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Abstract

The capillary number is used to quantify the mobilization potential of organic phases trapped within porous media. The capillary number
has been defined in three different forms, according to types of flteeiye and viscosity used in its definition. This study evaluated the
suitability of the caplary number definitions representing surfactant andamtant foam floods by constructing capillary number-TCE
saturation relationships. The results ifeg that the capillary number should be correatimployed, according to scale and fluid flow
behavior. This studyuggests that the pore-scale capillary nundieuld be used only for investigatinget organic-phase mobilization at the
pore scale because itis defined by the pore vigland the dynamic viscosity. The Newtonianitl capillary number using the Darcy velocity
and the dynamic viscosity may be suitable for quantifying flood systems representing Newtonian fluid behavior. For viscous-force modified
flood systems such as surfactéo@m floods, the apparent capillary number definition lyipg macroscopic mperties (permeability and
potential gradient) may be used to appropriately represent the desaturation of organic phases from porous media.
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1. Introduction A DNAPL removal pattern by surfactant solution is repre-
sented by a relationship betn DNAPL saturation and the

The remediation of aquifers contaminated by dense total trapping number. The total trapping numbgf)(is the
nonagueous-phase liquid (DNAPL) such as trichloroethyl- sum of the capillary numberNgs) and the bond number
ene (TCE) and perchloroetigrie (PCE) is a national pri-  (Np), as shown in Eq(1) [3]. Here,« is the angle of dip.
ority. Remediation techniques using surfactants have beenThe capillary number is a dimensionless magnitude and rep-
used to enhance DNAPL solubility and/or to physically dis- resents the ratio of viscous force to capillary force. The bond
place entrapped DNAPL ganglia by reducing the interfacial number represents the ratio of gravitational force to capillary
tension (IFT) between the organic phase and the aqueoudorce:

phasg1,2].
Viscous, capillary, and gravitational forces around a Nt=\/Nc2a+ N§—2NcaNbsinoc, (1)
NAPL blob affect the mobilization of NAPL within a porous
medium. While the capillary forces act to retain organic Np = kkrWApg’ )
phases between the solid grains, the viscous and grav- o cosy
itational forces contribute to mobilize the NAPL blobs. _ Vi . V=u/o, 3)
o COsY
* Fax: +82-2-380-7744. Ni= u—“, (4)
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NG = Urtap , (5) Equation(5) uses Darcy velocity for the flow velocity
o CosY definition and the apparent viscosity for the viscosity defini-
= Uiap _ kkrWVcbv @ =p+ pgz, (6) tion. The apparent viscosity is the viscosity determined for a
ocos)  ocosd non-Newtonian fluid without reference to a particular shear
tap— kkewV P . @) rate. The apparent viscosity would be more compatible with
u the Darcy velocity than thelynamic viscosity because the

For a homogeneous isotropic porous medium, the bond and®PParent viscosity is determined by Hg) using Darcy’s
capillary numbers have been described as shown in@ys. ~ '@W [10,11] This study calls Eq(S) the apparent capillary

(3), (4), and (5)Here k is the permeabilitykny is the rela- nymbgr. quatior(S) can be rewritten using the apparent
tive permeability of the aqueous phagg is the difference  ViScosity definition, Eq(7), to produce Eq(6) [12]. In other
in density between organic and water phasess the in-  WOrds, Egs(5) and (6)have the same meaning.

terfacial tensiond is the contact angle between organicand _ |t IS important to note here that the capillary number
water phasesy is the pore velocityg is the porosityu is of systems representing Newtonian-fluid behavior can be

the superficial or Darcy velocity, is the dynamic viscosity, described eith(_ar by.Eq.4) or by qus.(5) or (6) because
and uap is the apparent viscosity. In E(§) and (7) V& is the apparent viscosity of a Newtonian fluid equals the dy-

the potential gradienty p is the pressure gradient,is the namic viscosity of the fluid. However, if a fluid exhibits non-
gravitational constant, andis the elevation ’ Newtonian behavior during flow through a porous medium,

Although the bond number is consistently defined by tr51e Vahljfz ogpf?pillar)t/)numbershobtained using E;’q)sandd h
Eq.(2), the capillary number has been used in several forms,( ) could be different because the apparent viscosity and the

Egs. (3), (4), and (5) by researcherf,5]. However, the dynamic viscosity of the fluid are different.
difference in using the capillary numbers has not received
attention from researchers. @ bbjectives of this study were
to evaluate the capillary number definitions for quantify-
ing the removal of DNAPL trapped in porous media and A tional bilizati h . v d
to determine an appropriate capillary number definition for i negon'\{ﬁnalc\)/\r/]'isg:c')r ! |(zaa”||02 sstfan?m(ra\'cli Q;S“zamyddli'_
surfactant-related remediation system analysis. The relation_n;?croer;vlljlsion Ihase %Fe)tweeny an aWueI:ous haseland an
ship between capillary number and DNAPL removal helpsto . P . q pr )
. - I : - oil phase[13]. Some modifications for enhancing mobi-
design efficient remediation techniques because the capillary,._ . .
. . . . . . ’lization of organic phases have been made to remedial
number is dimensionless and gives us important information :
agents. Surfactant foam and polymers can be used to in-

on flow and interfacial properties. crease the viscosity of the displacing fluid flowing through
porous medid14,15] This study conducted surfactant and
surfactant-foam floods for DNAPL removal from a glass
porous medium (a porous-pattern-etched glass model). The
results were depicted to construct a relationship between
The capillary number is usually defined in terms of vis- DNAPL saturation and capillary number. Three different
cosity, interfacial tension, velocity, and contact angle. How- capillary numbers calculated by three different definitions,
ever, three capillary number definitions, E@3), (4), and  Egs.(3), (4), and (5) were used to construct the relation-

3. Materialsand methods

2. Definition of capillary numbers

(), use different viscosity and flow velocity definitions. ships. The relationship results were compared each other to
Equation(3) was originally suggested for quantifying the  evaluate the suitability of the capillary number definitions
mobilization of an organic phase trapped in a pf§g]. for representing surfactant and surfactant foam floods.

Thus, the pore velocity and the dynamic viscosity were used A porous-pattern glass model would be an excellent tool
for calculating the pore-scale capillary number. This study for DNAPL removal system analysis because the physical
calls the capillary number of E¢3) as the pore-scale cap- properties of the porous medium can easily be quantified
illary number (Vca). The pore velocity is defined as Darcy and relatively accurate DNAPL saturation can be directly
velocity divided by the porosity. The dynamic viscosity is measured by an image analysis technique. The DNAPL satu-
determined from the shear rate of capillarity or the pore ration was quantified with residual PCE trapped in thousands
velocity [8]. Therefore, the upper part of the pore-scale cap- of pores, representing macroscale DNAPL saturation.
illary number (Eq(3)) is defined with pore-scale properties.

In Eq.(4), a macroscopic property, the Darcy velocity, re- 3.1. Experiment procedures
places the pore velocity of E(B), but the dynamic viscosity,
u, is still used for the viscosity definitiof8,9]. This study The same homogeneous glass model and experimental
calls Eq.(4) the Newtonian-fluid capillary number. The up- setup described in Jeong et Hl6] were used in this study.
per part of the Newtonian-fluid capillary number consists of Therefore, we briefly mention the procedures in this section.
two different scale properties, macroscopic scale (for flow TCE (>99.8% purity, Fisher Scientific Inc.) was dyed with
velocity) and pore scale (for viscosity) properties. 0.5 g Oil-Red-O (Aldrich Chemical)/L of TCE to identify
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