foamy. After 6 hours of s t e m  injection, the top half of the extraction well was closed while 

the bonom half of it was opened to collect the DNAPL in the lower coarser sand layer. 

A total volume of 67.3 ml of PCE was recovered at the end of Expenment #1 while there was 

no indication of any PCE lefi in the water sarnples taken from the 24-sampling ports on the 

back of the sand chamber (Table 5.2). A volume of 12.7 ml of PCE is not accounted for. This 

PCE may have moved down to the bottom near extraction well where no sampling port was 

available. Another possible explmation could be that the PCE was trapped in the tubing 

between the extraction well and the chemicdwater separator (a srnall volume of PCE was 

found in the vertical tubing outside the sand chamber at a later time). The raw data are in 

Appendix C. 

The PCE concentration at the start of s t e m  injection showed the location of the separate 

DNAPL phase (concentrations more than 150 mg/L) and the dissolved aqueous phase 

DNAPL plume (concentration less than 150 mgL) (Figure 5.1). The raw concentration data 

of Experiment #1 (Appendix C) were from sampling ports and TDR probes. A concentration 

of 200 mg/L was assigned to a TDR probe location if there was separate PCE phase there 

(same for Experiment #2). The value of "200 mgL" was chosen since it was the average 

aqueous PCE solubility over the temperature range of 20 to 100 OC (see Figure 2.6). Other 

values could be chosen since there is large variation of reported PCE solubilities even at one 

temperature (e.g. 150-1 503 mg/L at 25 OC, see Table 4.1). For the purpose of plotting water 

phase concentrations any GC measurements extraction of PCE concentrations that were 

above the 200 mgL were reduced to the solubility limit of 200 mgL. At 20 minutes after the 

steam injection started, the whole DNAPL plume spread toward the left (Figure 5.2). At 50 

minutes, the plume had moved further to the lefi (Figure 5.3). However, at 98 minutes after 

steam injection started, a portion of PCE had moved downward past the middle finer sand 
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layer to the lower coarser sand layer (Figure 5.4). This is not desirable since it contaminated 

the lower corner sand layer. The concentration contour map at 218 minutes after steam 

injection started, shows that significant liquid PCE and dissolved aqueous phase PCE was 

present in the lower coarser sand layer near the bottom half of the extraction well (Figure 

5.5). Eventually, the PCE was almost completely removed at 390 minutes (Figure 5.6). 

Since there was a relatively limited number of expenmental data points and a relatively small 

NAPL plume due to the limitation of speed of the data acquisition system and cornputer. the 

contours near the boundaries and corners may not represent the true values. The plotting 

sohvare (SpyglassTy interpolated and extrapolated the limited experimental data points to 

generate the data for a finer regular grid across the whole domain with the method of kriging. 

According to the plotting software (SpyglassTy manual, kriging is the most accurate method 

for the interpolation of data points from true data values (especially for a small number of 

data points) compared with other methods such as linear interpolation and weighted fiII. A 

detailed analysis of knging is given by Ioumel and Huijbregts (1 978). 

The initial PCE saturation profile can be observed fiom the initial water saturation contours 

(Figure 5.12) since there were only two phases (NAPL and water) present before the steam 

injection started. The highest initial PCE saturations were 40% (Le. 100% minus 60% of 

water saturation) and were located right above the finer sand layer. PCE did not enter the 

finer sand layer since the entry pressure for the finer sand layer pore (FI 10 silica sand) was 

45 cm H20 at 20 OC (Figure 4.16, see Appendix B for more detail). Liquid PCE could not 

enter the water saturated finer sand layer at higher temperatures since the entry pressure was 

only reduced to 22 cm H20 at 80 O C .  However, once the fmer sand layer becarne desaturated 

PCE could displace the gas phase and enter the finer sand layer. The water saturation 

contours after 20 minutes of s t e m  injection (Figure 5.13) did not change much compared to 

the initial condition (Figure 5.12). The PCE saturation contours did not change much either. 

At 50 minutes, a steam chamber had formed near the upper nght hand corner (Figure 5.14). A 

PCE bank was formed ahead of the steam chamber with the saturation range of 10% to 70% 
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(water saturation ranged from 30% to 90%). These contours m u t  be interpreted with help of 

concentration contours and temperature contours (Figure 5.18) to avoid the confusion as to 

whether there is NAPL or stearn in the particular region. At 98 minutes. about Y3 of the sand 

was swept by steam (Figure 5.15). The PCE bank was between x=0.4 to ~ 0 . 6  m with the 

PCE saturation of 10%-90% based on comparing the water saturation contours with the 

temperature contours (Figure 5.19 (a)). Water saturation contours at 2 18 minutes (Figure 

5.16) showed that the residual water saturation was about 10% and steam was eveyvhere. 

The water pressure contours at various tirnes (Figure 5.7 - 5.1 1)  showed that there were large 

pressure changes at the s t e m  fiont. The pressure increased during the steam injection 

processes. The water pressures measured in the steam zone might not be as accurate as those 

outside the steam zone since some of the water in the porous ceramic cups connecting with 

the pressure transducers could have evaporated. However, the amount of water evaporated 

would be small since the ceramic cups still had contact with the residud water saturations. 

The soi1 temperature contours (Figure 5.17 - 5.19 (b)) showed more or less a tilted steam 

front moving fiom the stearn injection well to extraction well, which was comparable with 

the visual observation of the front through the g las  (see the photograph in Figure 5.20). No 

sharp steam channeling was observed, as expected. This was due to the condensation of 

stearn at the steam front, which damped any s t e m  channeling. The stearn front also moved 

through the F 1 10 sand layer to the lower F75 sand layer. This shows that both heat advection 

and conduction were important mechanisms of heat tram fer. The temperature contours at 1 70 

minutes (Figure 5.19 (b)) showed that more steam ovemde happened at later times of s t e m  

injection compared with the earlier times (Figure 5.18 and 5.19 (a)). 

5.3 Saturated Three leyer System with Two Vertical Wells, LNAPL and DNAPL 

(Experiment # 2) 

This experiment studied the removal of a 1: 1 volume mixture (0.6367:0.3633 mole fraction) 

of PCE and nonane from a saturated three layer system with vertical wells. The vapor 
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pressure of PCE is higher than that of nonane, so that it was expected that the former would 

be  removed preferentially. The setup was the sarne as in Section 5.2 except that two 

components and different well screen sections were used. 

The experiment was initiated by injecting a miscible mixture of PCE and nonane into the 

sand chamber over a penod of 28 minutes, which gave an injection rate of 5.71 ml/min. or 

9.52 X 1 0 ' ~  rn3/s. Twenty-seven days afier the start of the DNAPL spill, steam at a 

temperature of 125 OC was injected into the sand charnber through the top half of the 

injection well while the fluids were recovered though the bottom half of the extraction well. 

Steam was injected at a constant rate of 7.66 X IO-' m3/s. The mixture of PCE and nonane as 

a DNAPL was obseived at the outlet afier 2 hours and 56 minutes of steam injection. The 

DNAPL looked opaque and foarny due to emulsification. At 4 hours and 16 minutes when 3 1 

ml of DNAPL had been collected, the extracted DNAPL was colorless, which meant the red 

dye lagged behind the evaporation of DNAPL. A volume of 1.8 ml of a mixture of PCE and 

nonane, as a colorIess LNAPL, was collected at the outlet at 5 hours 15 minutes. AAer 6 

houn and 15 minutes of steam injection, the bottom half of the s t e m  injection well and the 

top half of the extraction well were opened to allow the full steam sweep of the sand 

c hamber. 

In a total, 126.5 ml (2.3 ml LNAPL plus 124.2 ml DNAPL) of PCE and nonane was removed 

from the sand chamber. The 126.5 ml of pure NAPL consisted of 73.6 ml (92% recovery) of 

PCE and 52.9 ml (66% recovery) of nonane. The raw data are in Appendix C. 

The raw nonane and PCE concentration data of Experiment #2 were from sampling ports and 

TDR probes (see Appendix C). Reported aqueous solubilities of nonane range from 0.071 to 

1.7 mg/L at 25 O C  (Table 4.1). For the mixture of nonane and PCE, assuming Raoult's Law 

(Reid, 1977) c m  be applied to dissolution, then, the aqueous PCE and nonane solubilities 

would have been 127.34 mg/L (Le. 200 X 0.6367) and 0.73 (Le. 2 X 0.3633) mg& 

respectively, since the mole fractions of PCE and nonane of a 1:l mixture by volume were 
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0.6367 and 0.3633. respectively. Therefore. at TDR probe locations where saturations 

indicated the presence of NAPL, PCE concentration of 127.34 mg/L and nonane 

concentration of 0.73 rngL were assigned. For the purpose of plotting water phase 

concentrations any GC measurements of PCE and nonane concentrations that were above the 

solubility limits were reduced to the solubility limits of 127.34 and 0.73 mgK. 

The nonane concentration contour rnap at start of the steam injection (Figure 5.2 1) showed 

that nonane was as spread out as the PCE (Figure 5.26). At 55 minutes, both nonane and PCE 

moved downward past the finer sand layer to the lower coarser sand Iayer (Figure 5.22 and 

5.27, respectively) as was observed in Experiment #1. The nonane concentration contours at 

140 and 245 minutes (Figure 5.23 and 5.24, respectively) showed a wide spread of nonane 

plume across the whole domain while PCE concentration contours at 140 and 245 minutes 

showed much less spread and fa ter  removal (Figure 5.28 and 5.29, respectively). Eventually. 

the PCE was aimost completely removed at 145 minutes. It took as twice as much time (490 

minutes, Figure 5.25) for nonane to be nearly completely removed. 

The water saturation contour map at 30 minutes (Figure 5.35) did not change much compared 

to the initial condition (not shown). A steam charnber formed near the upper right hand 

corner at  55 minutes (Figure 5.36). A NAPL bank was formed near the upper center to upper 

left corner where the NAPL saturation ranged fiom 10 to 40% (water saturation ranged from 

90 to 60%). This interpretation was aided by the associated temperature contour (Figure 

5.40). At 140 minutes (Figure 5.37), the NAPL saturation at NAPL bank ahead of the steam 

fiont ranged from 10 to 30%. Water saturation contours at 245 minutes (Figure 5.38) showed 

that the residual water saturation was about 10%. 

The water pressure contours at various times (Figure 5.30 - 5.34) showed that there were 

large pressure changes at the steam fiont. The pressure increased with time which meant that 

the whole stearn injection processes was in a transient state. The soi1 temperature contour 

maps (Figure 5.39 - 5.43) at different times showed the movement of steam fronts. A tilted 
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stearn front moved fiom the injection well at the right to the well at the lefi. which was also 

observed through the glass at the front. The temperature contours showed the steam ovemde 

in this experiment was less severe than in Experiment itl . No steam channeling was observed 

through the front g l a s  of the sand chamber. 

5.1 Unsahirated Three layer System with Two Vertical Wells and LNAPL 

(Experiment # 3) 

This experiment studied the stearn flushing of nonane from unsaturated soi1 with vertical 

wells. The water table was at Z = -0.425 m (0.15 m from the bottom of the sand chamber). 

The main goal was to study the effectiveness of steam injection for the remediation of low 

vapor pressure LNAPLs in the vadose zone and to determine the potential for LNAPL in the 

upper layer to contaminate the lower coarser sand layer during the steam flushing process. 

The experirnentai setup was the same as Experiment #l except that in this experiment the 

contaminant was a LNAPL (nonane) and the water table was lower. 

The nonane was injected into the upper layer over a penod of 47 minutes. The injection rate 

was 3.19 mllmin. or 5.32 X 10 '~  m3/s. The temperature of steam injected was set at 1 10 O C .  

The top half of the extraction well was closed while the boaom half of it was opened afier 7 

hours and 45 minutes of steam injection. The injection rate of stearn was 1.1 7 X 1 O" m3/s. 

The raw data are in Appendix C. 

For the purpose of plotting water phase concentrations any GC measurements of nonane 

concentrations that were above the solubility Iimit were reduced to the solubility limit of 2 

mg/L. There was no concentration data fkom the TDR probes due to the presence of three 

phases at the beginning (air, water, NAPL phases). Initially, the nonane was in the upper- 

nght-hand corner above the middle finer sand layer (Figure 5.44). Steam was injected into 

the sand chamber through the top half of the injection well and the fluids were recovered 

through the top half of the extraction well. Seventy-five minutes after the start of s t e m  
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injection. the plume had moved toward the lefi boundary (Figure 5.45). Some nonane moved 

downward past the middle layer of F l  10 finer silica sand contaminating the lower F75 

coarser sand layer. At 135 minutes, the nonane plume reached the extraction well while there 

was still substantial nonane Ieft near the nght boundary (Figure 5.46). At 365 minutes, the 

whole pure phase plume had moved to the left side where the extraction well was located 

(Figure 5.47). No nonane was detected at 540 minutes at any of the 24 sampling ports when 

88% nonane was recovered. 

Comparing the water saturation contour rnaps at O and 75 minutes (Figure 5.53 and 5.54. 

respectively), shows that a water bank formed at the center after 75 minutes of stearn 

injection. The water saturation in the bank was up to 80%. At 135 minutes (Figure S.%), the 

water bank moved to the left and disappeared at 195 minutes (Figure 5.56). At 365 minutes 

(Figure 5-57), most of the sand had water saturations slightly higher than the residual water 

saturation of 12%. 

At 30 minutes afier s t e m  injection started. the water pressure was 90 cm H 2 0  (the highest) 

at the stearn front, while the water pressure was 40 cm H20 (the lowest) at the condensation 

front (Figure 5.48). These pressure contours and later pressure contour maps should be 

analyzed with the help of the temperature contours at corresponding times to locate the stearn 

and condensation fionts. The same trend could be seen ai 60 minutes (Figure 5.49). At 90 

minutes (Figure 5.50), there was a large increase in water pressure (710 cm H20) in the 

coarser sand layer near the lower-right-hand corner while the stearn front moved to the center 

in the vadose zone where the water pressure was 530 cm H20. The stearn front moved to the 

upper-lefi-hand corner where water pressure was 420 cm H20 while the water pressure in the 

lower-right-hand corner was unchanged d e r  140 minutes of stearn injection (Figure 5 -5 1 ). 

Water pressures were quite high (the highest was 840 cm H20) everywhere cornpared to the 

early time (Figure 5.48) when steam was everywhere (Figure 5.52). 
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The soil temperature contour maps (Figure 5.58 to 5.62) showed more or less a tilted steam 

front moving from the steam injection well to extraction well, which was comparable with 

the visual observation of the front through the g l a s  The temperature showed the same trend 

as the sanirated case, however, the temperature front moved faster than the saturated case. 

This is because air has much smaller heat capacity (1.0 kJIkg-K) than water (4.184 kJkg-K). 

and there was less water to be evaporated. The steam override was about the sarne as in the 

saturated case. 

5.5 Unsaturated Two layer System with Two Horizontal Wells and LNAPL 

(Experiment # 4) 

This experiment studied the s t e m  flushing of nonane fiom unsaturated soil using horizontal 

wells. The water table was at Z = -0.525 m (0.05 m from the bottom of the sand chamber). 

The main goal was to assess the performance of horizontal wells for use in stearn flushing. 

The horizontal well setup was shown in Figure 4.8 (b). The nonane was injected into the 

upper layer through the chernical spi11 distributor over a period of 40 minutes. The injection 

rate was 3.75 rnl/min. or 6.25 X 1 0 ' ~  m3/s. S t e m  was injected from the bottom horizontal 

well while the extraction well was the top horizontal well. The temperature of s t e m  injected 

was set to 105 O C .  The injection rate of steam was 1.39 X 105 m3/s. A volume of 6.3 ml of 

nonane was collected at the extraction weil after 2 hours and 2 minutes of steam injection. 

The nonane recovered looked opaque and foamy. The raw data are in Appendix C. 

For the purpose of plotting water phase concentrations any GC measurements of nonane 

concentrations that were above the solubility limit were reduced to the solubility limit of 2 

m g L  There was no concentration data from the TDR probes due to the presence of three 

phases at the b e g i ~ i n g  (air, water, NAPL phases). Initially the nonane (Figure 5.63) was 

located at the center above the bottom finer sand layer. Sixty-five minutes afier the steam 

injection started the plume moved toward the right boundary (Figure 5.64). At 160 minutes. 
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the nonane plume was spread al1 the way to right boundary (Figure 5.65). At 325 minutes. the 

whole plume became smaller since 93.6 ml of nonane was collected (Figure 5.66). There was 

still nonane lefi after 590 minutes of s t e m  injection (Figure 5.67). No nonane was found in 

the finer sand layer below the horizontal steam injection well. 

The water saturation map at the start of s t e m  injection showed that the initial water 

saturations were from 20% to 70% (Figure 5.73). The contours at 65 minutes showed an 

increase of water saturation to a range of 63 % to 75% (Figure 5.74). The water saturations 

were lower in the center above the injection well. The water saturations at 160 minutes 

(Figure 5.75) had a lower water saturation region in the middle where steam had passed from 

the bottom horizontal well. The water saturations were in the range of 40% to 75%. At 325 

minutes al1 the sand chamber had been swept by steam and the water saturations ranged from 

24% to 40% (Figure 5.76). Afier 640 minutes of steam injection the water saturations in the 

sand chamber had not changed much (22% - 34%) fiom conditions at 325 minutes. The 

residual water saturation (22%) at the end of this experiment (Figure 5.77) was twice as much 

as the residual water saturations in al1 the vertical well experiments (Experiment #1, #2 and 

#3). The total volume of water collected was 22.4 L which was only 50% of the water 

collected in Expenment #1 (Table 5.2). The higher residual water saturation may be caused 

by the lower steam injection temperature (105 OC), compared to steam injection temperatures 

of 1 10 OC to 125 O C  used in other experiments (Table 5.1 ). Another reason could be that the 

stearn front had an early breakthrough (2 h 28 min., comparing to 3 h 40 min. in Experiment 

#2, Table 5.2) in the center of the charnber, resulting in higher water saturations at the left 

and nght sides of the chamber (Figure 5.77). 

Water pressures were still negative in the vadose zone after 60 minutes of steam injection 

(Figure 5.68). At 120 minutes the water pressure had increased to as high as 140 cm HzO in 

the vadose zone (Figure 5.69). The water pressures were higher in the center (330 cm HzO) at 

210 minutes of steam injection showing that the steam front had moved from the bottom 

injection well to the top extraction well (Figure 5.70). The water pressure profile had not 
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changed much at 300 minutes (Figure 3.71) compared with that at 210 minutes. The steam 

swept al1 the vadose zone and finer sand layer afler 480 minutes of s t e m  injection and the 

highest water pressure was 390 cm HzO (Figure 5.72). 

The temperature contour maps at 60, 120. and 210 minutes (Figure 5.78, 5.79. and 5-80. 

respectively) showed that the stearn charnber formed at the bottom. expanded, and reached to 

the top. The steam chamber expanded al1 the way to the left boundary after 300 minutes of 

steam injection (Figure 5.8 1). The stearn fiont swept al1 the vadose zone and finer sand layer 

after 480 minutes of stearn injection (Figure 5.82), taking more than double the time required 

for the vertical well cases (Experiment #1. #2, and #3). 

5.6 NAPL Removal Rate 

In order to compare the efficiency of different well setups and water saturation conditions. a 

plot of percent oil recovered vs. time was presented in Figure 5.83 (top). The vertical well 

cases (Experiment #2 and #3) reached 75 - 85% NAPL recovery before 300 minutes while 

the horizontal well case (Expenment #4) reached 85% NAPL recovery before 650 minutes. 

The vertical well cases were more efficient than the horizontal well case since they required 

less time to produce the same amount of NAPL. However, the horizontal well case is more 

efficient than the vertical well cases in producing the first 25% NAPL. 

The pore volume of the sand chamber was in the range of 22.84 to 22.95 liters. The 

cumulative amount of water produced in the unit of pore volume was plotted against time in 

Figure 5.83 (bottom). The vertical well cases produced more water than the horizontal well 

case over the entire steam injection process. Therefore the trade-off was that even though the 

vertical well cases were more efficient, they required treatment of more water than the 

horizontal well case. 
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5.7 Conclusions 

The stearn flushing method has been shown as a promising technique for the removal of 

volatile and serni-volatile NAPLs fiom soils. 

Complete removal of PCE and nonane from zones swept by s t e m  was achieved. The 

highest overall removal measured was 84 % for PCE in the saturated three-layer system 

with two vertical wells and 89.3% for nonane in the unsaturated two-layer system with 

two horizontal wells, due to the trapping of the organic chernicals at the bottom of the 

sand chamber and in the outlet tubing. 

Some stearn ovemde occurred in the vertical well cases. 

Steam channeling was insignificant in the steam flushing experiments. 

Downward mobilization of DNAPL and LNAPL past a finer grained silica sand layer 

happened in the vertical well cases. 

The vertical well design was more efficient than the horizontal well design. However. the 

trade-off was that there was more contaminated water to be treated in the vertical well 

system. 
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Figure 5.1 Expenment # 1 : PCE concentration (m@) at the start of steam flushing. 

Figure 5.2 Expenment # 1 : PCE concentration (mg/L) at 20 minutes of steam flushing. 
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Figure 5.3 Experirnent # 1 : PCE concentration (mg/L) at 50 minutes of steam flushing. 

Figure 5.4 Experiment # 1 : PCE concentration (mg/L) at 98 minutes of steam flushing. 
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Figure 5.5 Experiment # 1 : PCE concentration (mg/L) at 21 8 minutes of s t em flushing. 

Figure 5.6 Experirnent # 1 : PCE concentration (mg/L) at 390 minutes of steam flushing. 



Chapter 5.  Steam Flushing Results and Discussion 

Figure 5.7 Expenment # 1 : Water pressure (cm H20) at the start of steam flushing. 

Figure 5.8 Experiment # !: Water pressure (cm H20) at 20 minutes of steam flushing. 
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Figure 5.9 Experiment # 1 : Water pressure (cm H20) at 50 minutes of steam flushing. 

Figure 5.10 Experirnent # 1 : Water pressure (cm H20) at 98 minutes of steam flushing. 
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Figure 5.1 1 Experiment # 1 : Water pressure (cm H20) at 2 18 minutes of steam flushing. 

Figure 5.12 Experiment # 1 : Water saturation (%) at start of s t em flushing. 
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Figure 5.13 Expenment # 1 : Water saturation (%) at 20 minutes of s t e m  flushing. 

Figure 5.14 Experiment # 1 : Water saturation (%) at 50 minutes of s t em flushing. 
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Figure 5.15 Experiment # 1 : Water saturation (%) at 98 minutes o f  s tem flushing. 

Figure 5.16 Experiment # 1 : Water saturation (%) at 2 1 8 minutes of steam flushing. 
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Figure 5.1 7 Expenment # 1 : Soil temperature ( O C )  at 20 minutes of stearn flushing . 

Figure 5.18 Experiment # 1 : Soil temperature (OC) at 50 minutes of s t e m  flushing. 
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Figure 5.1 9 (a) Expenment # 1 : Soi1 temperature (OC)  at 98 minutes of steam flushing. 

Figure 5.19 (b) Experiment # 1 : Soi1 temperature ( O C )  at 170 minutes of s t e m  flushing. 
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Figure 5.20 Experiment # 1: Photographs of the fiont side of the sand chamber. Top 
photograph: taken at 95 minutes of steam flushing; bottom photograph: taken at 210 minutes 
of steam flushing (steam breakthrough). 
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Figure 5.21 Experiment # 2: Nonane concentration (mg/L) at start of stearn flushing. 

Figure 5.22 Experiment # 2: Nonane concentration (mg/L) at 55 minutes of stearn fiushing. 
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Figure 5.23 Experiment # 2: Nonane concentration (mg/L,) at 140 minutes of steam flushing. 

Figure 5.24 Experiment # 2: Nonane concentration (mg/L) at 245 minutes of steam flushing. 
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Figure 5.25 Experirnent # 2: Nonane concentration (mg/L) at 490 minutes of steam flushing. 

Figure 5.26 Experiment # 2: PCE concentration (mg/L) at start of steam flushing. 
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Figure 5.27 Experiment # 2: PCE concentration (mg/L) at 55 minutes of steam flushing. 

Figure 5.28 Experiment # 2: PCE concentration (mg/L) at 140 minutes of steam flushing. 



Chapter 5. Steam Flushing Results and Discussion 

Figure 5.29 Experiment # 2: PCE concentration (m@) at 245 minutes of s t e m  flushing. 

Figure 5.30 Experiment # 2: Water pressure (cm H,O) at 30 minutes of stearn flushing. 
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Figure 5.3 1 Experiment # 2: Water pressure (cm H20) at 60 minutes of steam flushing. 

Figure 5.32 Experiment # 2: Water pressure (cm H20) at 90 minutes of steam flushing. 
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Figure 5.33 Experiment # 2: Water pressure (cm &O) at 140 minutes of steam flushing. 

Figure 5.34 Experiment # 2: Water pressure (cm H20) at 170 minutes of steam flushing. 
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Figure 5.35 Experiment # 2: Water saturation (%) at 30 minutes of steam flushing. 

Figure 5.36 Experiment # 2: Water saturation (%) at 55 minutes of s t e m  flushing. 
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Figure 5.37 Experiment # 2: Water saturation (%) at 140 minutes of stearn flushing. 

Figure 5.38 Experiment # 2: Water saturation (%) at 245 minutes of s tem flushing. 
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Figure 5.39 Experiment # 2: Soil temperature (OC) at 30 minutes of s t e m  flushing. 

Figure 5.40 Experiment # 2: Soil temperature ( O C )  at 60 minutes of steam flushing. 
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Figure 5.41 Experirnent # 2: Soil temperature (OC) at 90 minutes of stearn flushing. 

Figure 5.42 Experiment # 2: Soil temperature (OC) at 140 minutes of stearn flushh~g. 
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Figure 5.43 Experiment # 2: Soi1 temperature (OC) at 170 minutes of stearn flushing. 

Figure 5.44 Experiment # 3: Nonane concentration (mg/L) at start o f  steam fiushing. 
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Figure 5.45 Experirnent # 3: Nonane concentration (mg/') at 75 minutes of steam flushing. 

Figure 5.46 Experiment # 3 : Nonane concentration (mg/L) at 135 minutes of steam flushing. 
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Figure 5.47 Expenment # 3: Nonane concentration (mg/L) at 365 minutes of stearn flushing. 

Figure 5.48 Experiment # 3: Water pressure (cm H,O) at 30 minutes of steam flushing. 



Chapter 5. S t e m  Flushing Results and Discussion 

Figure 5.49 Experiment # 3 :  Water pressure (cm H,O) at 60 minutes of steam flushing. 
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Figure 5.50 Experiment # 3: Water pressure (cm H20) at 90 minutes of steam flushing. 
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Figure 5.5 1 Experiment # 3 : Water pressure (cm H,O) at 140 minutes of stearn flushing. 

Figure 5.52 Experiment # 3: Water pressure (cm &O) at 170 minutes of steam flushing. 
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Figure 5.53 Expenment # 3: Water saturation (%) at start of stearn fl ushing. 

Figure 5.54 Experiment # 3: Water saturation (%) at 75 minutes of stearn flushing. 
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Figure 5.55 Experiment # 3: Water saturation (%) at 135 minutes of steam flushing. 

Figure 5.56 Experiment # 3 : Water saturation (%) at 1 95 minutes of steam flushing. 
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Figure 5.57 Expenment # 3: Water sahuation (%) at 365 minutes of steam flushing. 

Figure 5.58 Experiment # 3: Soi1 temperature ( O C )  at 30 minutes of s t e m  flushing. 
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Figure 5.59 Expenment # 3: Soil temperature ( O C )  at 60 minutes of steam flushing. 

Figure 5.60 Experiment # 3: Soil temperature ( O C )  at 90 minutes of steam flushing. 
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Figure 5.6 1 Expenment # 3 : Soi1 temperature (OC) at 140 minutes of stearn flushing. 

Figure 5.62 Experiment # 3: Soil temperature (OC) at 170 minutes of stem flushing. 
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Figure 5.63 Experiment # 4: Nonane concentration (mglL) at start of steam flushing. 

Figure 5.64 Experiment # 4: Nonane concentration (mg/L) at 65 minutes of steam flushing. 
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Figure 5.65 Experiment # 4: Nonane concentration (mg/L) at 160 minutes of steam flushing. 

'Y, 
~d 

Figure 5.66 Expenment # 4: Nonane concentration (mg/L) at 325 minutes of steam flushing. 
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Figure 5.67 Experirnent # 4: Nonane concentration (mglL) at 590 minutes of stem flushing. 

Figure 5.68 Experiment # 4: Water pressure (cm H20) at 60 minutes of s t e m  flushing. 
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Figure 5.69 Experiment # 4: Water pressure (cm H20) at 120 minutes of steam flushing. 

Figure 5.70 Experiment # 4: Water pressure (cm H20) at 2 10 minutes of steam flushing. 
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Figure 5.71 Experiment # 4: Water pressure (cm HzO) at 300 minutes of steam flushing. 

Figure 5.72 Experiment # 4: Water pressure (cm H20) at 480 minutes of steam flushing. 
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Figure 5.73 Experiment # 4: Water saturation (%) at start of s t e m  flushing. 

Figure 5.74 Experiment # 4: Water saturation (%) at 65 minutes of stearn flushing. 
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Figure 5.75 Experiment # 4: Water saturation (%) at 160 minutes of stearn flushing. 

Figure 5.76 Experiment ## 4: Water saturation (96) at 325 minutes of steam flushing. 
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Figure 5.77 Expenment # 4: Water saturation (%) at 640 minutes of steam flushing. 

Figure 5.78 Experiment # 4: Soi1 temperature (OC) at 60 minutes of steam flushing. 
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Figure 5.79 Experiment # 4: Soil temperature ( O C )  at 120 minutes of steam flushing. 

i( -. 

Figure 5.80 Expenment # 4: Soil temperature (OC) at 2 10 minutes of steam flushing. 



Chapter 5. S t e m  Flushing Results and Discussion 

< > -, 

Figure 5.8 1 Experiment # 4: Soil temperature (OC) at 300 minutes of steam flushing. 

Figure 5.82 Experiment # 4: Soil temperature (OC) at 480 minutes of s t e m  flushing . 
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Experiment #3 : 

Unsaturated sands; 

Saturated sands; 
PCE & nonane. 

nonane. 

time (min.) 

O 
Experiment #2: 

\ Vertical wells; ' Saturated sands; 
PCE & nonane. 

Horizontal wells; 
Unsaturated sands; 
nonane. 

Vertical wells; 
Unsaturated sands; 

I nonane. 

O 100 200 300 400 500 600 700 800 

Tlme (min.) 

Figure 5.83 Stearn flushing expenmentd results: Percent NAPL recovered (top); Pore 
volume water extracted (bottom). 
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CHAPTER 6 S T E M  FLUSHING MODELING RESULTS AND 

DISCUSSION 

6.1 Introduction 

The numerical model described in Appendix D was used to simulate the s tem flushïng of 

Experiments #1 and #2 (Chapter 5). The constants and model parameters for PCE, nonane, 

and water are summarized in Table: 6.1. The values of a, n, and Po, which are the van 

Genuchten P,-S, parameten, were 1.86 l/m-H20, 8.0742, and -448.6 (K), respectively, for 

air-water drainage curves of the F75 silica sand and 1.3281 Ilm-H20, 6.643, and -448.6 (K), 

respectively, for air-water drainage curves of the F 1 10 silica sand. The a, and b, values for the 

calculation of residuai water saturations fiom Table 3.2 (e) were also used. No capillary 

hysteresis (entrapment) was assurned in the model. The sand charnber was represented by 

600 small blocks with 20 blocks in the X-direction (horizontal direction) and 30 blocks in the 

2-direction (vertical direction). 

InitiaiIy, the model simulated the NAPL spi11 with exactly the sarne volume of PCE and 

injection rate as in Experiment #l and the sarne amount of PCE and nonane and injection rate 

as in Experïment #2 to generate the initial PCE and nonane saturation and aqueous PCE and 

nonane concentration profiles. T'en, the s tem flushing simulations were started b y inj ecting 

steam at a liquid water flow rate of 58 mllmin. (9.66 X lo4 kg/s). A total enthalpy of 620,13 1 

Cal/kg (Himmelblau, 1974) is needed to transform 1 kg of water to steam fiom 20 OC to 1 10 

O C  of temperature. The energy required for the steam generator to evaporate the water fed at 

the rate of 58 &min. to 100% s t e m  was 2502 Watts. Four out of five heating tapes (648 

Watts per tape) were comected. These could deliver a total of 2592 Watts if fdly tumed on. 

However, the 4 heating tapes were turned on and off on a periodic basis to maintain the steam 

temperature set point. The hction of the t h e  the power was on was not recorded by the data 

acquisition system. In addition, it is difficult, if not impossible, to mesure the heat loss fkom 

142 
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the steam generator and the heat loss fiom the hibing between the steam generator and the 

injection well. So the steam quality could not be measured. An attempt was made to estirnate 

steam quality (fraction of the volume which is the water vapor) fiom the conditions in the 

sand chamber at 170 minutes of steam flushing during Experiment #2. 

- 

Constants 

Cntical temperature Tc (K) 

Critical pressure P, (atm) 

Critical volume (crn3/g-mol) 

Liquid viscosity  pi^ (cP): B 

PCE 

620.0 

44-0 

290.0 

3 13.66 

To 

Gas viscosity pis @dm-s): p*, 

Latent heat (CaVg-mol) 

ThermaI conductivity (J/m-s-K) 

Vapor pressure (mm Hg): A 

B 

a Reid et ai. (1977); Lide and Frederikse, 1995. 

182.48 

l . 9 2 ~ 1 0 - ~  

8067.0 

O. 12 

16.16 

3259-29 

C 

Liquid diffusion coefficient (mL/s) 

Gas diffusion coefficient (mL/s) 

Table 6.1 Constants and mode1 parameters for PCE, nonane, and ~ a t e r . ~  

-52.15 

2.81X10'Y 

1.08X10‘~ 

From the water added and water produced it was possible to estimate the volume of steam in 

the sand chamber (10.3 L). From the temperature profile and water saturation profile at 170 

minutes of steam Bushing for Experiment #2, the volume of the steam chamber was 

detennined to be 14.4 L. From the porosity and the volume of steam the volume of water in 

the steam zone was estimated to be 4.1 L. The average steam zone water saturation was 
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28.5% at 170 minutes of s t e m  flushing. For the section of the sand charnber that was Mly 

water saturated the average temperature was estimated to be 60 OC. The increase in heat 

content in the sand chamber was estimated from the volume of steam and the latent heat of 

steam, the increased sand chamber temperatutes, and heat capacity of water and sand. The 

increase in enthalpy at 170 minutes, relative io initial conditions, was 12, 400 KJ which is 

equivalent to a power input of 1150 Watts. For the water input rate of 58 mihinute this 

represents a steam quality of 28%. 

The heat loss fiom the sand chamber to surroundings was assumed to be proportional to the 

area of the sand chamber and the differences between the sand chamber temperature and 

room temperature. The proportionality constant (i.e. heat loss coefficient) was related to the 

heat conductivity and thickness of the fiberglass insulation material used and the boundary 

effects. The proportionality constant was estimated to be 1.2 (watt/m2-K) by the formula of 

I/(L/K+B) where L = 0.0254 in is the thickness of insulation material, K = 0.036 Watth-K 

is the k a t  conductivity of the insulation material, and B = 0.12 m2K/Watt is the boundary 

effect. 

Experimentation with the mode1 showed that the rate of rnovement of the steam fiont was 

most sensitive to steam quality, heat loss to the surroundings, and soi1 permeability. A large 

number of nuis were performed to determine the combination of these parameters that 

produced the best matches with experimental results. Matching the experimental temperature 

profiles was given the highest priority. Modeling was started using 100% steam quality, the 

measured sand permeabilities given in Chapter 4 (1 .O7 14 X 1 0'12 m2 for F75 silica sand; 5.32 

X 1 0-13 rn2 for F 1 10 silica sand, see Table 4.3), and a heat loss coefficient of 1 -2 wattlm2-K 

(detail showed at the end of this section). 

The intrinsic penneabilities of the F75 and FI10 silica sand layen in the X-direction were 

increased by a factor of two to 2.1428 X 10'12 m2 and 1.064 X 10-12 m2, respectively, in 

nunerical simulation of Experiments #1 and #2. This increase produced more realistic 
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pressure profiles than the measured permeabilities. It is very difficult to produce the same 

sand pemeability in packing the two-dimensional sand charnber as was produced in the 

column used to measure the pexmeability. As the sand was added in layers it is expected that 

some anisotropy would exist. The intrinsic pemeabilities of the F75 and FI10 silica sands 

and relative permeabilities for water, gas, and organic phase (as defined by Equations D.13 

to D. 15 in Appendix D) were assumed to be independent of temperature in the model. 

A value of 5 watt/rn2-K for the proportionality constant in combination with 25% steam 

quality was found to give good results in the model. The maximum heat loss fiom the sand 

chamber was 720 Watts (5 wattlrn2-K X 1.6 rn2 X (383.15 K - 293.15 K)), which was 27.8 % 

of the maximum heat produced by d l  the 4 heating tapes. Higher values of the heat loss 

coefficient resulted in steam zone growth that was too slow, while lower values of the heat 

loss coefficient resulted in steam zone grovlth that was too rapid. 

6.2 Results and Discussion 

6.2.1 Simulation of Experiment #1 

The results of aqueous PCE concentrations, water pressures, water saturations, and soi1 

temperatures fkom the numencal simulation at various times were presented with contour 

maps. The results from Expenment #1 were posted on al1 the contour rnaps. Very good 

agreement was observed between the model contours and experimental data points. 

The numencal simulation results of aqueous PCE concentrations at 20 minutes of steam 

flushing (Figure 6.1) showed a pure phase PCE plume which covered the 3 data points of 200 

mg/L (pure phase). One datum point of 200 mg/L was on the contour line of 110 mg/L. The 

predicted area of the pure phase PCE plume and the dissolved phase PCE plume was larger 

than the area of experimental resuits (Figure 6.2). Part of the PCE plume near the injection 

well was cleaned and part of the pure phase PCE plume moved downward and reached the 
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lower aquifer after 50 minutes of s t e m  flushing (Figure 6.2). This remobilization of PCE 

into the lower aquifer was not s h o w  in the experimentai data at 50 minutes of steam 

flushing. It should be noted that the model ignores hysteresis and entrapment of the organic 

phase. This results in over estimation of the mobility of the organic phase. The pure phase 

PCE plume at 98 minutes of steam flushhg showed a very good agreement with the 

experimental data points. At 218 minutes of steam flushing, the pure phase PCE lagged 

behind the 3 experimental data points of 200 mg/L probably due to the lack of "wellbore 

effect" in the model. "Wellbore effect" includes the non-ideal packing of the sand around the 

well casing in the sand charnber which might increase the permeability of sand around the 

well. 

The simulation results of water pressures at 50 minutes of steam flushhg (Figure 6.5) show 

higher values than most of the experimental data. However, simulation results of water 

pressures at 2 18 minutes of s t em flushing (Figure 6.6) show lower values than most of the 

experimental data. The simulation results of the water saturations at 50 minutes of stearn 

flushing (figure 6.7) show the detail of water saturations in the s t e m  zone. The simulation 

results of the water saturations at 98 minutes of stearn flushhg (figure 6.8) show a better 

agreement with the experimental data points than at 50 minutes. The simulation results of soil 

temperatures at 20 and 50 minutes of steam fiushing (Figure 6.9 and Figure 6.10, 

respectively) show excellent agreement with the experimental data points. The simulation 

results of soil temperatures at 98 minutes of steam flushing (Figure 6.11) show very good 

agreement with the experimental data points in the steam zone while the predicted steam 

front slightly lagged behind the experimental data points. 

Figure 6.24 shows the percentage of PCE recovered and PV @ore volume) water extracted 

with time for the f is t  360 minutes of steam flushing for the simulation of Experiment # 1. No 

experimental data of percent PCE recovered and PV water extracted with tirne for 

Expetiment #1 were available for the cornparison except the total percent of PCE recovered. 

The percent of PCE recovered after 360 minutes of stem flushing was 73 % fiom the 
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simulation results while the PCE recovered after 530 minutes of stearn injection was 84 % 

from the results of Experiment #1. 

6.2.2 Simulation of Experiment #2 

The results of aqueous PCE concentrations, water pressures, water saturations, and soi1 

temperatures from the numerical simulation at various times were presented with contour 

maps. The results from Experiment #2 were posted on al1 the contour maps. Assurning 

Raoult's Law can be applied to dissolution, then, the aqueous PCE and nonane solubilities 

would have been 127.34 mgL and 0.73 mg/L, respectively, since the mole hct ions  of PCE 

and nonane of a 1 : 1 mixture by volume were 0.64 and 0.36, respectively . 

The nurnencal simulation results of aqueous PCE concentrations at 55 minutes of steam 

flushing (Figure 6.12) show a pure phase PCE plume which covers the 5 data points of 

127.34 mg/L. The model predicts a slightly larger extension of pure phase PCE plume in the 

middle of the sand chamber. Part of the PCE plume near the injection well was removed. The 

pure phase PCE plume at 140 minutes of stearn flushing moved to the left of the sand 

chamber and matched most of the experimental data points except one near the injection well 

at the right of the sand chamber. The measured PCE concentration of 4.12 mg/L fiom the 

sampling port near the right boundary might have been the result of contamination of the 

syringe needie used to take the sarnple. At 245 minutes of s t e m  flushing, the predicted pure 

phase PCE plume was larger than the experimental measurements. Again, the PCE 

concentrations near the right boundary might have been due to the needle contamination. 

The nonane concentration contours &ter 55 minutes of steam flushing agreed very well with 

the experimental measurements (Figure 6.15). At 140 minutes of steam flushuig, the model 

results also matched the experimental concentration contours (Figure 6.16). The measured 

nonane concentration data points near the right of the sand chamber might have been from 

the contamination of the needle used for sampling. The pure phase nonane plume predicted 
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by the model at 245 minutes of steam flushing (Figure 6.17) is to the right of measured 

nonane data points indicating that the predicted nonane plume moved slightly faster than the 

measured nonane plume. 

The simulation results of water pressures at 60 minutes of stearn flushing (Figure 6.18) 

predicted lower values at the left and higher values at the nght of the sand chamber than the 

experimental data. However, simulation results of water pressures at 140 minutes of steam 

flushing (Figure 6.19) show lower values than most of the experimental data. 

The model predicted much higher water saturations at 55 minutes of s t e m  flushing (figure 

6.20) in the upper middle region than were measured. The simulated water saturations at 140 

minutes of steam flushing (figure 6.21) show better agreement with the experimental data and 

indicate the effect of the FllO sand layer on the water saturation. The predicted water 

saturation in the middle layer within the s t e m  chamber was over 55%, which is much higher 

than the measured value of 14.1%. Part of the difference of about 41% might be caused by 

the uncorrected effects of temperature on the time domain reflectometry measurements in 

steam flushing experiments (see Chapter 4, section 4.5). However, the possible measurernent 

error due to the temperature effect is only in the range of 1.4% to 14%. 

Another possible explmation could be that the assurnption of s t e m  quality of 25% in the 

model might be too low so that there was not enough energy to evaporate the extra water, 

even though the assumed steam quality is only slightly lower than the estimated s t e m  

quality (28%). The predicted total pore volume water production was 0.7 at 170 minutes of 

steam flushing (Figure 6.24). The measured total pore volume water production was 0.9 at 

170 minutes of steam flushing (Figure 6.83). The discrepancy of the pore volume water 

produced was 0.2 at 170 minutes of s tem flushing. An extra 0.2 PV water, that is 4.6 L of 

wâter (0.2 X 22.95 L), would be equivalent to 40% more water saturation in the s t e m  

chamber if the steam chamber was assumed to be half of the sand chamber (Figure 6-21)! 
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The simulation results of soil temperatures at 60 minutes of s t e m  flushhg (Figure 6.22) 

show excellent agreement with the experimental data points. The simulation results of soil 

temperatures at 140 minutes of stearn flushing (Figure 6.23) show very good agreement with 

the experimental data points in the stearn zone while the predicted steam front slightly lagged 

behind the experimental data points. 

Figure 6.24 shows the percentage of NAPLs recovered and PV @ore volume) water extracted 

with time for the first 360 minutes of steam flushing for the simulation of Experiment #2. 

The percent of PCE and nonane recovered after 360 minutes of steam fiushing was 83 % 

From the simulation result of Experiment #2 while the PCE and nonane recovered &ex- 530 

minutes of stearn injection was 79 % from the result of Experiment #2. Therefore, the 

numerical simulation predicts a more efficient and better NAPL recovery even in the fist 360 

minutes of steam flushing than the rneasurement of Experiment #2. 

6.3 Conclusions 

The model predictions and experimental results for temperature profiles and concentration 

profiles were in close agreement. Reasonably good matches of water saturation and water 

pressure profiles were obtained. The parameters of the s t e m  fiushing numericd model, 

which were adjusted to give better predictions, were the injected steam quality (steam 

injection rate), horizontal intrinsic permeability, and heat loss fiom the system. The model 

predicted somewhat higher removal efficiency and NAPL recovery in the simulation of 

Experiment #2 than the experimental meamrements. This may be due to the lack of capillary 

hysteresis and non-wetting fluid entrapment in the rnodel. 
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Figure 6.1 Nurnencal simulation # 1 : PCE concentration (mg/L) at 20 minutes of stem 
fl us hing . 

Figure 6.2 Numerical simulation # 1 : PCE concentration ( m a )  at 50 minutes of stearn 
flushing 
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Figure 6.3 Numerical simulation #1: PCE concentration ( m a )  at 98 minutes of stearn 
flus hing . 

Figure 6.4 Numerical simulation # 1 : PCE concentration (mg/L) at 2 18 minutes of stearn 
flushing . 
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Figure 6.5 Numerical simulation #1: Water pressures (cm H20) at 50 minutes of steam 
flushing . 

Figure 6.6 Numerical simulation # 1 : Water pressures (cm H20) at 2 18 minutes of steam 
flushing. 
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Figure 6.7 Numerical simulation #1: Water saturatior. (%) at 50 minutes of steam flushing. 

Figure 6.8 Numerical simulation #1: Water saturation (%) at 98 minutes of s t e m  flushing. 
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Figure 6.9 Numencal simulation # l  : Soil temperature ( O C )  ai 20 minutes of steam tlushing. 

Figure 6.10 Numerical simulation #1: Soil temperature (OC) at 50 minutes of stearn flushing. 
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Figure 6.1 1 Numerical simulation #1: Soi1 temperature (OC) at 98 minutes of steam flushing. 

Figure 6.12 Numerical simulation #2: PCE concentration (ma) at 55 minutes of stem 
flushing. 
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Figure 6.13 Numerical simulation #2: PCE concentration (mg/+) at 140 minutes of steam 
flushing. 

Figure 6.14 Numencal simulation #2: PCE concentration ( m a )  at 245 minutes of steam 
flushing . 
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Figure 6.15 Numencal simulation #2: nonane concentration (mg/L) at 55 minutes of steam 
flushing. 

Figure 6.16 Numencal simulation #2: nonane concentration (mglL) at 140 minutes of steam 
flushing. 
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Figure 6.1 8 Numerical simulation #2: water pressure (cm H,O) at 60 minutes of stearn 
flushing . 
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Figure 6.19 Nurnencal simulation #2: water pressure (cm H20) at 140 minutes of  s t em 
Bus hing . 

. i . , ,  ' 1  . / .,. , . d, 

Figure 6.20 Numerical simulation #2: water saturation (%) at 55 minutes of s t e m  flushing. 
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Figure 6.21 Numerical simulation #2: water saturation (%) at 140 minutes of steam flushing. 

Figure 6.22 Numerical simulation #2: soi1 temperature (OC) at 60 minutes of steam flushing. 
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Figure 6.23 Numerical simulation #2: soi1 temperature (OC) at 140 minutes of stearn 
flushing. 
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Figure 6.24 Nurnericai simulation #1 and #2: percent PCE and nonane recovered, PV water 
extracted. 



Chapter 7. Conclusions and Recommendations 

CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

The three objectives in Chapter 1, namely the stearn flushing feasibility study, the study of 

effect of temperature on P,-S, cwes ,  and the testing of a numerical rnodel, were 

satisfactoril y accomplish~d. They are surnmarized in the fol10 wing three sections. 

1. Effect of temperature on P,-S, relations: 

Temperature had a considerable effect on air-water and PCE-water capiltary 

pressure-water saturation drainage and imbibition curves. 

The capillary pressure and hysteresis of air-water-silica and PCE-water-silica 

systems decreased when temperature increased fiom 20 OC to 80 OC. 

The residual water saturations in the PCE-water-silica system increased when 

temperature increased h m  20 OC CO 80 OC. Residual water saturations in the air- 

water-silica system decreased slightly over the temperature range of 20 - 60 O C  

and then increased significantly h m  60 O C  to 80 OC. 

The residual PCE saturations in the PCE-water-silica system decreased when 

temperature increased fkom 20 OC to 80 OC. The measured residual air saturations 

in the air-water-silica system decreased when temperature increased fiom 20 OC to 

80 OC. The fitted residual air saturations for the air-water-silica system decreased 

when temperatme increased fiom 20 O C  to 40 O C  and increased when temperature 

increased f k m  40 O C  to 80 OC 

The magnitude of the effect of temperature on P2S, curves can not be fully 

explained by thermal variation of air-water and organic-water interfacial tensions 

and contact angles. Other possible factors are increases of impurity (surfactant) 
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concentrations, changes of entrapped air volumes. increased flow of water fkom 

isolated packets to the continuous water phase, and changes of sand compaction. 

A P,-S, mode1 derived fiom the Laplace equation accounting for the effect of 

temperature on the capillary pressure was developed and successfully fitted to the 

experimental data. 

ïhe  undesirable downward mobilization of a DNAPL with increasing temperature 

could happen if the capillary pressure is decreased below the DNAPL entry 

pressure of the underlying finer layers or lenses. 

Additional hydraulic removal of organic contarninants from soi1 and groundwater 

is possible due to the decrease in residual organic phase saturations with 

increasing temperature. 

2. Steam flushing experiments: 

Steam flushing has been shown as  a promising technique for the removal of 

volatile and semi-volatile NAPLs fiom soils. 

Complete removai of PCE and nonane fkom zones swept by steam was achieved. 

The highest overall removal measured was 84 % for PCE in the saturated three- 

layer system with two vertical wells and 89.3% for nonane in the unsaturated two- 

layer system with two horizontal wells, due to the trapping of the organic 

chernicals at the bottom of the sand chamber and in the outlet tubing. 

Some stearn override occurred in the vertical well cases. 

Steam channeling was insignificant in the stearn flushing experiments. 

Downward mobilization of DNAPL and LNAPL past a fine grained silica sand 

layer happened in the vertical well cases. 

The vertical well design was more efficient tban the horizontal well design. 

However, the trade-off was that there was more contaminated water to be treated 

in the vertical weIl system. 
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3 .  Numerical model testing: 

The model predictions matched the experimental results reasonably well. 

The model is sensitive to the injected steam quality, horizontal intrinsic 

permeability, and heat loss from the system. 

7.2 Recommendations 

Future research is needed in the following areas in order to extend the current study of the 

stearn flushing technique for the in situ remediation of NAPLs contaminated soi! and 

groundwater: 

Measure contact angle changes of air-water-silica and PCE-water-silica systems over the 

water sahlration range of residual water saturation to 100 % and over the temperature 

range of 20 O C  to 80 O C .  

lnvestigate other possible factors affecting the decrease of capillary pressures with 

increasing temperature, such as the increase of irnpurity (surfactant) concentration, the 

change of entrapped air volume, the increased flow of water from isolated packets to the 

continuous water phase, and the change of sand compaction. 

Investigate different combinations of vertical wells and horizontal wells in order to 

maximize the NAPL removal eficiency while avoid the downward mobilization of 

NAPLs and steam ovemde problems. 

The effect of variation of the stearn injection temperatures, pressures, and rates on the 

NAPL removal efficiency should be investigated. 

The effect of capillary hysteresis on the NAPL removal efficiency should be investigated. 

Three-dimensional field scale tests should be performed to provide data for model testing. 

The analysis of costs of the equipment and operation, as well as the commercialization 

oppomuiities shouid be investigated. 
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Appendix A: P,-S, Experimental Data of F75 Silica Sand 

PCE-Water P.-S, Curves of F75 silica sand at 20.40.60. 80 O C  
(Pm: cm &O; S,: volume fraction) 
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Air-Water P,-S, Curves of F75 silica sand at 20, 40, 60, 80 OC 
(Pm: cm H20; S,: volume fraction) 
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Appendix B: PrS, Experimental and Curve-Fitting Data of FI10 Sïiiea Sand 

Air-water 8 PCE-Water P,-S, Curves of F I  10 silica sand 

(Pm, P,: cm H20; S,: volume fraction) 
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7 7 s  

80.07 

81.17 

88.03 

92.99 

PCE-H20 

60 OC 

p,, 

(VG-GS) 

0.00 

29.81 

33.22 

35.46 

37.1 9 

38.64 

41 -58 

44.01 

46.1 9 

48.26 

50.30 

52.38 

54.59 

57.01 

59.79 

63.1 5 

67.57 

71.17 

72.92 

89.1 9 

188.27 

PCE-H20 

80 OC 

P m  

(VG-GS) 

0.00 

22.75 

25.37 

27.1 O 

28.45 

29.58 

31 -89 

33.83 

35.61 

37.33 

39.08 

40.94 

43.00 

45.43 

48.50 

52.93 

61.35 

76.94 

174.65 
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0.417 

0.500 

0.583 

0.667 

0.708 

0.750 

0.792 

0.833 

O. 875 

0.904 

0.912 

0.929 

0.942 

Note: The values and 95 % confidence levels of the curve-fitting parameters of Van 

Genuchten mode1 for F 1 10 silica sand were: 

a = 0.01328 1 f 0.000274 l/cm H20 n = 6.64300 + 0,698 19 

S, = 0.0455 f 0.0492 rn = 1-l/n = 0.8495 

The values of P,, in the 4th, 5th, 6th, and 7th column of above table were calculated 

according to the followùig fomiula (derived kom Equation 3.22): 

where S, = a, + brT = -1.2373 + 0.004376T and Po = -4 13 (K) (Table 3.2 (e)). 

Assumptions: a) The Po of F 1 10 silica sand is the same as that of F75 silica sand. 

b) The b, of F 1 10 silica sand is the same as that of F75 silica sand. 
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Appendix C: Steam Flushing Experimental Data 

Experiment # l  : Water saturation, S,, (%) 

O 
(min.) 

100 
87.7 
100 
1 O0 

72.5 
54.2 
100 
1 O0 
1 O0 
1 O0 
1 O0 
1 O0 

20 
(min.) 

97 
82.8 
.IO0 
100 

59.7 
51.2 

97 
1 O0 
1 O0 
100 
1 O0 
1 O0 

50 
(min.) 

11.5 
80.1 
100 
100 
11.2 
35.4 
97.3 
100 

97.8 
100 
1 O0 
1 O0 

98 
(min.) 

10.6 
11.2 
93.5 
97.3 
9.3 

11.7 
88.6 
1 O0 

23.2 
96.5 
1 O0 
100 

Experirnent #1: Water pressure, P,, (cm H,O) 

O 20 
(min.) (min.) 

47.5 61.2 
59.8 74.4 
35.6 48.4 
35.8 49.5 
47.4 62.2 
61.9 76.1 
35.1 50.4 
47.9 66.1 
59.7 76.4 

50 
(min.) 

1 O9 
120 

99.4 
1 O9 

1 15.6 
131.6 
150.7 
130.6 
136.3 

Experiment #i: Soil temperature, T, (OC) 

X Z 20 50 98 
(m) (rn) (min.) (min.) (min.) 

0.265 4.029 24 24 32.5 
0.150 -0.156 24.1 23.9 24.3 
0.265 -0.156 24 24 24.8 
0.380 4.156 23.4 23.4 35.7 
0.840 4.156 30.8 104.9 104.7 
0.955 -0.156 103 105.3 104.9 

98 
(min.) 

89.4 
101 -3 
77.5 

197.7 
94.2 

11 0.4 
159.8 
352.4 
173.9 

170 
(min.) 

1 O5 
105.1 
105.4 
105.3 
105.8 
105.9 

218 
(min.) 

9.8 
10.9 
10.4 
11.4 
9.5 

10.4 
12.5 

15 
15.8 
14.4 
17.4 
86.1 

218 
(min.) 
264.2 
272.2 
220.2 
235.5 
282.9 
197.8 
175.2 
407.8 
276.3 



Expenment #1: Aqueous PCE concentration, C,, (mgIL) 

X 
(ml 

O. 150 
O. 1 50 
o. 1 50 
'O. 150 
'O. 150 
'O. 150 
0.265 
0.265 
0.380 
'0.380 
'0.380 
'0.380 
0.495 
0.495 
'0.6 1 O 
'0.610 
'0.610 
0.725 
0.725 
0.840 
'O. 840 
'O. 840 
'0.840 
0.955 
0.955 
0.955 

Note: 

O 
(min.) 

O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 

200 
200 

O 
5.7 
O 

39.8 
O 

200 
O 
O 
O 
O 

20 
(min.) 

O 
O 
O 
O 
O 
O 
O 
O 

7.6 
O 

200 
O 

5.8 
O 

200 
200 

O 
43.4 

O 
O 
O 

200 
O 
O 
O 
O 

50 
(min.) 

O 
O 
O 
O 
O 
O 
O 
O 

159.7 
O 

200 
O 

36.9 
O 

200 
200 

O 
34.8 

O 
O 
O 
O 
O 
O 
O 
O 

98 
(min.) 
193 
O 
O 

200 
O 
O 

12.9 
O 

21 2.2 
200 
200 

O 
35.6 

O 
O 
O 

200 
31 -2 
13.6 

O 
O 
O 
O 
O 
O 
O 

218 
(min.) 
51.2 

3901 -6 
883.2 

O 
O 

200 
20 
14 

108.9 
O 
O 
O 

8.3 
O 
O 
O 
O 
5 
O 
O 
O 
O 
O 
O 
O 
O 

390 
(min.) 
8.9 
11.2 
4.7 
O 
O 
O 
O 
O 

6.4 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 

200 mg/L means pure PCE phase (TDR data marked with '). 
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Experiment #2: Water saturation, S,, (Oh) 

O 55 140 
(min.) (min.) (min.) 

98.6 11.1 10 
74.6 66.8 11.1 

97 96.5 20.3 
97.8 8 . 1  78.1 

97 11.4 10.8 
86.5 68.4 12.2 
82.7 84.1 27.6 
100 100 82.4 
100 95.7 14.1 
100 100 28.6 
100 100 96.7 
100 100 100 

245 
(min.) 

9.8 
10.9 
10.9 
12.8 
10.3 
13.1 
10.9 
11.7 
12.8 
12.8 
13.6 
15.5 

Experiment #2: Water pressure, P,, (cm H,O) 

30 60 90 140 170 
(min.) (min.) (min.) (min.) (min.) 

147 175 216 233 256 
171 155 31 1 336 354 
162 146 159 349 352 
172 150 287 321 342 
173 155 169 274 344 
159 144 156 155 160 
177 156 172 337 382 
178 161 176 173 267 
172 157 173 172 178 

Experiment R: Soil temperature. T, (OC) 

20 
(min.) 
121.4 
96.2 
27.5 
18.8 
18.6 
18.7 
18.5 
18.7 

30 
(min.) 
121.3 
120.1 

117 
19.2 
18.6 
18.7 
18.6 
18.4 

60 
(min.) 
121.1 

120 
116.7 
93.6 
21.6 
18.8 
18.8 
18.5 

90 
(min.) 
122.1 
120.7 
117.6 
116.4 
42.5 

21 
35.2 
19.9 

140 170 250 
(min.) (min.) (min.) 
122.5 122.9 123.6 
121.2 121.7 122.2 

118 118.6 119.2 
116.8 117.3 117.9 
114.8 115.4 116 
113.2 113.7 114.5 
112.6 113.1 113.8 
43.1 111.8 112.4 
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Experiment #2: Aqueous PCE & nonane concentrations, C,, C,, (mg1L) 

PCE 
O 

(min.) 
O 
O 
O 
O 
O 

9.09 
6.07 

O 
O 
O 
O 
O 
O 
O 

PCE 
55 

(min.) 
O 
O 

62.1 
O 
O 
O 

12.95 
12.15 
1 3.48 

O 
O 
O 
O 
O 

'0.840 -0.105 127.34 O 
'0.610 -0.1 O5 127.34 127.34 
'0.380 -0.1 O5 127.34 127.34 
'O. 150 -0.1 O5 127.34 127.34 
'0.840 -0.232 127.34 O 
'0.610 -0.232 127.34 127.34 
'0.380 -0.232 127.34 127.34 
'0.150 6.232 O O 
'0.840 -0.359 O 127.34 
'0.610 -0.359 O O 
*0.380 4.359 O O 
'0.150 4.359 O O 

PCE 
140 

(min.) 
6.47 

O 
20730 
33.07 

O 
O 

56.45 
25.74 
6.46 

O 
O 
O 
O 
O 

PCE nonane nonane nonane nonane nonane 
245 O 55 140 245 490 

(min.) (min.) (min.) (min.) (min.) (min.) 
45.6 O O 17.2 304 1.07 

O 0.29 O O O 0.14 
O 0.16 O 9478 O O 

123.68 O O O 4.74 5.5 
11 .O3 O O 0.15 9.18 0.58 

O O O O O O 
O O O 11.56 O O 

7.22 O O O 4.08 O 
O O O O O O 
O O O O O 0.42 
O O O O O O 
O O O 1.77 1.18 O 
O O O O 1.08 O 

2.73 O O O O O 

Note: 
127.34 mglL PCE and 0.73 mg/L nonane (TDR data marked with *) 
These values were assigned to indicate NAPL phase presence 
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Experiment #3: Water saturation, 
s,, (%) 

O 
(min.) 
20.7 
17.4 
18.3 
16.9 
47.1 
38.7 
35.4 
38.4 

91 
94.8 
89.9 
89.1 

75 
(min.) 

11.7 
17.2 
77.7 

57 
11.7 
14.7 
80.7 
84.2 
17.4 
92.4 
91.3 
93.5 

135 
(min.) 

11.4 
13.9 
13.9 
51 -2 
11.7 
12.5 
13.6 

82 
13.9 
15.5 
86.4 
92.6 

195 
(min.) 

11.4 
12.8 
12.5 
11.7 
10.9 

12 
11.4 
12.8 
12.8 
13.4 
15.8 
32.2 

Experiment #3: Water pressure, P,, (cm H,O) 

30 60 90 140 
(min.) (min.) (min.) (min.) 

96 237 257 291 
44 206 227 258 
30 156 618 305 
76 306 327 353 
51 164 303 425 
46 160 163 435 
66 181 777 805 
59 169 172 177 

Experiment #3: Soil temperature. T, (OC) 

30 
(min.) 

94.2 
101.8 

102 
26.7 

1 01.8 
27.4 
23.2 

60 
(min.) 
107.4 
105.5 
105.6 
95.4 

105.5 
104.4 
28.9 

90 
(min .) 
107.3 
105.7 
105.7 
105.2 
105.7 
105.5 
83.6 

140 
(min.) 

1 O8 
106.5 
106.4 
106.1 
106.4 
106.2 
106.1 

365 
(min.) 

12 
12.3 

12 
11.2 
12.3 
12.8 
11.4 
10.9 
14.7 
14.2 

15 
18.8 

170 
(min.) 

31 2 
276 
30 1 
35 1 
443 
895 
768 
553 

170 
(min.) 
108.5 

1 O7 
1 O7 

106.7 
106.9 
106.7 
106.6 
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Experiment #3: Aqueous nonane concentration, C,, (mgIL) 

O 
(min.) 

5.38 
14.69 
1.49 
3.58 
1.20 

O 
O 
O 
O 
O 
O 
O 
O 
O 
O 

75 
(min.) 
0.68 
1.97 

O 
O 
O 
O 

33.1 
27.96 
8.58 

O 
4.57 
0.38 

O 
O 
O 

135 
(min.) 
13-89 
3.06 
3.41 

O 
O 

12-45 
5.98 

O 
O 

12.32 
1.92 

O 
O 
O 
O 

365 
(min.) 

1 .O6 
1.8 
7.94 
4.84 
5.98 
2.68 
0.74 
0.20 

O 
10.46 

O 
O 
O 
O 
O 
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Experiment #4: Water saturation, S,, (%) 

O 
(min.) 

15.3 
19.6 

21 
21.5 
51 -5 

43 
38.7 
36.8 
75.2 
73.8 
69.2 
71 -4 

65 
(min.) 

58.6 
62.1 
60.5 
59.4 
73.3 
69.8 
73.6 
78.7 
66.2 
63.2 

63 
70 

160 
(min.) 

36.5 
36.8 

66 
77.7 

50 
34.6 
63.5 

76 
57.8 
44.4 
55.9 
51.5 

325 
(min.) 
29.2 
25.9 
24.5 
37.9 
25.6 
24.3 
27.8 

40 
28.3 
25.3 
23.7 
37.6 

Experiment #4: Water pressure, P,, (cm H20) 

60 
(min.) 

-20 
-21 
-22 
-26 
-1 1 
-8 
-9 

-1 4 
11 
6 
4 
8 

120 
(min.) 

1 O7 
1 O6 
105 
110 
115 
1 24 
118 
124 
137 
139 
130 
136 

21 O 
(min.) 

150 
369 
97 
99 

11 1 
252 
11 1 
I l 6  
129 
130 
1 22 
130 

Experiment #4: Soil temperature, T, (OC) 

X Z 60 120 210 
(m) (m) (min.) (min.) (min.) 

0.955 -0.029 27.6 33.8 68.8 
0.955 -0.156 26.2 36.7 61.2 
0.955 -0.283 38 53.8 72.1 
0.955 -0.410 55 66.1 76 
0.725 -0.029 26.1 90 103.2 

300 
(min.) 

235 
382 
127 
98 

223 
280 
245 
115 
126 
130 
171 
128 

300 
(min.) 
84.5 
78.8 
87.3 
83.8 

103.3 

640 
(min.) 
24.3 
23.2 
20.7 
25.6 
23.7 
20.7 
24.8 
32.4 
24.8 
22.1 
20.4 
34.9 

480 
(min.) 

243 
365 
7 34 
41 3 
31 9 
31 O 
346 
294 
120 
121 
371 
124 

480 
(min.) 
99.7 

102.6 
103.6 
94.2 

103.1 
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Experiment #4: Aqueous nonane concentration, C,, (mg1L) 

O 65 160 
(min.) (min.) (min.) 

1.28 O 18.18 
0.91 1508.7 4806.7 
4.66 1381.1 5090.6 
3.67 5.8 102.08 
5.42 0.0053 19.29 
3.91 O 3.73 
1.57 O 1.67 

O O 0.9 
O O 0.12 
O O O 
O O 0.006 
O O O 
O O O 

0.025 O O 
O O O 
O O O 
O O O 
O O O 
O 0.09 O 
O 0.014 O 
O O O 
O O O 
O O O 
O 0.36 O 

325 
(min.) 
59.94 
12.41 
28.38 
0.045 
7.1 1 

O 
0.37 

O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 

590 
(min .) 
0.068 
13.33 

O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
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Appendix D: Steam Flushing Numerical Mode1 (COMPSIM) 

D.l Introduction 

The numencal modeling of non-isothermai multi-phase flow (water, gas, and oil phase) fmt 

started in the 1960s when the use of steam injection as a tertiary oil recovery method became 

increasingly popular in the petroleum industry. Over the last three decades, the numerical 

models improved from the one-dimensional three-phase model introduced by Shutler ( 1969) 

to the three-dimensionai three-phase steamflood sirnulators incncluding compositional effects 

(Sleep, 1990). However, these proprietary rnodels can not be applied directly to simulate the 

stearn flushing of NAPL in soi1 and ground water. The simulation of organic contaminant 

transport must include many subtle multi-phase processes that are usually ignored in 

petroleum reservoir engineering, such as dissolution and transport of organic compounds in 

the water phase, the diffusion of organic vapors in the gas phase, the capillary pressures 

between different tluids, the dispersion of the organic phase, and partitioning of organic 

chemicals into the water phase (Sleep and Sykes, 1993; Forsyth, 1993; Falta et al., 1992). 

The steam flushing simulator used here is the latest version of the cornpositional model 

developed and coded by Sleep (Sleep and Sykes, 1993; McClure and Sleep, 1996). The 

simulator is a three-dimensional, three-phase (water, gas, and NAPL), finite difference model 

designed for simulation of groundwater contamination by organic compounds, and 

remediation of groundwater contamination by the steam injection method. The model 

includes simultaneous flow of water, gas (steam) and organic phases, energy transport, 

temperature, pressure and composition dependent interphase partitioning, and dispersive 

transport within phases. An arbitrary number of orgaaic and inorganic species may be 

included in the model. Densities and viscosities are functions of composition, pressure and 

temperature. Hysteresis in multiphase flow relationships is included. The technique of 

variable substitution is used to properly handle complex phase change behavior typical of 

mdtiphase flow and transport problems. The model includes several numerical options, 



ranging £Yom h l ly  implicit with first order upstream weighting to implicit in pressure, 

explicit in saturations and concentrations (IMPESC) with third order upstream weighting. 

D.2 Governing Equations 

The equation for the movement of a species a in a phase P (Sleep and Sykes, 1993) is 

where (.I is porosity, SB is phase saturation, &ad is the linear adsorption coefficient, p, is 

bulk soi1 density, pp is phase molar density, G~ is species mole fiaction, qp is the Darcy 

velocity vector, J$ is the dispersion flux vector, ia8 represents inter-phase transfer of 

species a to, or from, phase P, and Tap represents sinks and sources of species a to phase P 
due to injection or pumping (e.g. a PCE injection at a rate of 1 moleh). The symbol "del", V, 

is a vector with components X~X, a/%, and a/m. The second term of Equation D. 1 is a scalar 

of dot product of the vectors V and qp. The third terrn of Equation D.l is a scalar of dot 

product of the vectors V and J;. The species molar balance equation is obtained by 

summing tho Zquation D. 1 for a species over the three phases: 

where the sum to zero. 

The energy balance equation in a multiphase system, where energy is transported with the 

flow of water, steam, and NAPL in the soil and as a result of temperature gradients in the 

soil, is given by 
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where Up is the intemal energy of phase P, Us is the intemal energy of the soil, hp is the 

enthalpy of the P phase, is the enthalpy of the a component in the P phase, T is the 

temperature (K), & is the thermal conductivity of the combined soi1 and fluids. and Te, 

represents sinks or sources of energy. The term of V (GVT) in Equation D.3 is a scalar of 

dot product of the vectors V and VT. 

The above balance equations, one for each species and one for energy, have to be solved 

simultaneously through numericai methods to describe the stearn injection process in multi- 

phase flow problems in porous media. 

D.3 Fluid Flow and Dispersion 

It is assumed that the flow obeys Darcy's law since the fluid velocity is generally small 

enough to be in the laminar range. The molar-averaged Darcy velocity vector for flow in a 

three-phase system is given by 

where k is the intrinsic permeability tensor, is the relative permeability of phase P, pp is 

the viscosity of phase P, pg is the pressure of phase P, g is gravitational acceleration, yp is the 

mass density of phase P, and z is elevation. Both Vp, and Vz are vectors. 

The hydrodynamic dispersion representing the spread of solute in the soi1 consists of 

molecular diffusion and mechanical dispersion. Molecular diffusion is due to the molecular 

scale rnixing while mechanical dispersion is due to the mixing of fluids caused by mixing at 

the pore scale and larger scales. The dispersive molar flux vector J ~ , ~  which is proportional 

to the concentration gradient, known as Fick's law, is given by: 

= -pBDaP -Vx, 
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where vector V b e  is the concentration gradient and Dap is the dispersion tensor defined 

(Beaï, 1972) as: 

where U L  and aT are the longitudinal and transverse dispersivities, respectively, representing 

the mechanicd dispersion, vsi and vpj are the two cornponents of the linear pore-water 

velocity, vp, in perpendicular planes (where vg = qg /+ ), 6, is the Kronecker delta (which is a 

3 X 3 matrk with "1" at diagonal positions and "0" at off-diagonal positions), DmaB is the 

molecular diffusion coefficient, and rp is the tortuosity factor. 

The following constraints apply to Equation D. 1, D.4, D.5, and D.6 

where n, is the number of components, S ,  Sa, So are the saturations of water, air (gas), and 

organic (NAPL) phases, respectively. 

D.4 Three-phase Capillary Pressure and Permeability 

The capillary pressures associated with interfaces between phases, as discussed in Chapter 

3.1, are given by: 

Pcaw = P a  - P w  D.9 

Pcow = Po - P w  D.10 

P, = Pa - Po D.ll  

where P, is the capillary pressure between the gas (air, steam, and organic vapor) and water 

phases, Pm, is the capillary pressure between the organic (NAPL) and water phases, and P, 

is the capillary pressure between the gas and organic phases. 



The effective water (w), gas (a), and organic (O) saturations as defined in Chapter 3 (3.22 to 

3.24) can be related t o  capillary pressures defined above through Van Genuchten formulae 

(3.20 and 3.2 1). 

The relative permeabilities for the three-phase system are defined as: 

where f3 = w, a, or o. kp is the effective permeability of phase P. Both hp and kp are functions 

of saturation Sp. hp can be calculated by the following formula proposed by Lenhard and 

Parker (1 987) using the Van Genuchten equations 

where C is the Klinkenberg factor that accounts for gas slippage and 

D.5 Phase Equiiibrium 

Henry's law States that the partitioning of an organic chernical berneen the gas and water 

phases is at a constant ratio termed Henry's constant, H, while the inter-phase rnass transfer 

of the chernical is at equilibrium. When temperatures and pressures are low and organic 

solubilities in the water phase are small, Henry's Law can be used to calculate the species 

mole fiactions in water and organic phases: 

x, ,H= x,pg = x , P v a  D.17 

where P", is the saturation vapor pressure of species a. The G, is defined by Equation 2.4. 
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D.6 Cas and Liquid Viscosities 

Gas phase viscosities for pure components, pie, may be calculated fiom the Golubev Method 

(Reid et al., 1977) 

where p,* is the gas viscosity at the cntical temperature, Tc, and a low pressure, and T, is the 

reduced temperature (Tm,), p,* is given by 

C - ri; - 

where M is the molecular weight of the component. Viscosities of muiti-component gas 

phases are calculated fiom pure component gas viscosity using the formula: 

where the interaction parameten, 0,, are calculated using the Heming and Zipper 

approximation 

Pure component liquid viscosities may be approximated fiom the Van Velzen, Cardozo an( 

Langenkamp Method (Reid et al., 1977): 

where piL is the liquid viscosity (cP), T is the liquid temperature (K), and B and T, are related 

to molecular structure. Liquid mixture viscosities are calculated fiom 



n 
C 

log Cl p = Z .yip 1% PiL 
i = l  

where n, is the number of components in the liquid mixture. 

The viscosities of steam condensate over the temperature range of 273.15 to 640 K are 

calculated by the saturated-steam-property functional correlation (Tortike and Ali, 1989): 

p,, = -0.0123274 + 27.1038 / T - 23527.5 / T~ + 1.01425 X 10' / T~ 

- 2.17342 X log/ f + 1.86935 X 10" 1 T' D.24 

where k, is in Pa-s and T is the temperature in K. 

The viscosities of steam vapor over the temperature range of 273.15 to 640 K are calculated 

by the sahuated-steam-property functional correlation (Tortike and Ali, 1989): 

CLN = -5.46807 X 104 + 6.89490 X lod T - 3.39999 X IO-* Y 
1 1  3 17 5 + 8.298842 X 10- T - 9.97060 X 1 0-l4 T'+ 4.71 914 X 10- T D.25 

where pw is in Pa-s and T is the temperature in K. 

D.7 Vapor Pressures 

Pure component vapor pressures are calculated fiorn the Antoine equation: 

where A, B, and C are empincal constants and T is the temperature (K). 

D.8 Liquid and Gas Phase D a s i o n  Coefficients 

The aqueous phase diffusion coefficient, DAw was calculated using the Hayduk-Laudie 

correlation: 
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where H, is the water viscosity in cP, VA is the solute rnolar volume at the normal boiling 

point (~ rn~ /~-mol ) ,  and DAw is the binary d i h i o n  coefficient at infmite dilution (cm2/s). 

Rather than use Equation D.27 directly, the mode1 requires the specification of the diffusion 

coefficient at reference pressure and temperature ( D , ~ ~ ~ ) .  DAw is then calculated fiorn the 

ratio of the viscosities at reference and actual conditions: 

Gas phase diffusion coefficients are assumed to be a function of pressure and temperature 

according to the Fuller, Schettier, and Giddings method: 

where T is the temperature (K), P is pressure (atm), MA and MB are the molecular weights of 

A and B, and the Lv terms are determineci from the structure of the molecules (Reid et al., 

1977). If DAB is known at a reference pressure and temperature then the diffusion coefficient 

may be calculated at any other pressure, P, and temperature, T, by using Equation D.30 

D.9 Thermal Conductivities 

Gas phase pure component thermal conductivities are calculated from reference values using 

the temperature correction (Reid et ai., 1977): 
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Mi.unire thermal conductivities are cdculated from the Wassiljewa equation: 

Where Aij is given by the Lindsay and Bromley modification: 

where T is the temperature (K), and Si is the Sutherland constant, given by 

where Tbi is the normal boiling point of i (K). The interaction Sutherland constant Si, is 

calculated fiom: 

Su = c.% (s, S, )lit D .3 5 

where Cs is taken to be 0.73 if water is one of the constituent, and Cs is taken to be 1 .O9 for 

other pairs not involving water. 

Liquid phase thermal conductivities (cal/cm-s-K) are cdculated fiom the method of Robbins 

and Kingrea: 

where H and N are parameters given in Reid et al. (1977) for different compounds, C, is the 

heat capacity (caYg-mol-K), AS* = AH,& + Rln(273lTJ and AHvb is the molar heat of 

vaporization at the normal boiling point (caVg-mol), and Tb is the normal boiling point (K). 

Mixture liquid thermal conductivities are calculated fiom the method of Li (Reid et al.. 

1977): 

where 



and 

1 

where Vi is the molar volume of pure liquid i. 

The thermai conductivitives of stearn condensate over the temperature range of 273.15 to 640 

K are calculated fiom the saturated-stem-property functional correlation developed by 

Tortikeand Ali (1989): 
4 2 7 3 k,, = 3.5 1 153 - O.0443602T + 2.41233 X 10 T - 6.05099 X 10- T 

13 5 + 7.22766 X IO-'' l?- 3.37136 X 10- T D.40 

Where k,, is in W/m-K and T is the temperature in K. 

The thermal conductivities of s t em vapor over the temperature range of 273.15 to 640 K are 

calculated fkorn the saturated-stearn-property functionai correlation developed by Tortike and 

Ali (1 989): 
4 2 7 3 khs, = -2.35787 + 0.029742 9 T - 1.46888 X 10 T + 3.57767 X 10- T 

13 5 - 4.29764 X 10 " ~  f + 2.045 1 1 X 10- T D.4 1 

Where kk is in W h - K  and T is the temperature in K. 

D.10 Steam Vapor and Condensate Enthalpy 

Tortike and Ali (1 989) presented the following hctional correlations of saturated-steam- 

property over the temperature range of 273.15 to 640 K. The specific enthalpy of s t e m  

vapor, h,,,, is 

b = -22026.9 + 365.3 17 T - 2.25837 T~ + 0.00737420 T' 
- 1.33437 X 1 O-' + 1.269 13 X 1 T' - 4.96880 X 10-12 ? D -42 



Appendix 

where h, is in M g  and T is the temperature in K. 

The specific enthalpy of steam condensate, h,=, is: 

Sc = 23665.2 - 366.232 T + 2.26952 T~ - 0.00730365 T~ 

+ 1.30241 X 10-*r' - 1.22103 X 1 0 " ~ ~ +  4.70878 X 10-"'T6 D .43 

where b, is in W k g  and T is the temperature in K. 

Specific enthalpy of vaporization of s t e m  vapor and condensate (latent heat), L,, is 

L, = (7184500 + 1 1048.6 T - 88.4050 T~ 

+ 0.162561 T.'- 1.21377 X ~ o ~ T ' ) ' ~  D.44 

where L, is Ui Idlkg and T is the temperature in K. 

The governing equations comprising the species molar balance equations and energy balance 

equation are highly non-linear partiai differentiai equations which have to be solved 

numerically. The fluid 80w, dispersion, and phase partition obeying Darcy's law, Fick's law, 

and Henry's law, respectively, are incorporated into the governing equations. The capillary 

pressures, relative permeabilities, viscosities, vapor pressures, diffusion coefficients, thermal 

conductivities, and enthalpy are calculated through varicius experimental measurements, 

empincal formulae, and correlation hctions.  
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