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ABSTRACT
Pore-Scale Analysis of Thermal Remediation of NARInt&minated Subsurface
Environments. (August 2008)
Min Ahn, B.S., Seoul National University;
M.S., Seoul National University;
M.S., Texas A&M University

Chair of Advisory Committee: Dr. Yavuz Corapcioglu

The possible benefits of thermal remediation of NAfIntaminated subsurface
were analyzed at pore-scale. Force balance analgsiperformed to provide the insight
and information on the critical conditions for the blotobilization. First, the critical
blob radius for blob mobilization was calculated in terof blob radius, temperature,
and water velocity. Temperature increase enhanced therabbization along with the
decrease of interfacial tension. Water velocity iasee also enhanced the blob
mobilization. Critical water velocity provided the araél condition for the initiation of
blob mobilization to distinguish singlet and doublet in blazke s

Second, the terminal (or steady state) blob velocithatsteady state blob motion
was determined. Increases of temperature and water tyetacsed the terminal blob
velocity. When the observation of blob mobilizatiomved from REV scale (macro-
scale) to pore-scale, terminal blob velocity showeddifferent phenomena according to

the change of oil saturation. At macro-scale, thenitgal blob velocity was smaller than



water velocity by an order or two. However, the terahiblob velocity reached to water
velocity at pore-scale.

This investigation would provide the better understandintherpore-scale analysis
of residual NAPL blob mobilization by thermal remediatiddditionally, the pore-scale
analysis developed in this study would be incorporated ingerseral conservation
equation in terms of the accumulation of multiple blolhswould derive continuum-
averaged equations that accurately represent pore-levetghlysconclusion, the study
on the critical conditions for the initiation of blahobilization as a single discrete blob
would have some contribution to the transport and fatdARPL contaminant and the

desired subsurface remediation.
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CHAPTER |

INTRODUCTION

1.1 Problem Statement

Remediation of subsurface contamination by nonaqueous pfagls (NAPLS) such
as petroleum hydrocarbons and chlorinated solvents has dageat concern with
relative issues of environmental protection and water tquadonitoring (Rubin et al.,
2008; Davis et al., 2002; Mercer and Cohen, 1990). NAPLs are orglagmicals which
are immiscible in water. Due to their toxicity and Isalubility in the water phase, a very
small amount of residual NAPLs that remain as bloles patential long-term sources of
soil and groundwater contamination.

In recent yearsn situthermal techniques, based on heating the subsurfacebbane
widely studied to remediate soil and groundwater contastihby NAPLs as a better
means of field application (O’Carroll and Sleep, 2007).

These techniques were originally developed in the petroladostry for enhanced
petroleum recovery. They were later applied to the enmenmtal remediation industry
primarily to deal with NAPL-related contamination. Tharious in situ thermal
techniques include hot fluid injection (e.g. air, wated ateam), electrical heating with

electrical currents or radio waves, and thermal conducising steel wells.

This dissertation follows the style of Journal of @oninant Hydrology.



To determinate the suitable remediation technique, the piepef contaminant and
porous media both are considered (Davis, 1997; Davis, 1998¢xBowle, steam or hot
air injection is applicable for volatile or semi-valatcontaminants in the sandy or gravel
aquifer. Meanwhile, hot water injection is suitable tbe nonvolatile contaminants.
Electrical heating is effective for most of the NABantaminants in the low permeability
layers like the clay layer. The cost-benefit ratiod asasement of operation and
maintenance can also be factors for the selectibomemediation technique. For a
nonvolatile, viscous oil, steam and hot water injection effective for the remediation.
For this study, hot water injection is considered m@e@priate, because it provides the
same amount of oil recovery at a lower temperaturegusot water instead of steam,
saves the effort of operation and maintenance and redneeverall cost with the same
result.

According to the classification of NAPLS, highly viscousdanonvolatile oils, like
crude oil, coal tar, and creosote are LNAPLSs (light qoeaus phase liquids) which are
lighter than water. Viscous LNAPL in the porous media ba recovered effectively
through hot water flooding. Flooding produces the severairédle effects. First, it
decreases the capillary and interfacial forces betviekds and the porous media. The
decrease of forces lowers the residual saturatioredli&PL phase. Second, it causes the
thermal expansion of the NAPL phase. It increases#turation of the NAPL phase and
subsequently increases its mobile fraction and decreasesdidual. Third, it decreases

the viscosity of the NAPL phase. It also enhancesability.



LNAPL is generally put into the subsurface by anthropoggn&odes such as spills
or wastewaters disposal from industrial activities. WhBIAPL is initially released into
the subsurface, it infiltrates the vadose zone in tha fof continuous fluid by the force
of gravity. However, when it proceeds to a certain deiptik, retained by the capillarity
as a blob trapped in the pores. When a large volumeosgillirs, the continuous fluid can
reach the upper limit of the saturated zone and exhtetabmovement along the water
table. However, this free-phase layer is discretinedecome blobs trapped in the pores
around the water table from the “smearing” phenomenhbeaslevation of the water table
fluctuates with seasonal changes (Figure 1-1).

In order to analyze the removal of NAPL blobs in the pdnghot water flooding, the
critical conditions on the transport of NAPL blob thghh the water flow in the pores
need to be observed. This observation shows the etiétisb radius, temperature and
water velocity on the enhancement of blob mobilizationthe pores. And, the
consideration of varying relative permeabilities of flu{dg and water) provides insights

into the transport of NAPL blob in porous media atpgbees-scale.
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Figure 1-1 Schematic diagram of the generation of NAPh bBlound the water table



1.2 Theoretical Backgrounds
1.2.1 Characteristics of NAPL Blob Trapped in the Pores

The residual NAPL phase is retained in the pores as ljleigare 1-2; after Han,
2007). The size of NAPL blob can be classified by the nurmobpore bodies observed as
singlet (occupying one pore body), doublet (occupying two),complex blobs
(occupying 5 to 10 or even more). Generally, singlet-typd bépresents 50~60 % of
blobs, while most of the residual saturation is repitesehy complex blobs (Morrow et
al. 1988; Wilson et al. 1990; Powers et al. 1994). The shapeeoNAPL blob is
classified along with its size as follows: sphere $onglet, elongate for doublet and
several different forms (sphere, cylinder, and finger)complex blobs (Powers et al.
1991, Bruell et al. 1997).

Trapped blob can be mobilized by the action of buoyantveaus forces. Once the
blob is mobilized, it may break into smaller blobs (likegtet-type blob) through snap-
off and by-passing (Wilson et al. 1990). Thus, the critioaldition of singlet-type NAPL
blob mobilization in the pores is a crucial interestthie fate and transport of NAPL

contaminant from the viewpoint of remediation.

1.2.2 Theoretical Approach on the Temperature-DependehtMbbilization

The critical condition for the initiation of blob mdization can be investigated by
force balance and dimensional analyses. The mobilizaifoNAPL blobs in porous
media is affected by the relative magnitudes of capilfarges, viscous forces, and
buoyancy forces. For the relationship of these fordesensionless numbers such as the

capillary numberCa, and the bond numbeBp, are used.



Water

NAPL blob

Figure 1-2 Schematic diagram of residual NAPL as a blatater-wet porous media
(after Han, 2007)



The capillary number is expressed as the ratio of usdéarces to the capillary forces,

defined byca= gé’sa , whereq is the Darcy velocityy is the viscosity of the displacing
o

fluid, o is the interfacial tension of the NAPL-water systeandd is the contact angle.

The bond number is expressed as the ratio of the bupyaraes to the capillary forces,

_ 2
defined byBo:w, whereg is the gravitational acceleration constgnj, and
o CO¢

P, are wetting (water) and non-wetting (NAPL) phasegities, respectively, andis a
characteristic length.
Pennell et al. (1996) expressed the mobilizatiothefNAPL blob in terms of a total

trapping numberN; , defined byN; =|BoJ_r Ca| . Using this number, the critical value of

N, is determined for the initiation of NAPL mobilizan and for its complete
displacement (Li et al., 200Gioia and Urciuolo, 2006; Fu and Imhoff, 20@%)ton and
Hilfer, 1999).

Sleep and Ma (1997) studied the NAPL blob mobiimatin terms of the capillary
number over the temperature range of 20 to 90 tCcdlculate this number, they used

the temperature-dependent relationships of thesigcand the interfacial tension.



Corapcioglu et al. (2004) and Roosevelt and Cooghei(1998) investigated the rise
velocity of air phase using the column experiment @he quantitative calculation
technique. Researchers reported the calculatedelseity of a single discrete air bubble
moving upward in the water-saturated column fillgith 4-mm glass beads (gravel size),
not exceeding 18.5 cm/s. As a critical characterat thein situ air sparging technique,
the calculation of rise velocity of a single digerair bubble provides the insight in the
upward movement of a single fluid drop in porousifae

When the fluid transport is observed in porous wmedne relationship between
relative permeability and saturation is another angnt factor. Some researchers
investigated the constitutive relative permeab#igyuration relationship for 2-phase flow
of wetting and nonwetting fluids (Table 1-1; Dutyad, 1999). When the blob movement
is observed in a REV (Representative Elementaryivie) scale, oil saturation and the
corresponding relative permeability are consideasdconstant values. Meanwhile, at
pore-scale, oil saturation and relative permegbiitll vary according to the change of

blob size.



Table 1-1 Summary of the relative permeability-satian relationship for 2-phase flow
of wetting and nonwetting fluids (Dury et al., 1999

Reference Relative permeability of nonwetting phase

Corey (1954) | | —(@-5.)2(1-Su) or k,, = Sufl- (L Sn)?]

Pirson (1958) For imbibition:
k. =(-Sw)?ork, =S,

For drainage:
km = (1_§W)(1_§$:4S}V/2)1/2 or km =§n I:l— (1_§n)1/4 (1_Sn)1/2]1/2

Wyl“e (1962) km — (1_§W)3 or km =§i

§W :(SW_SNJ )/(1_ SN,I‘)’ én = Sn/Sn,s =1_§W

S, is the saturation of the wetting phase (water, sigisar) (=6,,/n),S, is the saturation of the
nonwetting phase (NAPL, subscript 0)=¢,/n ), 6,, is the volumetric wetting-phase content
(= vw/vp ). 6, is the volumetric nonwetting-phase conteﬁtv(o/vp ), Sy, Is the residual saturation

of wetting-phasesS;, 5 is the maximum saturation of nonwetting-phasé<{S; )
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The theoretical work on the mobilization of a sengiscrete NAPL blob at pore-scale
can be incorporated into a general conservatioateruin terms of the accumulation of
multiple blobs. The population balance model helpsderive continuum-averaged
equations that accurately represent pore-level iphlysSo, the study on the critical
conditions for the initiation of blob mobilizatioas a single discrete blob has some
contribution to the transport and fate of NAPL @mninant and the desired subsurface

remediation.

1.3 Research Objectives

The objectives of this research are to analyzepttssible benefits of remediating the
NAPL-contaminated subsurface using the thermal riecie of hot water flooding.
Specifically, this research focuses on how the tratpire influences the mobilization of
the immobile NAPL blob in porous media. The outlioé chapters and materials
presented in the dissertation is included below:

In Chapter 1l, the fluid properties and porous raedire characterized. The
temperature-dependent fluid properties include idgndscosity, and interfacial tension.
Porous media is described in terms of a specific parking arrangement to provide
information on porosity, permeability, pore voluretc. In Chapter lll, force balance
analysis is executed to evaluate the critical dimms of the NAPL blob for the blob
mobilization through the pores. In Chapter 1V, anéinsional analysis is executed to
explain critical conditions of blob mobilizationrthugh the pores. In Chapter V, the

effects of water velocity is examined for the blotobilization in porous media. To
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examine the blob mobilization at pore scale, theyiag relative permeability of fluid

phases is applied to force balance analysis andrdiimnal analysis.
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CHAPTERIII

CHARACTERISTICS OF FLUIDS AND POROUSMEDIA

2.1 Characteristics of Fluids

This study considers water and NAPL (more specificaN\APL) as the fluid phase.
For NAPL phase, Voltesso 35 was chosen. It is viscoussaed as a transformer or
electrical insulating oil. Information on the physicabperties of fluid phases such as
density, viscosity, and interfacial tension was gathemdl used for the calculation of
NAPL blob mobilization in porous media. These propertiesewtemperature-dependent
and provide data over the temperature range of 20 i€ 9®oom temperature (2T)

was the reference temperature.

2.1.1 Density and Temperature Dependence
NAPL density (g/cr) can be expressed as a function of temperaf@e(Sleep and
Ma, 1997).
p, =0.8610-1.1750x10T — 2.7738x10°T? (2-1)
Water density (g/cf) is obtained as discrete data (Munson et al., 1998). Citivg) fi
the data gives a second-order equation similar to tHdASL density.
P, =1.0020-1.1829x10*T —3.2280x10°°T? (2-2)
NAPL and water densities decrease as temperature insrédse decrease of each

density is about 3% over the temperature range (Figure 2-1a).
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Buoyant force is directly proportional to the differet@tween two fluid densities

(Ap = p, —p,) Which decreases as temperature increases (Figure 2-1b).

2.1.2 Viscosity and Temperature Dependence
NAPL viscosity (dynes/cnf) can be expressed as a function of temperafi@p (

(Sleep and Ma, 1997; Jayaram, 1993).

1890x10°  2.035x10°
27315+T (27315+T)?

In u, =—-0.118+ (2-3)

Water viscosity (dyns/cnf) is obtained as discrete data (Munson et al., 1998). Best
curve fitting of these data gives the logarithmic expressio

u, =—4600x10°InT +2.363x10° (2-4)

NAPL and water viscosities decrease as temperatureasese(Figure 2-2a). The

decreases of NAPL and water viscosities are about 87%%¥dover the temperature

range (Figure 2-2Db).
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2.1.3 Interfacial Tension and Temperature Dependence
Interfacial tension (dyne/cm) for a NAPL-water systean be expressed as a
function of temperatur€) (Sleep and Ma, 1997).
o,, =47.226-0.244T (2-5)
Interfacial tension decreases as temperature incr¢@ggse 2-3a). The decrease of

interfacial tension is about 40% over the temperatmge (Figure 2-3b).

2.1.4 Contact Angle and Temperature Dependence

The contact anglé (°) shows different values depending on the kind of iscihle
fluid and the corresponding type of particle material tfee porous media. Keller and
Chen (2003) introduced various values of contact anglehéosdlected NAPL phases.
For the system of average hydrocarbon compounds, wateglassl phases, one typical
value of 34° was chosen at room temperature from thedys

Generally, the contact angle decreases as tempenatueases (She and Sleep, 1998;
Figure 2-4a). Thus, the decrease in contact angle gieetrite increase in the cosine of
the contact angle (Figure 2-4b). However, the changeentact angle with temperature
were small. For example, the change wa27°/°C for an organic-water-glass system

(Poston et al., 1970).
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The relationship between the capillary pressure and faturation in porous media
is defined by the pore size distribution and the interfdeiasion between wetting and
non-wetting fluids and the soil grain surface. Whengbsus media is simply expressed
as a bundle of capillary tubes having varying diametées, Ytoung-Laplace equation
shows the relationship (Dullien, 1979).

D = 20, Cc0sY
¢ R

(2-6)
whereR is the radius of capillary tube. Even though increaseéise cosine of the contact
angle offset decreases in the interfacial angle toesdegree, capillary pressures would
be expected to decrease as temperature increases kibeatisange in interfacial tension

is much greater than that in the cosine of contagiea hus, the value in the product of
interfacial tension and the cosine of the contagleadecreases as temperature increases

(Figure 2-5a). The decrease of the value is about 30% avéertiperature range of 20 to

90°C (Figure 2-5b).
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system and (b) the cosine of the contact angle theetemperature range of

20 to 90°C (Keller and Chen, 2003; Poston et al., 1970)
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2.1.5 Temperature Dependence of Blob Radius and Volume

At reference T, ) and interest ) temperatures, the NAPL blob density can be

defined as:

M M

_ o . —
po,ref Voyref ’ po V

. (2-7)

(o]

whereM_ and Vv, are mass and volume of single NAPL blob, respectiveflgm the

ratio of two expressions, the temperature-dependent cludrigeb volume and radius is

calculated as:

1/3
RO — (po,ref j Royref ; vo _ (po,ref jvoyref . (2'8)
Lo Po

Blob radius and volume increase from thermal expanag®temperature increases.
These increases are about 1.2% and 3.6% over the temperange of 20 to 96C
(Figure 2-6). From Equation (2-8), the thermal expansion iceeits of the blob radius

and volume are expressed as:

1/3
fR — (po,ref j : fv — po,ref (2_9)
Lo Po

where f, and f,, are the thermal expansion coefficient of blob radind volume,

respectively. These coefficients have same valuesose th Figure 2-6 with respect to

the temperature.
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2.2 Characteristics of Porous Media
2.2.1 Pore Volume and Porosity

A soil packing arrangement determines the hydrologic pasmet soil system such
as porosity and permeability. For example, an orthorhoipécking arrangement of soils
provides the following information on the calculation mdre volume and porosity.

(Table 2-1; Graton and Fraser, 1935)

Table 2-1 Calculation of unit cell, unit void volume andgsity with the orthorhombic
packing arrangement at, = 0.4 cm (Graton and Fraser, 1935)

_ d,\’
Unit cell volumeV,, cn? 691{?” = 0.05544
d 3
Unit void volumeY , cn? 2_74(7” =0.02192
. v
Porosity, n (: v—”j 0.3954
t

If the soil particle diameted, is considered to be 0.4 cm, the volume of a single

pore is 0.02192 ci If a single blob occupies the whole space ofraylsi pore, the

maximum radius of a spherical blob is 0.174 cm.
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2.2.2 Permeability

When the two-phase flow is observed in porous methia permeability or the
effective permeability of water (or NAPL) phade, (ork, is)generally expressed as:

k, =Kk, (ork, =kk) (2-10)
wherek is the intrinsic permeability ankl, (ork,, i¥ the relative permeability of the
water (or NAPL) phase. A general expression fainstc permeabilityk would be:

k=ffd} (2-11)
where f, is a shape factorf, is a porosity factor, and , is the particle diameter (Bear,
1972). Shape factor is dimensionless and a funatioparticle shape, tortuosity, and
other terms from the geometric form of the indiatlchannels. The porosity factor is a
function of the porosity.

Among the suggested expressions for intrinsic pabihigy, k, the Kozeny equation

(Corey, 1994) defines it as:

_dp
- 150(1-n)®

(2-12)

When the selected orthorhombic packing arrangewifesuil grains is considered, the
value of intrinsic permeabilityk would be calculated with values of porosity andipke
diameter giving a value of 1.8039 x™“L.ent.

Relative permeabilityk, is a function of fluid saturation. The Wyllie ediea is one
of several expressions suggested for relative pabiiity k., defined as:
k =S° (2-13)

whereSis the saturation of fluid phase (Corey, 1994).
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If the two-phase flow is considered, one fluidngshe wetting phase and the other is
in the non-wetting phase. In this case, water éswetting phase and NAPL the non-

wetting phase. Thus, the relative permeabilitydfach fluid phase can be expressed as:

k,=S=@1-S,) (2-14)

ko=8=(1-S,) (2-15)
wherek,, and S, are relatively permeability and saturation of waikase, respectively,

andk,, andS  are relative permeability and saturation of NAPhage, respectively.

o1
The summation of two saturations is uni§,+S,= ). 1

When the flow phenomena are observed in the mamrdQREV) scale of the soil
system, the value of the relative permeability osisidered a constant value. However,
when the flow phenomena are observed in the miorggre) scale of the soil system,
the varying relative permeability value should lomsidered according to the change of

saturation. For example, when the fixed oil satara(i.e., S, = 0.2) is given for the
observation of parameters with the macro scalecéfeulatedk,,, and k., are 0.512 and

0.008, respectively, using Equations (2-14) and5R-Meanwhile, when parameters are
observed with the pore scale, oil and water saturaitare calculated from the NAPL

blob radius first and thek,, andk, are calculated from the calculated oil and water

saturations (Figure 2-7).
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2.2.3 Limiting Pore Throat Radius

The moving blob becomes trapped in a pore whenrétention (surface tension)
force is equal to the driving (buoyant) force. Targrapment occurs at a certain size of
pore throat radius and it is determined from theggain packing type (Corapcioglu et al.,
2004). According to Corapcioglu et al. (2004), tmeiting pore throat radius for an

orthorhombic arrangement can be calculated as:

R = (2\/5’%)% . (2-16)

Pore throat radiusR’ is 0.0309 cm for the particle diamety of 0.4 cm.

From the balance between forces mentioned aboadintiting pore throat radius can

be also calculated.

F=F, (2-17)
2R 0 =(p, - po)a 5 R (2-18)
3
r = APy P )ORS (2-19)
3o cosl

Figure 2-8 shows the limiting pore throat radiugrothe temperature range Rf =

0.25 cm. As the temperature increases, the limpmg throat radius also increases. That
is, a trapped blob in porous media at room tempegatan be mobilized at some increase
in temperature. It can be explained by the fadt tiia decrease in surface tension force in

magnitude is larger than the decrease in buoyaoe fas the temperature increases.
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CHAPTER I11
FORCE BALANCE ANALYSISON THE MOBILIZATION OF NAPL BLOB

IN POROUS MEDIA

3.1 Force Balance Approach

Force balance analysis is a critical tool to intdrgh® mobilization of a single,
trapped NAPL blob in a single pore. This quantitative aglprovides the insight and
information on the critical conditions for the blahobilization using magnitudes of
forces and ratios between forces.

The forces exerted on a trapped NAPL blob include buoyashtsarface tension
forces (Figure 3-1; after Han, 2007). Density differencevben NAPL and water

provides the positive force to help the blob move upwawdaiter. The buoyant forcé;,

is expressed as:

F, =Apgv, (3-1)
where Ap is the density difference=(p,—p,), V, is the blob volume:égzzR;f’), and

R, is the radius of an imaginary spherical blob havingsdree volume as that of a blob.

The surface tension force is the force caused by thereiifte between molecular

attractions inside the fluid and those on the surfacheofluid. The surface tension force,

F, is expressed as:
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F, =27R' o cosd (3-2)
where o is the surface tensio, is the contact angle between the NAPL blob and soil
grain, andR’ is the pore throat radius determined by a particulamgement of soil
grains.

If water flow exists in porous media, two additional #&gcare considered from
“push” and drag forces. The push force is the volumébrice showing viscous effects
exerted on NAPL blob while it is mobilizing through the poféson, 2007). The push
force is expressed as the force the water flow presstggs on the NAPL blob. From

the expression of Darcy’s law, the push force is fdated as:

mu, 4 s
F,o=A—7TF— 3-3
0 - 37zR0 (3-3)
whereu,, , k., , &, and A are the local velocity, relative permeability adgnamic

viscosity of the water phase and the correctiotofato represent the medium-specific

surface properties, respectively. After the NAPalbls mobilized, the push forag, is

expressed in the same manner, except for the tgrfgiven as the relative concept).

/uwu\’/v 4 _s
F o= atut 4 3-4
I 3 (3-4)

whereu,, is the local velocity relative to the moving bledlocity (=u,, —u,).
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The drag force resulting from the drop moving ia fluid phase can be expressed by

Ergun equation (Niven, 2002) as:

150u,u, (1-n)*  1750.u; (1-n) |4 _, (U,  puZ )4 _,
F, = Sl + Chale = = A HoZo  FoTo | 3-5
‘ { d? n® d, e |37 k, Kk, 3™ (39

The drag force consists of two terms; the viscowes @y losses from the laminar flow
and the kinetic energy losses from the turbulemivflBased on the blob velocity and
other terms, the blob movement reveals the lanfloar at low Reynold number having
the critical number of unity. Therefore, the secdrdn for the turbulent flow was

dropped out of the equation and the first termalwas used for the drag force:

MUy 4 3 MUy 4 3
F,=Afo0 7R3 - pAfoo 7 3-6
y ” 37ZR0 Kk, 37ZR0 (3-6)

(0]

whereu,, k., u, are the blob velocity, relative permeability arngh@mic viscosity of

NAPL phase, respectively.
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Water
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Figure 3-1 External forces acting on a NAPL blolparous media (after Han, 2007)



33

3.2 Analysis on a Trapped NAPL Blob in Porous Media

For the force balance analysis, the following datd conditions are used (Table 3-1).

Table 3-1 Properties of parameters for the fordanoe analysis

Soil packing arrangement Orthorhombic
Particle diameted ;, cm 0.4

Unit void volumeY , cnt 0.02192
Porosityn 0.3954

Pore throat radiu®’, cm 0.0309

Intrinsic permeabilityk, cnf 1.8039 x 1¢

Oll saturationS, 0.2

Oil relative permeabilityk, 0.008

Gravity acceleration constagt cmy/s? 981

Correction factoA 52

3.2.1 Critical Blob Radius for the Blob Mobilizatio

On a single NAPL blob trapped in porous media, launbyand surface tension forces
act. The buoyant force acts as a driving forceetp the blob move out of a pore and the
surface tension force acts as a retention fordeép it from moving. As the blob radius
increases, the buoyant force increases while thiacgutension force does not. Thus,
when the buoyant force overcomes the surface terisice at a certain blob radius, the
blob will start to move. So, the minimum blob ragltan be observed for the initiation of

blob mobilization. This critical condition for thdob mobilization can be expressed as:
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F, = F, (3-7a)
Apggzsz’ > 27R o cosd (3-7b)
3Rocosd )
Ro crit 2 [G—COJ (3'7C)
' 2Apg

From the above expression, the critical blob raftmghe onset of blob mobilization

is determined as a function of temperature. Thiscal blob radius,R, ., decreases

from 0.228 cm afl = 20°C to 0.203 cm afl = 90 °C (Figure 3-2a). And, the blob
volume also decreases from 0.04965 ¢en0.03504 crhalong with the corresponding
decrease in blob radius. With the unit pore voldroen Table 3-1, the blob volume can
be described as the number of unit pore volumestl@achumber decreased from 2.3 to
1.6 units (Figure 3-2b). In conclusion, due to ttexrease of interfacial tension, the
residual NAPL blob is more likely to initiate bloimobilization as the temperature

increases.
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3.2.2 Magnitudes and Ratios of Forces

The buoyant force exerted on a trapped NAPL blotegaly increases as the blob
radius increases. The change in magnitude is dirpobportional to the change in the
blob volume. The surface tension force does nohghawith the changes in the blob
radius (Figure 3-3a).

At room temperature, the buoyant force can overctiraesurface tension force with
blob radii greater than 0.228 cm at room tempeeasorto initiate the mobilization of the
blob trapped in porous media. However, as the sadets smaller, the surface tension
force gets larger than the buoyant force so thattbb is trapped. From the calculation
of critical blob radius for blob mobilization in &®n 3.2.1, a NAPL blob as big as the
one occupying more than two pores can be possiblyilired at room temperature.

With the increasing temperature, the change in ihadg of buoyant force is
insignificantly little as the change in densityfdience and blob volume offsets each
other. The change in magnitude of buoyant forcguss about 1% increase over the

temperature range of 20 to 9.
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The surface tension force exerted on the NAPL ldeberally decreases as the
temperature increases. The change in magnituderoé fis directly proportional to the
change in the product term between interfacialibenand the cosine of the contact angle.
The change in magnitude of surface tension forcabsut 30% decrease over the
temperature range of 20 to %D.

The calculation indicates that the temperaturei@rftes a trapped blob to mobilize at

a lower critical blob radiusR, ,;, of 0.203 cm aff = 90 °C (Figure 3-3b). From the

calculation of critical blob radius for the blob mization in Section 3.2.1, a NAPL blob
large enough to occupy just two pores (“doubletih) be potentially mobilized dt= 90
°C.

Since the blob is mobilized, the drag force is aserted on the moving blob in
porous media. Under the steady state of the blobomothe surface tension force
balances against the buoyant force at a smalldy tddius. However, the drag force
replaces the surface tension force in the roldefretention force as the radius increases

(Figure 3-4).
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Figure 3-3 (a) Magnitudes of forces and (b) fomt#os versus blob radius before the

blob mobilization
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3.2.3 Terminal Blob Velocity

Once the blob mobilization is initiated, the teralifsteady state) blob velocity from
the steady state blob motion can be determineds iBhdone using the force balance
equation which includes the buoyant, surface tensimd drag forces exerted on the

moving blob in porous media. The blob velocity istetmined from the following

expressions:
Fb = Fg + Fd (3-88')
4 3 ’ /uouo 4 3
Apg—7RS =27R' o cosfd + A——=— 7R (3-8b)
3 Kk, 3
., :&(Apg_mj (3-80)
Au, 2R,

The calculation is observed with the fixed oil sation (S, = 0.2) from the macro-scale

(or REV scale). The calculation indicates that tdeninal blob velocity is 1.55 x 10
cm/s atT = 20°C (Figure 3-5). As the temperature increases, éhminal blob velocity
also increases up to 1.15 x*1ém/s atT = 90°C. This blob velocity increase is due to a
decrease in blob viscosity with the resultant iaseein the smooth motion of blob in the

pores.



u, cm/s

0.0002
T=20C
------- T=50C
— - — - —T=00C
0.00016 |
0.00012 | B
a‘/-_’ -
’/
4
0.00008 | /
Lo
/
0.00004 | [,
.rll
) -
0 s
0 0.2 0.4 0.6 0.8

R, cm

41

Figure 3-5 Calculated terminal (steady state) blkelbcity after the blob mobilization

from the force balance equation
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3.3 Analysis on a Trapped NAPL Blob with Water Flow
3.3.1 Critical Blob Radius for the Blob Mobilizatio

When water flows in porous media, an additionatéowill be exerted from the water
“push” on a trapped blob with the buoyant and stgfension forces. The push force acts
as a driving force and supplements the magnituddeobuoyant force. Thus, when the
summation of buoyant and push forces overcomeutace tension force, the blob will

start to move. The condition for the blob mobiliaatcan be expressed as

F+F, 2 F, (3-9a)
4 3 /uwuw 4 3 ’
Apg—7RS + A — 7R’ > 27R o cosf (3-9b)
3 Kk, 3
3
3R ocosd

I:Qo,crit 2 U (3-9¢)
S

rw

From the expression, the critical blob radius fog tobilizationR, ;, is determined
as a function of temperature. With the natural eiyoof water flow @, = 1 m/d), the

critical blob radius decreases from 0.224 crit &20°C to 0.202 cm at = 90°C. And,
the blob volume also decreases from 0.04708 ton®.03453 crhwith the decrease in
blob radius. Thus, the number of unit pore voluneegjivalent to the blob volume, also
decreased from 2.1 to 1.6 units.

Compared to the calculations of the condition ofwater flow, the radius is smaller,
but the difference is insignificant (Figure 3-6).rheans the existence of water flow
within the range of naturally existing velocitie®eds not significantly affect blob

mobilization.
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3.3.2 Magnitudes and Ratios of Forces

Among the forces acting on a trapped blob, the Aaobgnd push forces increase as
the blob radius increases, but the surface terisiee does not change (Figure 3-7).

At the macro scale, the magnitude of the push fere@proximately 20 times smaller
than the buoyant force. Thus, the contributionhef push force to the total driving force
is insignificant and has little impact on the blmiobilization when it is compared to that
without the push force. The driving force from baatyand push forces can overcome the
surface tension force at a blob radius larger tha@4 cm for the blob mobilization in a

pore. That result is much similar to 0.228 cm, ¢hiéical blob radius,R, ., from the

condition without water flow.

For the temperature range, the ratio of the buot@iihe push force increases up to
65, which indicates that the driving force receittes most contribution from the buoyant
force (Figure 3-8). Thus, temperature has littkeafon the reduction of the critical blob

radius, R, ,;; to enhance the blob mobilization with 0.202 crit at90°C.

As the blob is mobilized, the drag force is alseréad on the moving blob (Figure 3-
9). Under the steady state of the blob motion,siindace tension force balances against
the buoyant force at the smaller blob radius. Hawethe drag force replaces the surface
tension force in the role of the retention forcetlas radius increases. The ratio of the
drag to the surface tension force reveals the damea of the drag force over the surface
tension force as a function of blob radius as &sltemperature (Figure 3-10). The ratio
change is more predominant over the radius ratten the change in ratio over the

temperature.
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Figure 3-9 (a) Force magnitudes and (b) force satersus blob radius after the blob
mobilization
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3.3.3 Terminal Blob Velocity

Once blob mobilization is initiated, the blob vatgccan be determined from the
force balance expression including the buoyanthpsarface tension, and drag forces
exerted on the moving blob in the pore. The blolaiey is determined from the

following expression:

F,+F,=F+F, (3-10a)
4 4 MU, 4

Apg— 7R3 + AW~ aR3 = 27R o cosd + A — sR3 3-10b

PR+ AR = 2aR 0 cosh AL TR (3-10b)
4 u,(u,—u,) 4 1\, 4

Apg—aRS+ Aww o) R — 27R o cosh + A2 — 7R3 3-10c

P93”Ro Kk 3”Ro o Kk 37TR0 ( )

rw ro

kk AuM, 3R acosej (3-100)

u. = 0 (Angr

(o] kk 2 3

Aﬂ{Hkmﬂwj " R
Ky 4o

whereu,, is the water velocity relative to that of the NABIob. At the macro scale
with S = 0.2, the calculation indicates that the termivlab velocity is 1.62 x I®cm/s
at T = 20°C. The terminal blob velocity was smaller than thater velocity by two
orders of magnitude (Figure 3-11). Without the pfashke, the blob velocity is 1.55 x 10
® cm/s atT = 20°C and it can be compared to the above value withpiish force. It
indicates that the push force increases the blohinal velocity insignificantly. As the
temperature increases, the terminal velocity aisceses to 1.16 x T&m/s atT = 90

°C, compared to 1.15 x T@&m/s without the push force.
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CHAPTER IV
DIMENSIONAL ANALYSISON THE MOBILIZATION OF NAPL BLOB

IN POROUS MEDIA

4.1 Dimensionless Numbers

A dimensional analysis using dimensionless numbers i wsdelineate the NAPL
blob mobilization in porous media, based on an evaluaifotihe effects of the forces
exerted on a blob. The dimensional analysis providestarlunderstanding of the critical
condition of the displacement of NAPL blob in porousdma.

In general, the mobilization of NAPL blob in porous needs explained by the

combined effects of bond numbeBd) and capillary numberGa).

Bo = (pw —Po )gkkrw (4_1)
o coso
Ca= Ml (4-2)
o coso

Bond number,Bo, represents the ratio of buoyant to surface tensioce$prand
capillary numberCa, represents the ratio of drag to surface tension foResnell et al.
(1996) introduced another dimensionless number, Trapping numder) from the
combination of bond number and capillary number, baseth@rvertical movement of
NAPL blob.

N; =|Bo+ Cd| (4-3)

For LNAPL, blob and water flow in the same directiorcombine two numbers with

the positive sign. Meanwhile, the negative sign &spio the movement of a DNAPL

blob.
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Along with the Trapping number, the initiation of blob maaition requires the
critical value of 2x 10° ~ 5 x 10°. From the force balance analysis, the equivaleniser
for the bond and capillary numbers are defined, and ttieatwalues for the initiation of

blob mobilization are investigated.

4.2 Analysis on a Trapped NAPL Blob in Porous Media
For the dimensional analysis of NAPL blob movement irepdilled with stagnant

water considers three forces: buoyant, surface tenasmmhdrag forces.

S F=F, -F ,-F, =Apg§ﬂR§’—2ﬂR’aCOSH—Aﬂk°k—%gﬂR§’:O (4-4)

Modified forms of existing dimensionless number® antroduced by dividing

buoyant and drag forces by surface tension force.

4 s
MO  oApgR? 2R

Bo' = = = Bo=C,,Bo (4-5)
2R'occosd 3R'ocosd 3R'kk,,
MUy 4 s
A2 —aRY
Kk, 3 2AR®
Cap=— e > = 2P ca, =Cq,,Ca (@-6)
27R'occosd  3Rkk,, '
- kk 3 3
WhereBO:('OW Po )0k, , Ca, =”°—u°, Cgo = 2R, ndC,, = 2AR, ,
o Ccosd o coso 3R'kK,, © 3RkK,,

Bo' is the modified dimensionless number correspontbnigond number Bo) and

Ca/ is the modified dimensionless number correspondingapillary number for olil

phase Ca, ).
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4.2.1 Effects of Blob Radius
Existing and modified dimensionless numbers areutaied with respect to the blob

radius (Figure 4-1). The existing dimensionless Ipers Bo and Ca_, which have

constant values for varying blob radius, do notvgle representation of the role played
by driving and retention forces after blob mobiliea (Figure 4-1a). Meanwhile, the
modified dimensionless numbeBo’ and Ca, do provide some useful information of

the blob mobilization (Figure 4-1b).

Bo' andCa, are expressed as a function of blob radius, unlikebond and capillary
numbers. Thus, as the blob radius increaBeS,and Ca/ increase, too. The increase of
Bo' is proportional to the cube of the blob radiugresponding to the blob volume, and
the increase o€a is proportional to the product of the cube of blablius and blob

velocity. This can be understood by the definitmnforces. Buoyant and drag forces
include the term of blob volume to represent tleaase in magnitude of forces as the

blob radius increases.
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In the meanwhile, surface tension force does nahgé with the varying blob radius.

Therefore,Bo’ and Ca, increases are due to buoyant and drag forcesataply.

The modified dimensionless numbers show tBaltis around unity and is greater

than Ca/ for a small blob radius such &= 0.25 cm right after the initiation of blob

mobilization, indicating the buoyant and surfaaesten forces control blob mobilization.
And as the blob radius increases, the ratio of anbyo surface tension forces increases
rapidly, explaining the rapid increase in blob witlp However, as the blob radius
increases much more, the drag force increaseslyaid its contribution to the retention
force overcomes that of surface tension force ¢orétention force and finally becomes

solely significant. AtR = 1 cm,Bo’ andCa;, have values of 85 and 84, respectively,

indicating the buoyant and drag forces controldlod mobilization. Due to the effects of

drag force, the blob velocity approaches steadg sta
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Figure 4-1 Comparison of existing and modified dasienless numbers as a function of
blob radius af = 20°C; (a) existing numberBo andCa, and (b) modified

numbersBo’ and Ca]
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4.2.2 Effects of Temperature
Modified dimensionless numbers are calculated wébpect to the temperature

(Figure 4-2; Table 4-1). To evaluate temperatur@nges, fixed values are given to the

coefficientsC,, andC,, , at fixed blob radius. The temperature-dependeanges of

Bo' andCa, are exactly proportional to that 80 andCa,, more exactly, to the term

(CAY) for Boand—*~"_ for Ca,.
o cosd o cosd

As the temperature rises from 20 to 90°C, the modified dimensionless number
Bo' increases about 45% at any blob radius. The iseréa number is due to the
relatively larger decrease of the teentost over the tern(pw— po). The termso cosd
and (pw— po) indicate the effects of surface tension and bubyartes, respectively.

Thus, the blob mobilization is supposed to gairditging force from the buoyant force

as temperature increases, compared to the retdatioafrom surface tension force.
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As the temperature rises from 20 to 90°C, the modified dimensionless number
Ca] increases about twice & = 0.25 cm. The increase in number is due to theease
of the termy u,, indicating the effects of drag force. As the bl@tocity increases with
the increasing temperature, the drag force inceegseatly along with the decrease of
surface tension force. This relationship decreasedghe blob radius increases. The
increase of the numb&a; is approximately 50% aR = 0.6 cm. From this observation,
the surface tension force is significant at smdleb radius over the whole temperature
range and makes a greater contribution to thetieteforce than the drag force. & =
0.25 cm, the ratio of the surface tension to tlegdorce is 3:1 al = 20°C. This ratio
reduces to 1:1 & = 90°C and demonstrates that the surface tension fotehe drag
force make the same contributions to the reterfooce. However, aR = 0.6 cm, the
drag force comprises most of the retention forcth &iratio of the drag to the surface
tension forces of 17:1 dt= 20°C. This demonstrates that the surface tension ibotes

only 6% of the total retention force. This percgm@taoes down to 4% with a ratio of

25.5:1 aff = 90°C.
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Figure 4-2 Modified dimensionless numbdds’ and Ca, as a function of temperature
between 20C and 9C°C at R = 0.25, 0.4 and 0.6 cm
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Table 4-1 Modified dimensionless numbd8s’ and Ca; as a function of temperature

between 20C and 9C°C at R = 0.25, 0.4 and 0.6 cm

T o R, =0.25 cm R, =0.4cm R, =0.6 cm
’ Bo' Ca,' Bo' Ca,’ Bo' Ca,'
20 1.325 0.325 5.426 4.426 18.312 17.312
30 1.366 0.366 5.594 4.594 18.878 17.878
40 1.417 0.417 5.806 4.806 19.595 18.595
50 1.482 0.482 6.070 5.070 20.485 19.485
60 1.561 0.561 6.394 5.394 21.579 20.579
70 1.658 0.658 6.791 5.791 22.921 21.921
80 1.777 0.777 7.280 6.280 24.569 23.569
90 1.925 0.925 7.883 6.883 26.607 25.607
453 184.8 453 55.5 453 47.9

Shading indicates the percentage Increase of the number over the temperature increase from 20 to 90 °C
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4.2.3 Effects of Blob Velocity

Blob movement in porous media can be explained byrensionless number like
Reynolds number. Reynolds number is expressedeastib of inertial to viscous forces,
giving the information to identify the flow type tveeen the laminar and turbulent flow

ranges. Reynolds number is defined as:

Re= 20,Rpy . (4-7)
Hy

where u, and R, are velocity and radius of blob, ane, and x, are density and

viscosity of water.

For blobs with a radius up to 1 cm and at tempeeatbbetween 20 to 9T, the
Reynolds number indicates that the blob movemelainge in the laminar flow regime
with critical values less than unity. It is alreaayplied to the expression of drag force
including the laminar flow term only in Chapter.ll|

As the blob radius increases, Reynolds number ase® (Figure 4-3a). At smaller
radius, Reynolds number is proportional to the pobdof the blob radius and blob
velocity. As the radius gets larger, the blob viglobecomes constant and the Reynolds
number is proportional to the blob radius only.

Reynolds number increases at the elevated temperatd it is proportional to the
product of the water density and water viscosiigFe 4-3b).

At the same Reynolds number, the modified dimertsgsnnumberBo’ and Ca]
increase as the temperature increases (Figure #ihg).higher dimensionless number

indicates the more favorable conditions for flommming through the porous media with

the decrease of surface tension force.



1.E+00
Re, T=20€
,,,,, Re, T=50C
— - —Re, T=90C
1.E01
3]
o]
€
S
c
(]
8 1.E02 |
<
[e]
B
c
(]
=
© 1E03}
1.E-04
0 0.2 0.4 0.6 0.8 1
R, cm
(@)
1.E+00
Re,R0=0.25cm
,,,,,, Re, Ro=04cm
— -—-—-Re,Ro=0.6cm
1.E01
3]
o]
g 1.E02
c
(2]
[}
o
c
o
‘n 1.E03
c
(]
=
a
1.E04
1.E-05
o 20 40 60 80 100
T,°C
(b)

Figure 4-3 Reynolds number as a function of (apwaxius (up to 1 cm) and (b)
temperature (20 to 9T)



1.E+03
1.B+02
/
/
£ /
S 1.E+01 + Y
[ f
[%)]
] /
Qo
‘s 1.E+00 -
c
(]
=
a Bo', T=20C
1.E01 | Bo', T=50C
’ Bo', T=90C
————— Cao', T=20€C
————— Cao', T=50C
~ Cao', T=90C
1.E-02 ! !
1.E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E01 1.E+00
Re

Figure 4-4 Modified dimensionless numbdds’ and Ca, as a function of Reynolds

number afl = 20, 50 and 96C

62



63

4.3 Analysis on a Trapped NAPL Blob with Water Flow

From the Pennell's definition (Equation (4-3)), tinepping number is expressed as
the summation of the bond number and capillary rermbVhen it is analyzed in
conjunction with the force balance approach, itnseehis trapping number is not
applicable to explain the result of force balangpraach. Instead, another similar
expression is useful in explaining the result stébalance approach. The newly defined
expression is the linear combination of the bondhioer and capillary number using
proportionality coefficients. Proportionality coeefents are mainly comprised of blob
radius and permeability. The coefficients are rpli#éd to the bond and capillary
numbers to define their modified dimensionless nemsib The use of coefficients is
necessary to integrate reality into the analysithefpore-scale characteristics of porous
media for a more understanding of fluid movementékes changes in some of fluid
properties, like the fluid saturation and its rigfat permeability, quantitatively
explainable from the changes in fluid size whenfhind exists only in a discrete form.

From the force balance equation, dimensionless ewnitan be modified by

proportionality coefficients.

S F=F,+F,-FyF,=0 (4-8)
4 o at(U—U)4 o o Holy 4 s

=Apg— + AW W ol -27R'ccosd — A2 2 — =0 4-9

pggﬂR0 - 37ZR0 o - 37ZR0 (4-9)

Dividing all other terms by the third term (expnesgsthe surface tension force) gives,

4
APOTR oapgR 2R

Bo' = = =
2R occosd 3Rocos? 3Rkk,,

Bo=Cg,,Bo (4-10)



64

uu, 4
AfoZo =8
kk, 3" °  2AR’
Ca , = C Ce. C 4-11
% ZﬂR’aCOSH 3R’kk %= % (4-11)
MUy 4 3
Afw=e 7R
, Kk, 3 2AR (
ca = Rk - w |Ca,=C2 C 4-12
%27 2 Rocos | 3RKK, ( j *= % #12)
MUy 4 3
AW — 7R
kk, 3 2AR?
ca, = W = C C..C 4-13
A 27Rccosd  3RKk,, B = Sean~ ( )
where Bo = (Pu = o )Mk , Ca, _ _Hollo , Ca,, = Mt ,
o cosl ocoso o Cco<o

3 3 3 3
Ceo =ﬂ, Ciao =ﬂ, Cczao :2A—R0 Hw , andccaw — 2AR, )
3Rkk,,, " 3Rkk, = 3RkK, g, ' 3RkK,,

Bo' is the modified dimensionless number correspontiingond numberBo) and
Ca;, and Ca;, are the modified dimensionless number correspgndin capillary
number for oil phase Ca, ) and Ca, is the modified dimensionless number
corresponding to capillary number for water pha€a,().Ca), is the dimensionless
number having the same meaning and expressio@aasn Section 4.2Ca/, is the

dimensionless number showing the effects of thg @rece against the water flow due to

the relative velocity between water and blob velesi
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4.3.1 Effects of Blob Radius
Existing and modified dimensionless numbers areutatied with respect to the blob

radius (Figure 4-5). The existing dimensionless bersBo, Ca,,, Ca,, and Ca, do

not provide a meaningful explanation to the roleypt by driving and retention forces
after the blob mobilization (Figure 4-5a). Meanwhil modified dimensionless

numbersBo’, Ca;,, Ca), and Ca), provide some useful information for the blob
mobilization (Figure 4-5b).

Bo' andCa;, play the major role of the driving force and reiem force. As the
driving force, Bo' andCa, are examined an&0’ is 20 times as large &=/,. And, as
the retention forceCa,, andCa; , are examined an@Ga, is larger tharCa,, by three

orders of magnitude.

However, Ca, can contribute much more to the driving force undvorable
conditions like increasing water velocity or incsg oil saturationCa, increases in
direct proportion to the water velocity. For exaemphe above calculation is doneugt

=1 m/d and if the water velocity goes up to 20,n@d,, will increase 20 times.
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And also, the elevated oil saturation can cadsag to increase by decreasing the
water relative permeabilit€a),. For example, the above calculation is don&at 0.2
and the correspondingw(: @-s,)=0a- 0.2)3=0.512). If the oil saturation increases
up to 0.5, then the correspondifg, will be 0.125(: @-s)=0a- 0.5)3=0.125) and
Ca/, will increase more than 4 times.

Ca;, can also contribute much more to the retentioogfamder favorable conditions
like increasing oil saturation. From the initial saturation §, = 0.2), the corresponding
relative permeabilitiesk, and k, are 0.008 (=S*=02°=0008 and 0.512,
respectively. If the oil saturatiorg,, increases from 0.2 to 0.5, badkfy andk,,, will be
0.125. It causek,, to increase more than 15 times dqgl to decrease more than 4 times.
In conclusion,Ca;, can contribute about 60 times more than ever ¢otdhal retention

force.
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Figure 4-5 Comparison of existing and modified dasienless numbers as a function of
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(b) modified number®o’, Ca,,, Ca;, andCa,,
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4.3.2 Effects of Temperature

As the temperature increases, the modified dimetess number8o’, Ca;,, and
Ca;, increase, buCa,, decreases. The increase Bd' is due to the relatively rapid
decrease of surface tension force compared to btidyece. The increases @), and
Ca;, are due to the relatively large increase of bleloeity compared to the decrease of
oil and water viscosities, respectively. That i® increase of blob velocity causes the
increasing effects of drag force fro@a;, and the increasing effects of friction force
between water and oil phases fr@a ,. Meanwhile, the decrease G&;, is due to the
decrease of push force by the decrease of watswsiig.

At the smaller blob radiusR = 0.25 cm), the close-to-one values of dimensianles
numbersBo’ and Ca;, show that the role of surface tension force mastat the

elevated temperature even though it reduces gigdwih the escalating temperature.
However, at the larger blob radiuR (= 0.6 cm), the higher values (ranging between 18
and 27) of these dimensionless numbers show thatuiface tension force provide only
a small contribution of a few percent to the tottkention force, compared to the drag
force.
The decrease of push force observed from the deemfCa/, can be explained by

the fact that the blob mobilization gets easierabee the decrease of water viscosity at
the higher temperature makes the blob slide moo#tty on the water surface being

contacted by the blob.
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Figure 4-6 Modified dimensionless numbds’, Ca,,, Ca;,, andCa;, as a function of
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4.3.3 Effects of Blob Velocity

Under conditions without and with water flow, Reld®number is compared to see
the effects of water velocity (Figure 4-7). Theste&nce of water flow does not give any
significant change to Reynolds number. The chaigeimber is only a few percent with

respect to blob radius (Figure 4-7a). For exantple change is about 4.7 % Rf=1 cm

andT = 20°C. It means that the water velocity does not ireeehe blob velocity much.
And the change is getting smaller as the tempezdhareases to 9%C. The change is
about 1.4 %. From these observations, it is intethat effects of both buoyant force and
temperature still play the major role on the blotsbitization, compared to the effects of
water velocity. However, if the water velocity ieases much higher, the effects of water
velocity for the blob mobilization can be much maignificant and the change of
Reynolds number will be much larger.

From the comparison between modified dimensionlesmbers and Reynolds

number (Figure 4-8), the following observations iakcated.
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First, the modified dimensionless numb&a,, and Ca;, are controlled by blob

velocity at the lower Reynolds number while numb&s and Ca), are not. The

Reynolds number increases abruptly at the lowe bdalius in proportion to the blob

velocity. Meanwhile, the numbeiBo’ and Ca), also increase as the Reynolds number

does, but the increase in these numbers is beirgkadaby the rapid increase in the
Reynolds number at the lower blob radius.

Second, all of the modified dimensionless numbegscantrolled by blob radius at
the higher Reynolds number. After the blob veloc@gches steady state (that is, after the
blob velocity becomes constant), the Reynolds nurabd other dimensionless numbers
change in proportion to the blob volume, thathg tube of blob radius. From Figure 4-8,
the slope shows the relationship between thoseness and dimensionless numbers,

including Reynolds number.
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Figure 4-7 Reynolds number under condition withemd with water flow as a function

of (a) blob radius (up to 1 cm) and (b) temperat@teto 90°C)
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CHAPTER YV
CRITICAL CONDITIONSON THE ENHANCEMENT OF

NAPL BLOB MOBILIZATION

5.1 Effects of Water Velocity on NAPL Blob Mobilizatio
5.1.1 Critical Water Velocity

In Chapter lll, critical conditions of NAPL blob molaétion in porous media were
investigated with respect to blob radius and temperaturaddition to these factors, the
water velocity also can influence the blob mobilizatitm.this chapter, the effects of
water velocity for the initiation of blob mobilizatioare observed in combination with
factors mentioned above.

With the existence of water flow, one-phase (watesWflis considered for the
examination and Equations (3-9a) and (3-9b) can be used to@lositical conditions of
water velocity for the initiation of blob mobilizationAccording to equations, the push
force increases as the water velocity increases Wwhibgant and surface tension forces do
not change. Thus, the driving force increases along théhincrease of water velocity
and overcomes the retention force initiate the blobilzation at certain water velocity
(Figures 5-1). From the Equation (3-9b) and the assumptiotioned above, the critical

water velocity can be calculated as

u

kk.,, (SR occosd Apgj (5-1)

w,crit 2 A 3
v 2R,

and it is 26.5 m/d. For the sand or gravel aquifer, thedl/jgroundwater velocity has a

range of 5- 50 ft/d (1.5~ 15 m/d).
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And, as the water velocity increases, the criticabhbladius for blob mobilization
decreases. Considered the increase of water velocitmdbaization of a blob is possible
at the smaller radius from Equation (3-9c) becausentireasing push force along with
the increasing water velocity makes the driving force lagegures 5-2 and 5-3). For
example, the critical blob radius is 0.224 cnugt= 1 m/d. Meanwhile, a1, = 26.5 m/d,
the critical blob radius is 0.174 cm. And, at the watdoomy higher than 26.5 m/d, the

critical blob radius becomes smaller. This blob radiis £ 0.174 cm) represents the
same volume of blob as that of a single pore. Thuswtaisr velocity (¢, = 26.5 m/d)

provides the critical condition for the initiation obbl mobilization to distinguish singlet
and doublet in the blob size. From the calculation, dfiical blob radius becomes as

small as 0.152 cm at, = 50 m/d and the corresponding oil saturation is 0.67, meaning

the blob volume is 67 % of the unit pore volume.
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5.1.2 Combined Effects of Water Velocity and Temperature

When two factors of water velocity and temperaturesareiltaneously considered to
determine the critical condition of blob mobilizatioih,does not show a linear trend.
When the effects of temperature are observed atxbd Water velocity, the critical blob
radius for the mobilization is calculated from EquatidBs9a) through (3-9c). From

Equation (3-9c), the calculated critical blob radius nael as

1/3

3R o cost
I:eo,crit = /J u
2 Apg+ AL

rw

(5-2)

The critical blob radius for the mobilization decresaaethe low water velocity as the
temperature increases (Figure 5-4). Meanwhile, the dribicd radius increases at the
high water velocity over the increasing temperature.

For example, the critical blob radius decreases fré#34cm to 0.202 cm at, = 1

m/d and increases from 0.152 cm to 0.168 cm at 50 m/d (Table 5-1). This is due to

the different contribution of push force to the driving ®for the blob mobilization at

low and high water velocities, respectively.
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Table 5-1 Critical values of blob radius for the mobtiiza as a function of water flow

velocity and temperature

Ry it » €M
T,°C
u, =1m/d u, =10 m/d u, =50 m/d
20 0.224 0.200 0.152
30 0.223 0.203 0.158
40 0.220 0.203 0.163
50 0.217 0.203 0.166
60 0.214 0.202 0.168
70 0.210 0.199 0.169
80 0.205 0.196 0.168
90 0.200 0.192 0.166
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Buoyant force and surface tension force are independetfitet water velocity, but
push force is dependent. So, the magnitude of push force shacgarding to the water
velocity. At u,, =1 m/d, the push force is about 20 times smaller thabubyant force in
magnitude (Figure 5-5a). However, the push force is abace tharger than the buoyant
force atu, = 50 m/d (Figure 5-5b). It says that the contributionposh force to the
driving force, expressed as the summation of buoyant famdepush force in magnitude,
is insignificantly small au, = 1 m/d, but it becomes significantly largeugt = 50 m/d
(Table 5-2). Thus, the change of driving force in magnitudeush different at low and
high water velocities, respectively.

When the temperature increases fronfQ@o 90°C, force magnitudes change as the
temperature changes, that is, buoyant force increasdgyush and surface tension forces
decrease as the temperature increases. And, the chiafayeeomagnitude for buoyant,
push and surface tension forces is about 3, 69 and 30%, reslyeclong with these

changes, the driving force decreases about 2.1 and 47.19§ at1 and 50 m/d,
respectively. It explains the reason why the criticabbladius decreases af = 1 m/d

and it increases at, = 50 m/d. Atu,, = 1 m/d, the decreases of surface tension force is

larger than that of driving force.
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Table 5-2 Percentage contribution of push force to thengrifarce as a function of water

velocity
re F,/(F+F,), %
u, =1m/d u, =10 m/d u, =50 m/d

20 4.5 32.1 70.3
30 3.6 27.4 65.3
40 3.0 23.6 60.7
50 2.5 20.6 56.5
60 2.2 18.2 52.7
70 1.9 16.2 49.2
80 1.7 14.6 46.0
90 1.5 13.2 43.2
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Thus, the critical condition of blob mobilization beasmore favorable. Meanwhile,

atu, = 50 m/d, the decreases of driving force is larger thanothsurface force. Thus,

the critical condition of blob mobilization becomesgd favorable.

The critical blob radius for the mobilization reducésaacertain temperature as the
water velocity increases (Figure 5-6). However, the reducate of blob radius varies
according to the temperature. When the water velocitggdmfrom 1 m/d to 50 m/d, the

calculated rates from the semi-log plot is 0.00761, 0.00538 @A871L d/m au,, = 1, 10

and 50 m/d, respectively. The decreases of critical laldius at the escalated temperature
indicate the increases of contribution of push forcehe driving force because its
increases are proportional to the water velocity. H@wneat the increasing temperature,
the initial contribution of push force to the driving forée smaller because the
corresponding water viscosity is lower. The smalker initial push force, the smaller the

increasing contribution of push force to the driving fondaih the increasing temperature.



0.25
T=20C
0.24 r T=50C
T=90C
0.23
0.22
0.21
S
(8]
z 02+
T 019 |
0.18
0.17
0.16
0.15
0 10 20 30 40 50 60
u,, m/d
(a)
-1.4
T=20C
T=50C
T=90C
-15 t = = = =Linear (T=20C)
= = = =Linear (T=50C)
Linear (T=90C)
-1.6 |
1S
(8]
§ -1.7
[ y =-5.38E-03x - 154E+00
< R2=9.89E-01
-1.8 | &3
M ~
-1.9 ¢ y=-761E-03x- 153E+00 *~ |
R2=9.78E-01
-2
0 10 20 30 40 50 60
u,, m/d
(b)

Figure 5-6 (a) Critical blob radius for the mobilizatiawdgDb) its reducing rate as a
function of water velocity at interest temperature

86



87

5.1.3 Terminal Blob Velocity

The terminal blob velocity after the blob mobilizatiorcreases as the temperature
increases (Figure 5-7a). However, the rate of blob wglaacreases with the increasing
water velocity: this is, the increasing rate of temthiblob velocity is 1.59 x 18 1.79 x

10° and 2.66 x 18 cm/s°C atu, = 1, 10 and 50 m/d, respectively (Table 5-3). This

happens because the magnitude of push force is increagingportion of water velocity
and thus its contribution to the driving force is accorlyimgcreasing.

Meanwhile, the terminal blob velocity after the blob ntiaation increases as the
water velocity increases, too (Figure 5-7b). And, the gbaate of blob velocity increases
with the increasing temperature. Using the Equation (3-1beé),change rate of blob
velocity with the variable of water velocity can beeessed as

u, =a'xu,+b (5-3)

“ (/:kﬂwj: o e e &9
rw Mo +
A,Uo 1+i@ rw ﬂ& 14 Yo @ 7’1“[74_1 rwho rokw
krW Ho kro Hw krw Ho km Hw

’

a =
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b= — e (Apg——z 3
Ay{1+’°ﬂ‘”j R
Ko Ho

(5-5)

The coefficient, a" represents the ratio of chanfyblab velocity to that of water
velocity, indicating the influence of water velocity tthe blob velocity. This
proportionality coefficient is the function of rekati permeabilities and viscosities of oil
and water phases, i.e,= f (k. K., 4, - This coefficient has the constant value at
the interest temperature. However, the value is mgryas the temperature changes
because the viscosities are changing. So, the coeffigethie function of temperature
because the viscosities are the function of  temperaturee.,
a="fk, K u,(T),u(M)="1(T) . Under the given condition, the dimensionless
coefficient changes from 6.39 x4 1.52 x 1 when the temperature changes from 20
°C to 90°C (Table 5-4; Figure 5-8). That is, the blob velocity demmore rapidly at the

elevated temperature.
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Table 5-3 Terminal blob velocity for NAPL blob mobilizatias a function of water flow
velocity and temperature

u,, cm/s
T,°C
u, =1m/d u, =10 m/d u, =50 m/d
20 1.620E-05 2.286E-05 5.245E-05
30 2.787E-05 3.708E-05 7.801E-05
40 4.291E-05 5.463E-05 1.067E-04
50 6.016E-05 7.401E-05 1.356E-04
60 7.785E-05 9.325E-05 1.617E-04
70 9.409E-05 1.103E-04 1.825E-04
80 1.073E-04 1.236E-04 1.963E-04
90 1.164E-04 1.322E-04 2.026E-04
From the linear fitting liney, (cm/s) =a x T (°C) +b,
a, cm/s°C 1.59 x 16 1.79 x 10 2.66 x 10

Table 5-4 Proportionality coefficieat from Equation (5-3) as a function of temperature

a from Equation (5-3)
T,°C
(cm/s)/(m/d) dimensionless
20 7.397E-07 6.391E-04
30 1.023E-06 8.842E-04
40 1.301E-06 1.124E-03
50 1.539E-06 1.330E-03
60 1.711E-06 1.478E-03
70 1.803E-06 1.558E-03
80 1.816E-06 1.569E-03
90 1.760E-06 1.521E-03
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5.2 Effects of Varying Relative Permeability on the Bldbbilization

At the macro scale of soil system, saturation and eebilty of oil phase are
considered constant. Meanwhile, as the soil systetassdawn to the micro scale (pore
scale), the saturation of oil phase is consideregingraccording to the blob size. Thus,
the relative permeability of oil phase has varying valoagwith the varying saturation.

Based on the definition of soil geometry at ChapterFlgjure 5-9 illustrates the
relationship between saturation and relative permealfitgil phase. At a certain blob
size, oil saturation increases when the point of masien moves gradually from the
macro scale of representative elemental volume (REWhe micro scale of single pore.

For example, the oil saturation increases from 0.P.93 atR = 0.17 cm. Then, the

change of oil saturation is followed by the change &itinee permeability of oil phase
from 0.008 to 0.831 with the corresponding change of oil sabur:

With this change, the magnitude of push force changesdiogty while buoyant and
surface tension forces does not (Figure 5-10a). Along théh constant water flow

velocity (u, = 1 m/d), the push force increases as the oil satoratireases and the

corresponding relative permeability of water phase deersedl he increase of push force
is clearly seen with the calculated force ratio (Feg&-10b). The ratio shows the
significant increase of push force and decrease of athegd at oil saturation larger than
0.5. And finally, this increase provides the positive contigouto the driving force and as
the oil saturation increases and go beyond 0.7, the loonbm of push force to the driving
force exceeds that of buoyant force (Figure 5-11a). Thds @lovides the more favorable

condition for the blob mobilization at the higher salturation (Figure 5-11b).
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At the higher temperature, forces shows the same twetidthe change of force
magnitude; the push force increases and other forces doebange with respect to oll
saturation. However, magnitudes of forces change w#peact to temperature. When the
temperature changes from 2C to 90 °C, all of forces decrease and the extent of
decreases is 2.5, 67.5 and 30.5 % for buoyant, push and deriamm force, respectively
(Figure 5-10a). From the force ratios between forcesydtio of buoyant force rises and
the ratios of push and surface tension forces lowgu(€&i5-10b). It can be known that
the change is possible because the extent of decrehdesyant force is relatively
smaller than those of other forces. And becaushisfact, the contribution of push force
to the driving force decreases as the temperature insréiggire 5-11a). And also, the
point which the driving force exceeds the retention foappears at the higher oil
saturation than that dt= 20°C because the relatively huge decrease of push forcescaus

the total driving force to lower, compared to the retenfimoe (Figure 5-11b).
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5.3 Terminal Blob Velocity with Varying Relative Permdayi

The blob velocity is calculated once again from fdsatance equations. Equations (3-
10a) through (3-10d) set up for the mobilization of a trappe®INBlob in a pore with
the water flow are used for this calculation. All ttenditions are same except for the
relative permeability: the relative permeability is a#te according to the blob radius and
the corresponding oil saturation (Figure 5-9). As thesaturation changes, the water
saturation also changes. But, this change is limited dyaitt that the summation of both

of saturations goes to unity.

5.3.1 Consideration of Blob Radius
The calculation of blob velocity with varying permealilis compared to that with
constant permeability, shown at Section 3.3.3. At fite, terminal blob velocity at the

varying permeability scenario reaches to water velogplied to the systemu(, = 1 m/d

= 1.157x 10° cm/s) at certain blob radius, meanwhile the blob \latves not reach to
the water velocity at the constant permeability sagend hat is, the blob velocity at the
varying permeability scenario is 1.157 10° cm/s and the velocity at the constant
permeability scenario is 1.620 10° cm/s (Figure 5-12). The difference between two
velocities is as large as two orders. Also, the pattdrincrease of blob velocity is

different.
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With the constant permeability scenario, the blob startmove at the blob radius of
0.225 cm and its velocity reaches to 99% of the terminaktitgl(nearing the steady-state
velocity) at the blob radius of 0.81 cm. Meanwhile, vtftd varying permeability scenario,
the blob starts to move at the blob radius of 0.159 cmitanatlocity reaches to 99% of
the terminal velocity at the blob radius of 0.171 cm. Tact says that the increase of the
blob velocity happened dramatically fast with the varypegmeability scenario. It can be
explained by the increase of oil permeability and the ltaasiu decrease of water
permeability. The increase of oil permeability playsrile of reducing the drag force and
the decrease of water permeability plays the rolem@easing the push force. And when
the magnitude of relative permeability is looked over under dbove condition, the
change of magnitude in push force is much more signifitdaanh that in drag force
because the change of water relative permeabilityoise reensitive to the change of blob

radius than that of oil relative permeability.
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5.3.2 Consideration of Temperature

As the temperature increases, the difference betbiednvelocities of two scenarios
from varying and constant permeability is getting smalleguife 5-13). However, the
difference is still significant. AT = 90°C, the blob velocity with constant permeability

scenario is 1.164 10* cm/s, meanwhile the blob velocity with varying permespbili

reaches to the water velocityi( = 1 m/d = 1.15% 10° cm/s). Thus, the difference

between those two velocities is by an order.
Considered the temperature range of 20 ta’®0the blob velocity at the varying
permeability scenario reaches to the water veloowanwhile the velocity still does not

reach to the water velocity at any temperature.

5.3.3 Consideration of Water Velocity

The terminal blob velocities of two scenarios witffetent types of permeability are
clearly different. The increase of terminal blob vélpevith respect to water velocity is
shown with both constant and varying permeability scer{&igure 5-14; Table 5-5). But,
the blob velocity with constant permeability scenaisomuch lower than the water
velocity (Figure 5-14a), meanwhile the blob velocity witirying permeability scenario
reaches to the water velocity regardless of the madgmiof water velocity (Figure 5-14b).

From both of scenarios, the critical blob radiustfer blob mobilization decreases as
the water velocity increases. That is, the smalleb ldan start up at the higher water
velocity. And, the blob velocity reaches to the stestdye at the smaller blob radius as the
water velocity increases. This phenomena is cleansat the constant permeability

scenario, meanwhile it is not at the varying permealstgnario.
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(a) the constant permeability condition and (b) thying permeability
condition
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Figure 5-14 Velocity of blob mobilization as a functiorbédb radius at different water

velocities under (a) the constant permeability conditind (b) the varying
permeability condition
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Table 5-5 Terminal blob velocity with constant and varyingneability scenarios over
water velocity

Uy U,, cm/s
m/d cmls constant permeability varying permeability
scenario scenario
1 1.157E-03 1.620E-05 1.157E-03
10 1.157E-02 2.286E-05 1.157E-02
50 5.787E-02 5.245E-05 5.787E-02
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5.4 Dimensionless Numbers with Varying Relative Permewbilit
5.4.1 Effects of Blob Radius

As the blob radius increases, all of modified dimensissmihumber®8o’, Ca,,, Ca;,

and Ca/, increases under the varying permeability scenario, too @igtt5). But, the

increasing trend is somewhat different from that ofstamt permeability scenario. Under
the constant permeability environment, all the numbersrdluenced by the blob radius
(Figure 5-15a), meanwhile those numbers are influenced Ibyooiwater) relative
permeability under the varying permeability environment (Figu4idb). EspeciallyBo’

and Ca;, show the significant difference between those two enments. Under the
environment of constant permeability and normal groundwesércity, Bo' from the
buoyant force plays a major role of the driving forcewidaer, under the environment of
varying permeabilityCa, from the push force does the role of the driving folicean be
thought that the increase of oil saturation along Withincreasing blob radius causes the

NAPL (or water) phase more (or less) permeable (i.evatne) in a poreCa,, andCa;,

also shows the same change of playing role for thatieteforce. Under the environment

of constant permeability and normal groundwater velo€g,, from the drag force plays

a major role of the retention force. However, undee tnvironment of varying

permeability, Ca; , from the drag force between fluid phases does theofdlge retention

force.



Figure 5-15 Modified dimensionless numbers as a functiorobffaldius afl = 20°C;
(a) with constant permeability and (b) with varying peaiyibty
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5.4.2 Effects of Temperature

The increase of temperature does not change the trendanfelof dimensionless
numbers, compared to that at reference temperatureg@am temperaturel = 20 °C).
However, the temperature-dependent change of valuesn@éndionless numbers is
observed.Ca;,, Ca,, and Ca, decrease as the temperature increases, meanBdgtile
increases (Figure 5-16). Decreases of first three nunalbersmfluenced by the big drop-
down of water (or NAPL) viscosity, buBo’ is not influenced by the decrease of viscosity.
Instead, the significant decrease of the combined térimerfacial tension and contact

angle givesBo' the relatively increasing number over the temperature.

5.4.3 Effects of Water Velocity

All of modified dimensionless numbers shows the sam@ltoé change with respect
to the blob radius at the higher water velocity, (= 10 m/d), compared to that at
reference water velocityu(, = 1 m/d) (Figure 5-17). But, some different phenomena are

observed. First, as mentioned in the previous chapesrtialler critical blob radius for

the blob mobilization is observed at the higher watdoaity.
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Second, at the smaller blob radi@g, , is larger tharCa;,, and then this phenomena

is overturned after some point of blob radius (Figure 5-17a

This is different from that ai, = 1 m/d, i.e.Ca}, is always larger thaa;, over

the range of blob radius considered. From Equations (4-11)(44@), the ratio of

numbers betweea;, andCa;, can be expressed {é(f—WJ(&J and if this ratio is
Hy

larger than unityCa;, is larger tharCa),. So, the critical blob radius for this ratio is
0.157 cm. That is, at the smaller blob radius than 0.157Ce, is larger tharCa) , and

after this radiusCa) , becomes larger tha@a;, . This critical blob radius is much smaller

(0.151 cm) at the elevated temperatufe=( 90 °C) and this is because the ratio of

(k. /k,) becomes lower at elevated temperature due to the effetiermal expansion
of NAPL blob. Nevertheles€Ca), andCa;,, shows numbers of much smaller than unity,

that is, over this range of blob radius, the surfacesion force plays a major role of the

retention force.
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Figure 5-16 Modified dimensionless humbers as a functiorobfialdius under the
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condition of varying permeability and constant water #&jo(u,, = 1 m/d);

(a) atT = 20°C and (b)T = 90°C
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CHAPTER VI

SUMMARY AND CONCLUSION

The objectives of this research are to analyze thalpedsnefits of remediating the
NAPL-contaminated subsurface by thermal techniques (for ttudys hot water
flooding). Specifically, this research focuses on how tdmperature influences the
mobilization of the immobile NAPL blob (specifically esso 35, a viscous LNAPL) in
porous media.

Force balance analysis shows the critical conditiams the initiation of blob
mobilization in porous media in terms of blob radius, gerature and the water flow.
First, the critical blob radius of stagnant blob in fh&res for the initiation of blob
mobilization is 0.228 cm (blob volume as 2.3 times of uniepmlume). At the elevated
temperature = 90°C), the critical blob radius decreases up to 0.203 cm (adlome
as 1.6 times of unit pore volume). The number of unit polheme, equivalent to the blob
volume, also decreases from 2.3 to 1.6 units.

When the water flow exists in porous media, the whloev lowers the critical blob
radius under the same environment and condition. Withaheral velocity of water flow

(u, = 1 m/d), the critical blob radius for the blob molation is 0.224 cm af = 20°C.

And at the elevated temperatue £ 90 °C), the critical blob radius is 0.202 cm. The
number of unit pore volume, equivalent to the blob volualeo decreases from 2.1 to
1.6 units. Under the range of naturally existing velocitye thater flow does not

contribute much to the blob mobilization, compared tceffects of temperature from the

decrease of interfacial tension.
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However, at the elevating water velocity, the cdmifion of water flow to the blob

mobilization increases significantly. With the high emaflow (u, = 26.5 m/d), the

critical blob radius for the blob mobilization is 0.174 et = 20°C. This blob radius
represents the same volume of blob as that of aespgle. Thus, this water velocity
provides the critical condition for the initiation obbl mobilization to distinguish singlet
and doublet in the blob size.

In the meantime, this critical water velocity incsea as the temperature increases. At
T =90°C, the critical water velocity is 43.6 m/d. It indicatéat when the water velocity
is considered as a factor to affect the mobilizatiorswafh a small blob as singlet, it
requires the highly increasing velocity.

Terminal (or steady-state) blob velocity at the syestdte blob motion is another
characteristic of blob mobilization observed by forceabe¢ analysis. Terminal blob
velocity in the pores without the water flow is 1.5518° cm/s atT = 20 °C. At the
elevated temperatur@ € 90°C), terminal blob velocity increases up to 1.15 ¥ &fv/s.

When the water flow exists in porous media, the wétav raises terminal blob
velocity under the same environment and condition. \Wigh natural velocity of water
flow (u, = 1 m/d), terminal blob velocity is 1.62 x41@m/s atT = 20°C. And at the
elevated temperaturd € 90°C), terminal blob velocity is 1.16 x facm/s. Under the
range of naturally existing velocity, the water flow cdnites little to enhance the blob
mobilization, compared to the effects of temperature. Wiseminal blob velocity is

compared to water velocityu(, =1 m/d = 1.16 x I&cm/s), it is lower by two order at

= 20°C and by one order at= 90°C.
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Terminal blob velocity increases in linear proportion be twater velocity. The
proportionality coefficient is a function of viscosti and relative permeabilities of water

and oil phases, i.ea = f(k,.k,, 4, 4 -)And, two viscosities are a function of

temperature, so the proportionality coefficient is ancfion of temperature
[ &' = f(K, Kq 1,(T),2,(T))=f(T) ]. This dimensionless proportionality coefficient

changes from 6.39 x o 1.52 x 1G when the temperature changes fronf@Go 90
°C. That is, terminal blob velocity changes more rapidithe elevated temperature.

When the observation of blob mobilization moves froEMRscale (macro-scale) to
pore-scale with respect to the point of view, terminabblelocity shows the different
phenomena according to the change of oil saturationsauiration which is defined as
constant at macro-scale varies according to the chahdiob volume. Accordingly,
varying oil saturation provides changing relative permeabdityoil phase. Thus, oil
permeability also changes and it becomes a factofg¢otdahe blob mobilization at pore-
scale. Unlike the terminal blob velocity at macro-soalth constant oil permeability
lowered by one or two order than water velocity, gmninal blob velocity at pore-scale
with varying oil permeability reaches to the water veipevhen a singlet-type blob is
observed in a pore. This is explained by the fact thainttrease of oil permeability and
the corresponding decrease of water permeability caasdraly force to decrease and the
push force to increase, respectively. It means, fobkble mobilization, the decrease of
total retention force by decreasing drag force and thease of total driving force by
increasing push force.

Dimensional analysis using dimensionless numbers showsuakiation of the

effects of forces exerted on a NAPL blob trapped inpgbees to delineate the blob
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mobilization in porous media. For the analysis, the fexntli forms of existing
dimensionless numbers are introduced. Unlike existing dimelesis numbers, modified
dimensionless numbers are expressed as a function ofdudals to show the effects of
blob volume from buoyant and drag forces.

First, without the water flow, modified dimensionleasmbersBo’ and Ca; ,
corresponding to existing dimensionless numigwsand Ca,, show that the buoyant
force is balanced by the surface tension force at sewll blob radius R, = 0.25 cm).
And at R > 0.25 cm, the combined drag and surface tension forcaadeathe buoyant

force and the drag force only balances the buoyant fatc® > 0.6 cm. This

phenomenon happens at the smaller blob radius asrtigetature increases. It is due to
the relative increases of buoyant and drag forces bydatiease of interfacial tension and
the increase of blob velocity.

With the existence of water flow, dimensionless numist®y the same trend with

respect to the blob radius and temperature. DimensionlgsbersBo’ andCa), do a
major role of blob mobilization, compared @a;, and Ca;,. However, at pore-scale
with varying oil permeability, dimensionless numbé€la, and Ca, become a major

role of blob mobilization due to the increase of oil peabiity and the corresponding
decrease of water permeability. Meanwhiféa, increases in proportion to water

velocity and provides more contribution to the total driviagce at the elevated water

velocity.
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