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Abstract

Alcohol flooding, consisting of injection of a mixture of alcohol and water, is one source removal technology for dense non-
aqueous phase liquids (DNAPLSs) currently under investigation. An existing compositional multiphase flow simulator (UTCHEM)
was adapted to accurately represent the equilibrium phase behavior of ternary and quaternary alcohol/DNAPL systems. Simulator
predictions were compared to laboratory column experiments and the results are presented here. It was found that several exper-
iments involved unstable displacements of the NAPL bank by the alcohol flood or of the alcohol flood by the following water flood.
Unstable displacement led to additional mixing compared to ideal displacement. This mixing was approximated by a large dis-
persion in one-dimensional simulations and or by including permeability heterogeneities on a very small scale in three-dimensional
simulations. Three-dimensional simulations provided the best match. Simulations of unstable displacements require either
high-resolution grids, or need to consider the mixing of fluids in a different manner to capture the resulting effects on NAPL

recovery. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Alcohol flooding of DNAPL contamination is under
investigation as a remediation technology (e.g.
[23,26,43]). Numerical models can play an important
role in understanding and designing experiments in-
volving the complex phase behavior, and eventually will
be necessary to design field remediation schemes. The
objective of the work reported here was to validate a
simulator for alcohol flooding by comparison to a set of
vertical column experiments [9,10,44]. Particular em-
phasis was placed on the matching of unstable dis-
placements.

Two recent modeling studies of alcohol flooding fo-
cused on the overriding properties of the flooding so-
lution over the resident water and did not consider
NAPL-alcohol interactions [29,33]. Previously, Brame
[8] extended the capabilities of a three-dimensional in-
tegral finite difference multiphase simulator to a three-
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component system for alcohol flooding, and compared
simulation results to results from column experiments.
Reitsma [52-55] developed a one-dimensional finite el-
ement simulator for two-phase, three-component flow,
and simulated some of the same experiments as Brame
[8]. In both of these simulation studies did the models
overpredict DNAPL mobilization during mobilizing
alcohol floods.

Enhanced petroleum recovery involves processes
similar to NAPL remediation [24,59]. One petroleum
engineering simulator that has been adapted to envi-
ronmental use is the University of Texas Chemical
Flooding simulator (UTCHEM) [11,12,18,33,47]. Its
incorporation of a numerical dispersion control and the
modeling of up to five volume-occupying components
made it an attractive candidate for modification and
application to alcohol flooding. The adaptation of this
simulator to the phase behavior occurring in alcohol
flooding is described in more detail elsewhere [57].

Three column experiments, one enhanced-dissolu-
tion, two mobilization, were chosen for simulation: (1)
The ternary system iso-propanol (IPA)-tetrachloroeth-
ene (PCE)-water [4,9,10] as one in which the alcohol
mainly enhances the solubility of NAPL component in
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Nomenclature Nty trapping number for phase 1

a dispersivity (m) P, pressure of phase 1 (Pa)

A solubility parameter for phase 1 in P, capillary pressure of phase 1 (Pa)
Hand-representation Si saturation of the liquid phase 1 (v/v)

B solubility parameter for phase 1 in Se effective aqueous saturation:
Hand-representation (Se = (Sy — Stw) /(1 = S — S if

By solubility parameter for phase 1 in the residual NAPL is present
absence of additive Si residual saturation of phase 1 (v/v)

C volume fraction of component i in phase Show residual saturation of phase | (v/v) at low
1 (v/v) A trapping number

C total concentration of i, sum of Sﬁ'gh residual saturation of phase 1 (v/v) at
component i in all phases 1 (v/v) high trapping number

Co concentration of NAPL component at Sol solubility of NAPL component in the
plait point (v/v) aqueous phase at low alcohol

Chio concentration of NAPL component at concentrations (v/v)
plait point without additive (v/v) Soly Sol in absence of additive (v/v)

C v equivalent height of solubility curve (v/v) T desaturation parameter for phase 1. Set

C. concentration of alcohol at which T;, = 10,000; 7, = 1000
Hand-representation begins to be used Verit initial Darcy flux that distinguishes stable
(v/v) from unstable disagreement

G concentration of alcohol in the X;; fraction of the indicator component in
cosolvent-poor phase (v/v) the binary mixture: x, = C'/(C' + (). i

Che capillary pressure parameter intrinsic to is the alcohol (or additive) in mixtures of
the medium (kPa m) alcohol (or additives) with water or

d;; binary interaction parameter for NAPL component
volume-based [27] viscosity function Xjjmax fraction of the component i in a binary

g gravity (m/s?) mixture with j at which density

E plait point parameter for tie-line deviation is maximum (0.5 in the cases
description in Hand-representation under consideration here)

F tie-line parameter for tie-line description X mutual solubility term:
in Hand-representation X =log(Cy +C, +C))

fa fraction of additive in aqueous pseudo- Xo mutual solubility term in absence of
component: f2 = C*/(C*+ C¥) (v/v) alcohol

i, ] component indices (water (i = w); NAPL Xoo mutual solubility term in absence of
component (i = n); cosolvent (i = ¢); alcohol and additive
additive (i = a))

k intrinsic permeability of the medium (m?) Greek symbols

ka saturation dependent relative o model parameter for van Genuchten
permeability for phase 1 capillary pressure function related to

ko relative permeability to phase 1 at entry pressure (1/kPa)
residual saturation of the other phase o influence of additive on slope parameter

Koy relative permeability to phase 1 at of solubility curve for phase |
residual saturation of the other phase at b angle between direction of flow and the

. low trapping number horizontal (positive upward)

krl'(;gh relative permeability to phase 1 at € exponent for Brooks and Corey relative
residual saturation of the other phase at permeability function.
high trapping number oy exponent for relative permeability

Kii and Fu exponent for interfacial tension function function at low trapping number. Here

kii and Fuo  exponent for interfacial tension function . set ey = €, = (2+31)/4
in the absence of additive e exponent for relative permeability

I phase index (aqueous (/ = w); NAPL function at high trapping number: set
(l:Il)) €y = € = 1

n model parameter for van Genuchten ¢ porosity (dimensionless)
capillary pressure function: m =1—1/n P, potential of fluid 1
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0 angle between local flow direction and
the horizontal (counter clockwise)

A pore distribution index

W composition dependent viscosity
(cP=mPa s)

Pio reference density of component i

' (g/ml)
Pil density of component i in phase I (g/ml)

0 density of phase 1 (g/ml)

Ap;; adjustment to density of component i in a
binary mixture with component j to
account for nonideal mixing (g/ml)

a interfacial tension between NAPL and
aqueous phases (dynes/cm = mN/m)
0o interfacial tension between pure NAPL

component and water (mN/m)

the aqueous phase; (2) The ternary system tert-butanol
(TBA)-PCE-water [9,10] as an example of systems in
which the alcohol swells the NAPL phase; and (3) the
NAPL-swelling quaternary system, n-butanol-trichlo-
roethene (TCE)-water—-methanol [44]. Methanol in this
quaternary system was added for the purpose of en-
hancing the solubility of n-butanol in water and affected
all aspects of phase behavior. Cases (1) and (2) had been
simulated in one-dimensional simulations before
[8,52,55]. The experiments used the same glass bead
medium throughout.

2. Displacement instability

Displacement instability occurs if the displacing fluid
experiences less resistance to flow than the displaced
fluid at a perturbed interface. It is caused by density and
viscosity contrasts between the two fluids. In a stable
displacement, small perturbations in the displacement
front will not expand. This criterion can be used to de-
rive a critical Darcy flux, vy, that distinguishes stable
from unstable miscible displacement for a fluid, indexed
1, displacing a second fluid, indexed 2 [7,34,35,59]:

oo — MknBpgsin_ kka(py — py)gsin B
o (M —1) (ki o o gy — 1)

The notation is explained in the Nomenclature. A
gravity term in the numerator greater than zero indi-
cates that the less dense fluid is on top, a stable situation.
A mobility ratio, M, of less than one, resulting in a
negative denominator, indicates that the less mobile
liquid displaces the more mobile one, which also signi-
fies a stable displacement. The critical displacement flux
can therefore be larger than zero only if gravity or vis-
cous stability exists to balance a viscous or gravity in-
stability, respectively. Displacements involving a viscous
instability are stable up to the critical flux, displacements
involving a gravity instability are stable beyond the
critical flux. If both viscous and gravity stability is pre-
sent then the displacement is unconditionally stable. If
neither stability is present then the displacement is al-
ways unstable. In either of these two cases no critical
flux exists and the negative numerical value obtained
from Eq. (1) is meaningless.

(1)

Dispersion, boundary effects [16,35,66], and capillary
pressure have a stabilizing effect on unstable displace-
ments. For low interfacial tensions or in the absence of
interfacial tensions, as expected during miscible dis-
placements, and medium to highly permeable material
as under consideration here, the stabilizing influence of
capillary pressure is negligible [31,65], and the stability
analysis developed for single-phase flow is applicable.

Unstable displacements cause an expansion of per-
turbations in the displacement front. This fingering re-
sults in apparent dispersion when concentrations are
averaged across fingers of displacing fluid and remain-
ders of displaced fluid [35,50,59]. If a breakthrough of
the displacing fluid occurs because such a finger has
reached the extraction point, the subsequent flow of
displacing fluid occurs mainly via this channel and re-
covery of the fluid that was to be displaced is drastically
reduced [3,35].

Simulations of unstable displacements take generally
one of two approaches. One approach considers only
one-dimensional flow and includes the non-ideal dis-
placement that occurs due to instability or heterogeneity
of the medium as a mixing term akin to dispersion
[35,50]. This approach has led to analytical approxi-
mations which indicate that the apparent dispersion is
time dependent [60,66]. Matching effluent concentra-
tions with numerical simulations is one possibility to
obtain the apparent dispersion coefficient of a porous
medium for a given time and position. This value cannot
readily be used to predict the mixing at a different lo-
cation and time during an unstable displacement. For
very unstable displacements, the resulting fingering re-
sults in breakthrough curves that can not be approxi-
mated by a dispersion term [3,37]. The other approach
represents the fingering more directly by using a fine
numerical grid in usually two [45,50,61] and less com-
monly three [13] dimensions of flow. This approach is
computationally far more intensive, but allows obser-
vation of finger growth over time. One practical limi-
tation of this second approach is the spatial resolution
required for representation of the fingers. The analysis
by Tan and Homsy [60] suggests that fingers during
unstable displacement develop at a distance from each
other that is an order of magnitude smaller than the
longitudinal dispersivity. For homogeneous media, this
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spatial resolution may be impracticable. But because
only some of the initial fingers continue to grow and
eventually dominate the displacement pattern [45], a
coarser grid resolution should still represent most of the
fingering phenomenon accurately.

In the present study, both approaches were used. The
simulator used here had an adjustable dispersivity to
allow distinction between the dispersivity of the medium
and mixing effects due to unstable displacement in one-
dimensional simulations. Three-dimensional simulations
with a resolution sufficient to represent the influence of
heterogeneities on stable displacements were performed
to represent the fingering effects during unstable dis-
placement more directly.

3. General description of simulator

UTCHEM is a three-dimensional, multiphase,
multicomponent simulator that has been adapted to
environmental use from its origin in enhanced oil re-
covery [11,12,18,33,47]. The simulator can incorporate a
multitude of components, the most important of which
for the purposes of the present study were water, NAPL
component, primary alcohol, additive (secondary alco-
hol), and tracers. UTCHEM utilizes a solution scheme
that is implicit in pressure and explicit in concentrations
(IMPESC-like). A total variation diminishing scheme
with third-order spatial discretization is used to control
numerical dispersion [17,30,40].

The version used for this work was UTCHEM 5.32 m
and was obtained from the University of Texas [18]. Its
equilibrium phase property descriptions were modified
to accurately describe the phase behavior for DNAPL
component, alcohol, water systems [57]. The relation-
ships used for the description of medium and phase
properties are discussed briefly below.

UTCHEM uses a pseudocomponent approach [49,58]
to reduce to three the number of active agents for phase
partitioning purposes. The partitioning behavior of
these three components, primary alcohol, NAPL com-
ponent and water, between two phases is modeled based
on the Hand representation [28,62]. Brandes [9,10] ob-
served some cloudy samples in his experiments. Milazzo
[44] found only two phases in his experiments. Emul-
sions were not considered as a third phase in the present
simulations, equivalent to assuming that the observed
cloudiness was caused by insufficient separation times of
suspended NAPL in the sample and not by stable
emulsions.

The Hand representation is based on a plot of
concentration ratios on a log-log scale (Table 1). The
solubility curve and lines of equal phase composition
(tie-lines) are represented by straight lines on such a plot.
The plait point is the point on the solubility curve where
both phase compositions are equal, so that the lines of

Table 1
Relationships used to describe phase compositions in the presented
version of UTCHEM

Solubility curve a_ y a "
a o
Equivalent height of the N7
solubility curve Cow = !
VA +2
Tie-line relationship G £ (o !
Cn Ccw
Plait point parameter P Co [ Cai -

Solubility curve parameter 4,

AlogA
change with additive o84

logAl = IOgA])() -‘rfv‘vl Afv‘:

Solubility curve parameter B,

— a
change with additive By = By + exp (/)

Solubility (for C* < G,;,) log Sol = log Sol, + /2 ijf(ff
ie-li AF
Tie-line parameter change _ a
P g
L , L1 A/
Plait point location change = S P
Cpl Cpl.l) Aj\:

the solubility curve and the tie-lines intersect. In the
Hand representation, concentrations of NAPL compo-
nent in the aqueous phase at low alcohol concentrations
are much smaller than the true aqueous solubility. In
UTCHEM, a minimum alcohol concentration, C¢. , is
used at which phase composition calculations change to
the Hand representation from a model where all alcohol
is associated with the water, and NAPL-component
solubility is given as input parameter.

The fourth component added to the ternary system
primary alcohol-NAPL component-water is distributed
in the model between the three other components, re-
sulting in three pseudocomponents [49,57,58]. In the
quaternary system under consideration in the present
work, the fourth component methanol had a strong
tendency to associate with the water. Therefore, the
water pseudocomponent was assumed to be a mixture of
water and methanol. Changing the composition of the
water pseudocomponent changes the partitioning be-
havior of the primary alcohol and the mutual solubilities
of NAPL component and water pseudocomponent. The
data by Milazzo [44] for the water—-TCE-n-butanol-
methanol quaternary system were used to define the
forms of relationships between methanol concentration
added to water and pseudoternary behavior [57], which
are shown in Table 1.

Phase properties were modeled in the following
manner (Table 2). For phase viscosities, a volume-based
approach using binary interaction parameters [27,51]
was found to match data for multicomponent mixtures
including water [57]. The density of a phase was calcu-
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Table 2
Relationships for phase properties in the presented version of

UTCHEM
X KLi and Fu
g = 0y <YO>

a
kLi and Fu = kLi and Fu,0 +_fw

Interfacial tension
(mN/m)

Interfacial tension

AkLi and Fu
exponent e —

AfY

Interfacial tension
mutual solubility term

L AXo
Xo = X 4
0 0.0+ fa A
Viscosity of phase 1
(mPa s)

Iny = Zcilnﬂf-*-zzcicjdi-f

i j>i

Density of phase 1

(g/ml) P = Z C]i </’i.0 + Z Aﬂi./

J#

Apl~/ ’ 2
2 (x[/' 7xijmax)
x[jmax

lated as volume-weighted average of the component
densities at the experimental temperature [51]. To ac-
count for non-ideal mixing, the individual component
densities were adjusted as a function of composition
[57]. A volume-based correlation for the interfacial
tension modified from one proposed by Li and Fu [38]
was implemented, in which the interfacial tension is a
function of the interfacial tension in the absence of al-
cohol and a power term reflecting the influence of the
alcohol [57].

Medium properties were represented as summarized
in Table 3. Capillary pressures were modeled using the
relationship proposed by van Genuchten [63] and Co-
rey-type functions were used for the relative perme-
ability [18]. Residual saturations varied as a function of
the total trapping number [18,46]. Dispersivity was as-
sumed to be constant for each run. For all runs, the
transverse dispersivity was set to one third of the lon-
gitudinal dispersivity [19]. Molecular diffusion was small
compared to convective dispersion and therefore not
considered separately.

Table 3

Relationships used to describe porous medium properties in UTCHEM

4. Column experiments

The column experiments discussed here were per-
formed and described by Brandes [9,10] and Milazzo
[44]. A schematic of their experimental set-up is shown
in Fig. 1. Glass columns with an inside diameter of 2.5
cm were used. The porous medium consisted of equal
weight fractions of 0.1, 0.3, and 0.5 mm glass beads. The
glass beads were packed wet in layers of approximately
three centimeters. Packing length was approximately 60
cm. Adjustable plungers kept the glass beads in place. In
the experiments by Brandes [9,10], filter discs were used
in the plungers to keep glass beads out of the tubing.
Milazzo [44] replaced the filter disc on the effluent side
with glass wool and shortened the effluent tubing.

Brandes [9,10] determined the porosity and pore
volume of packed columns by the bulk density of the
packed volume and the density of the medium. The re-
sulting pore volumes then did not account for influent
and effluent tubing. Milazzo [44] packed the column in
the same way and performed a tracer test to determine
effective pore volume. This tracer experiment also pro-
vided information on the dispersivity of the medium as
discussed below.

Brandes [9,10] emplaced the NAPL in his experiments
by injecting 1.5 PV of NAPL (TCE or PCE) downwards
into the column. The NAPL was then displaced in
downward direction by three pore volumes of water.
Milazzo [44] introduced the contaminant (TCE) in up-
ward direction to fill two fifths of the column length.
The NAPL was displaced in downward direction as
done by Brandes [9,10]. The column was then turned for
the NAPL contamination to be at the top.

Alcohol flooding consisted of injection of approxi-
mately one pore volume of flooding solution into the
lower end of the column, followed by approximately
three pore volumes of water in the same direction.
Milazzo [44] used a peristaltic pump to achieve a con-
stant flow rate, while Brandes [9,10] gave a constant
gradient of 0.3. This constant gradient was interpreted

Capillary pressure (kPa)

Relative permeability

Trapping influence on residual saturation

Trapping number for fluid 2 displaced by fluid 1 [18]

Influence of decreasing residual saturation on relative permeability

1 1 /n \/EU 1 /n
Pcfa<Sel/m*1> 7Cpc %0'70<Se]ﬁ71>

krw = Krwo (Se)ﬁ“ 5 km = kmU(l - Se)”n

X Slow _ Shigh
Sr — mi Si. Shlgh rl 1l
1= ( bon + IiNny

Nro =52 19811 4 2~ 190 (o — ) sin 0+ (50— 1)’

\ Slow _ Sl hiet
kl‘ll) = Jlow 1l o i igh klow
110 low high \ "110 110
Srl - Srl
low
S — S ( high glow)
1

low
& = § + -
low high 1
Srl B Sr]
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Fig. 1. Experimental set-up used by Brandes [9,10] and Milazzo [44].
Brandes used an elevation gradient to drive the flow, Milazzo used a
peristaltic pump.

in the present work as initial elevation gradient (Az/AL)
because the influence of composition on injection fluid
densities was not considered [9,10]. In previous simula-
tions of Brandes’ [9,10] experiments, Brame [8] at-
tempted to match the flow rates given by Brandes [9,10]
for a constant gradient but used the given flow rates as
driving force for the reported simulations. Reitsma
[52,55] apparently applied constant head boundary
conditions to the simulated columns and did not address
the issue of flow rates.

5. Application of the simulator to vertical column exper-
iments

The approach taken for the simulation of the column
experiments consisted of the following. First, the dis-
persivity of the medium was matched based on the re-
sults of a conservative tracer experiment by Milazzo
[44]. Subsequently, an enhanced dissolution experiment
(PCE/IPA) by Brandes [9,10] was simulated to investi-
gate a case where the NAPL phase would not be mo-
bilized. Then, separate phase mobilization cases (PCE/
TBA) by Brandes [9,10] and (TCE/n-butanol/methanol)
by Milazzo [44] were simulated. Agreement between
experiments and simulations was determined visually by
plotting and comparison of effluent concentrations and
effluent volumes.

One-dimensional and three-dimensional representa-
tions of the columns were considered. Brame [§] and
Reitsma [52,55] used one-dimensional homogencous
medium equivalents of the experimental columns. The
one-dimensional representation discussed in the fol-
lowing accounted for the influence of the filter discs,
which Milazzo [44] found to be significant with respect
to permeability. The heterogeneous three-dimensional
representations of the column included the influence of

the filter discs in the same manner as the one-dimen-
sional ones.

5.1. Column model parameters

The discretization of the column consisted lengthwise
of 150 gridblocks of 0.44 cm length each. Of these, the
top and bottom five layers represented a porous medium
equivalent of effluent and influent apparatus, respec-
tively. The glass filter discs were assumed to be at the
center of these five sections. The three-dimensional
model discussed here represented the column cross sec-
tion with five by five approximately cubical gridblocks,
which resulted in run times on the order of a week for
mobilization simulations. It was assumed that the dif-
ference in shape did not impact simulation results. In all
simulations, a uniform porosity of 0.33 and a total pore
volume of 107 ml were assumed [44]. Table 4 lists the
porous medium properties in the column discretizations.

Fluids were injected in the center of the bottom-most
layer, and extracted in the center of the uppermost layer.
If constant gradient conditions were specified as in
Brandes’ [9,10] experiments, the injection pressure dif-
ferentials were estimated from the density of the injected
solution, the length of the modeled column (66 cm), and
the given gradient. For constant flow rate experiments
as performed by Milazzo [44], the given flow rates were
used. The outlet pressure was set to atmospheric (101
kPa) in all cases.

To obtain van Genuchten parameters for capillary
pressure curves [63] from entry capillary pressure and
pore size distribution parameter, the relationships by
Lenhard et al. [36] were used. In UTCHEM, capillary
pressures scale with the inverse of the square root of
permeability [18]. Entry capillary pressure for the bead
pack was estimated from the data for drainage of water
against benzene measured by Boyd [6] for the 0.5 mm
size fraction of the beads and adjusted for the difference
in interfacial tensions between the NAPL/water pairs.
These data were the only measured ones available for
the medium used in the experiments. The pore size dis-
tribution parameter A was set to two [15], which ac-
counted for the wider pore size distribution in the glass
bead mix compared to the 0.5 mm size fraction. The
filter discs used were 1.9 cm diameter glass filter discs
classified as porosity C [1]. The porosity classification is
based on the entry pressure for a nonwetting phase [1].
An entry pressure between 6.4 and 3.2 kPa is expected
for class C filter discs and an interfacial tension of 40
dynes/cm. The same distribution index, A, as for glass
beads was assumed.

Permeability of the column was estimated based on
experiments by Brandes [9,10] and Milazzo [44].
Brandes [9,10] reported a permeability of 10 Darcy as
result of permeability tests performed with influent and
effluent filter discs. A reanalysis of flow data without
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Table 4

Porous medium properties for simulations of glass bead experiments

809

Parameter

One-dimensional column with filter discs

Three-dimensional column

Dimensions in z

Dimensions in x,y

Porosity

Bead pack van Genuchten capillary

150 x 0.0044 m

0.0222 m x 0.0222 m
0. 33* 0.33*
o = 1.75 1/kPa(PCE/water)®

150 x 0.0044 m

o = 1.75 1/kPa(PCE/water)®

5% 0.00443 m x 5 x 0.00443 m

pressure parameters

o = 1.63 1/kPa(TCE/water)®

m = 0.77°
Filter discs capillary pressure parameters
m = 0.77°
Effective permeability of column setup

Permeability of pack

Relative permeability Klow = 0.46
KoY = 0.46°
Elow — 4°
Ehigh =1

Residual saturation Slow = 0.16°
Slow = 0.16°
Slow = (.05¢

Desaturation parameter T, = 10,000
T,, = 1000

2= 0.15 1/kPa¢

k=10 x 10712 m??
k=42 x10"12 m?>
k=184 x 10712 m**

o = 1.63 1/kPa(TCE/water)®

m=0.77°
2% =0.15 1/kPa
m=0.77°

k=10 x 10712 m?
k=42x10""2 m?
Faverage = 18.4 % 10712 m2

Ko = 0.46
Kow = 0.46°
elow — 4¢
fhigh =1
Slew — (.16
Slow — 0.16*
Slow — (.05¢
7, = 10,000
T, = 1000

#From Brandes [9,10].

®Based on data from Boyd [6].

¢ Estimate using 2 = 2 in Brooks—Corey relationship.
9Based on Ace Glass [1].

°Based on data from Milazzo [44].

top filter disc given by Milazzo [44] yielded a perme-
ability of 4.2 Darcy. After removing the bottom filter
disc, Milazzo [44] repeated the permeability test for the
same column from which a permeability of 18.4 Darcy
was obtained. Therefore, the bead packing was as-
sumed to have a permeability of 18.4 Darcy. To ob-
tain the measured effective permeabilities of the
column the influent and effluent section permeabilities
were varied. The layer representing the filter disc was
assigned the lowest permeability and the permeability
of the adjacent layers was increased by a factor, so
that the ratio of permeabilities of neighboring layers
was constant from the last bead pack layer to the filter
disc.

Brandes [9,10] measured the relative permeability for
water after achieving residual saturation for the NAPL
phase as 0.46. This is a fairly high value indicative of
only slightly water wet glass beads [35]. Therefore, and
in the absence of other data, the same relative perme-
ability endpoint and exponent was used for all phases.
The exponent € in the relative permeability functions
was estimated from the pore size distribution index us-
ing the Brooks—Corey relationship € = (2 4+ 32 )/4 [15].
This yielded an exponent of four, which was used for
low trapping numbers [18,46], that is, ratios of gravity
and viscous forces to capillary forces (Table 3). For high
trapping numbers an exponent of one, equivalent to a
linear dependence of relative permeability on saturation,
was assumed [2,4].

Brandes [9,10] obtained experimentally a residual
NAPL saturation of 16 £0.02 upon downward infil-
tration. Effluent concentrations and recovery reported
by Milazzo [44] were converted into a NAPL volume.
This yielded a residual saturation of approximately 0.05
for his experiment 2 and a residual saturation of 0.2 in
his experiment 4. Milazzo [44] did not comment on this
discrepancy. For simulations of his experiment 2, the
measured residual NAPL saturation of 0.05 was used.
The residual saturation of water was set equal to 0.16,
which is in agreement with experiments by Boyd [6] and
by Imhoff et al. [32] with similar media.

5.2. Dispersivity

The conservative tracer test performed by Milazzo
[44] was used to determine the dispersivity of the me-
dium. The point on the breakthrough curve where the
normalized concentration measure was 0.5 was taken to
be the pore volume (107 ml). The curve was then mat-
ched using the implementation [20] of an analytical so-
lution for one-dimensional tracer advection under the
influence of dispersion [64].

Overall, a dispersivity of about 0.06 cm described the
breakthrough curve well (Fig. 2). The initial part of the
breakthrough curve was steeper than the latter part.
This indicates a small influence of dead-end pores or
capacitance [14,35]. The numerical dispersivity of the
column models was determined by simulating the tracer
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Fig. 2. Measured conductivity breakthrough curve [44], and disper-
sivity matches with an analytical solution and one-dimensional and
three-dimensional UTCHEM models (UTld and UT3d, respec-
tively).

test with zero input dispersivity. Matches with the ana-
Iytical solution indicated a value of 0.01 cm for the one-
and three-dimensional models. This was negligible
compared to the dispersion observed in the tracer ex-
periment and an input dispersivity of 0.06 cm was used
to match the measured tracer breakthrough curve with
the numerical simulator (Fig. 2).

In previous simulations of the column experiments by
Brandes [9,10], the numerical dispersion was between
one and two orders of magnitude higher. Reitsma
[52,55] set the cell length to 0.625 cm for which he ob-
tained a numerical dispersivity of 1 cm. Brame [§] set the
cell length to 0.6 cm and did not provide a dispersivity
which, for upstream weighting, would be expected to be
half the cell length or 0.3 cm.

To generate a three-dimensional heterogeneous
model domain, the relationship between macrodisper-
sivity and heterogeneity developed by Gelhar and Ax-
ness [25] was used. The packing lift height of 3 cm and
column diameter of 2.5 cm were used as correlation
lengths. Two conductivity fields for the packing length
were realized using simulated annealing [22]. Because
the results were very similar for both realizations
throughout the simulations, only results from one real-
ization are shown in the following. The gridblock per-
meabilities ranged from 10 to 31 darcy. Effluent and
influent ends of the column remained homogenecous
layers. The three-dimensional heterogeneous columns
were used to simulate the tracer test with zero input
dispersivity and matched the analytical solution and
experimental data reasonably well (Fig. 2). Thus, a one-
dimensional and a three-dimensional representation of
the columns were available which matched the tracer
test results by Milazzo [44].

5.3. Enhanced dissolution

Transfer of NAPL component from the NAPL into
the aqueous phase characterizes NAPL remediation by
dissolution. Increased NAPL solubility in the aqueous
phase due to alcohol or surfactant addition enhances
dissolution. Little NAPL movement occurs and there-
fore, relative permeability functions are of little impor-
tance. Among the experiments that have addressed
enhanced dissolution, flushing of residual PCE with an
IPA/water mixture as reported by Brandes [9,10] was
selected. The given effluent concentrations in mg/l [9]
were converted to volume fractions using the component
densities. The phase behavior parameters of this system
as determined from data by Bergelin et al. [5] are listed
in Table 5.

In the experiment, 0.935 PV of a 60% IPA, 40% water
mixture was injected into a column at residual PCE
saturation under an elevation gradient given as 0.3. The
alcohol flood was followed with 2.5 pore volumes of
water flood in the same upward direction. The experi-
mental data have been utilized in previous applications
of alcohol flooding simulators [8,52,55].

In the simulations of the experiment discussed here,
the match of cumulative volumes extracted was im-
proved by changing the elevation gradient during the
alcohol slug injection. Effluent concentrations were
matched by changing dispersivities in one-dimensional
simulations.

The simulated and measured cumulative pore vol-
umes extracted during the experiment are compared in
Fig. 3. A one-dimensional simulation with the given
constant elevation gradient of 0.3 showed faster flows
than were measured. A reduction in the gradient to

Table 5
Fluid properties for the IPA/PCE/water ternary system used in the
simulation

T =23°C

Hand parameters for phase
behavior [5,57]

12 0.492 (VIv)

B, =B,: -1.71
F: 1.07

CSin: 0.09

Interfacial tension [5,57]
X(): -3.6

Density (g/ml) [39,56]

Pyw: 0.998
Ppce: 1.62
prpa: 0.783

Viscosity (mPa s) [39,56]
Uyt 0.95

tpcg: 0.87
Mipat 2.16

Ce,00 0.688 (V/V)

0o: 40 mN/m
kLi and Fu® 2.88

Density adjustments
[5,39,57]

Apy, 1pa: 0.031
Apipay: 0.026
Appcepat —0.006
Apipa pc: 0.001

Interaction parameters
[5,57]

dw.P(fE: 7.78

dypa: 3.21

dPCE.IPA: -0.785
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Fig. 3. Measured [9] and simulated cumulative pore volumes over time
for 60% IPA flood with varying elevation gradient and dispersivity.

between 0.15 and 0.2 during the alcohol flood yielded a
better agreement. The step in cumulative pore volumes
at 1.1 days, which was not seen in the simulation, is
likely related to the switching from an alcohol mixture
to the water flood. A one-dimensional simulation with
increased dispersivity (¢ = 2 cm) resulted in slower flow
caused by the increased viscosity of water/alcohol
mixtures before and after the core of the alcohol slug.
The three-dimensional simulations showed an increase
in flow rates compared to the one-dimensional simu-
lations (Fig. 3). This was partially due to a higher ef-
fective permeability as also seen in the tracer
simulations and partially due to preferential dissolution
of some areas as also seen experimentally by Imhoff
et al. [32].

The effluent concentrations in (v/v) for experimental
results and simulations are shown in Fig. 4. The results

IPA Concentration
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£ o0.001
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from the one-dimensional model with medium disper-
sivity (¢ = 0.06 cm) are similar to the concentrations
simulated by Brame [8] and Reitsma [52,55] for the same
case. The simulated breakthroughs of elevated IPA and
PCE concentration occurred simultaneously and agreed
well with experimental results. The plateau concentra-
tions of PCE and IPA were well matched, although PCE
concentrations were lower in the simulations than
measured (6.2% vs. 6.6% by volume). The same was the
case for the IPA concentration (57% simulated, 60%
measured by volume). Half of the difference could be
attributed to volume reduction of alcohol/water mix-
tures, which was not considered during the effluent
concentration conversion.

The primary contrast between the simulation
(a =0.06 cm) and experimental observations occurred
during the transition to the water flood. The simulation
predicted a sharp drop of IPA and PCE concentrations.
In the experiment, the tailing of concentrations began
before the end of the alcohol slug and continued
through the end of the experiment. A one-dimensional
simulation with a dispersivity of @ = 2 cm replicated the
tailing of the alcohol concentration better, but resulted
in lower PCE concentrations and a premature break-
through of IPA (Fig. 4).

Displacement instability was the likely cause for this
tailing effect. The displacement of resident water by
PCE-saturated IPA solution was stable, while the dis-
placement of PCE-saturated IPA solution by the follow
up water was unstable (Table 6). The saturation of the
flooding solution with PCE increased the viscosity and
density of the mixture, which stabilized the displacement
of resident water but destabilized the displacement of
flooding solution by follow-up water.

The three-dimensional model was able to capture the
displacement instability more accurately. The initial
simulated breakthrough and the simulated plateau

PCE Concentration

0.1 ‘
! ?
i \\l m »
5 | \
5 0.01 ‘ v N
& | [ \
[T
s |
€ . ‘ b
=2 0.001 b
(e} [} | '
> ‘ ] 1. n
’ X
K 1 .
0.0001 ‘ —
0.0 0.5 1.0 1.5 2.0 25 3.0
PV
m  PCE measured e 3d
(b) — —1d a=0.06 cm ==-=1da=2cm

Fig. 4. The measured [9] and modeled effluent concentrations using a 60% IPA, 40% water flood in upward direction. (a) IPA (v/v), (b) PCE (v/v).
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Table 6
Predicted stability for displacements during 60% IPA flood

Fluid 1 (displacing) Fluid 2 (displaced) 0/Veri Stable if Stability 0, (g/ml) 0, (g/ml) u, (mPa s) 1, (mPa s)
PCE-saturated 60% Water 1.0 V= Uit Stable 0.938 0.998 343 0.95
IPA
Water PCE-saturated 3.8 v < Vit Unstable 0.998 0.938 0.95 343
60% IPA

concentrations were nearly identical to the one-dimen-
sional low-dispersivity simulation results. Most re-
markable was the simulated earlier decrease in
concentrations from the plateau compared to the low
dispersivity one-dimensional simulations (Fig. 4). Con-
tour plots for simulated IPA and PCE concentrations
for three-dimensional simulations showed fingering to
begin after the follow-up water reached the residual
PCE in agreement with the stability consideration dis-
cussed above. The decrease in IPA due to water break-
through was associated with a rapid decrease in PCE
solubility. The long tailing of PCE concentrations in the
simulation stemmed from production of PCE as sepa-
rate phase. This production of PCE as a separate phase
did not occur in the one-dimensional simulations dis-
cussed above [8,52], but was in agreement with Brandes’
[9] experimental observations, where NAPL beads are
mentioned. The layering of the bead pack resulted in
layers of higher PCE saturations remaining. This phe-
nomenon was also observed experimentally by Imhoff
et al. [32].

The intermittent peak of PCE concentrations was not
shown by any of the simulations. Brandes [9] suggested
that this peak could have been caused by NAPL trapped
in the effluent tubing. PCE, coming out of solution due
to decreased alcohol concentrations in the upward di-
rected effluent tubing, was not likely to flow into the
sample container at the same velocity as the bulk
aqueous phase due to the instability of displacement.
The effluent tubing was not simulated in detail and thus
some discrepancy between simulation and experiment
could be accepted.

IPA concentrations decreased faster in the three-di-
mensional simulation than in the experiment. This could
be due to partitioning of IPA out of the residual NAPL
in the column into the aqueous phase, which was not
simulated below a total concentration of 9% IPA. Final
concentration were also reached later than modeled in
the conservative tracer test attributed to bypassing ef-
fects [14,35].

Neglecting buoyancy forces in simulated capillary
desaturation by using capillary numbers instead of total
trapping number [18,46] resulted in simulated mobili-
zation of some NAPL, which was not seen in the ex-
periment. The density contrast between NAPL and
flooding solution stabilized the NAPL under upward
flooding conditions. The reduction in interfacial tension
between flooding solution and NAPL to below 1 dynes/

cm would result in mobilization during horizontal
flooding at the same flow rate [46].

In summary, simulations of a column experiment
utilizing enhanced dissolution showed agreement with
the experimental data. For the injection rate of alcohol
mixture into the column a discrepancy between modeled
and reported experimental data was found, which may
reflect uncertainties in influent configuration and re-
porting of the injection pressure. A three-dimensional
simulation represented unstable displacement and pro-
vided a qualitatively better match of experimental ef-
fluent concentration data than the one-dimensional
simulations. No fitting of parameters was necessary to
achieve this improvement.

5.4. Separate phase mobilization

The NAPL can be mobilized as a separate phase due
to swelling and reduction of interfacial tension. NAPL
swelling occurs when an alcohol partitions out of the
aqueous phase into the NAPL. The mobilizing experi-
ments by Boyd [6], Brandes [9,10], and Milazzo [44] in
the upward direction generally showed a NAPL bank
that appeared simultaneously with increased alcohol
concentrations in the effluent and continued for some
time with the high alcohol concentrations. This was in
contrast to fractional flow theory that would predict a
DNAPL bank in the effluent before alcohol breaks
through [21,48]. Previous simulations [8,52,55] of such
separate phase mobilization experiments were in accor-
dance with theory and predicted a well established
NAPL bank in the effluent prior to alcohol break-
through.

The transfer of alcohol from the aqueous phase to the
NAPL can introduce mass transfer limitations into the
process. Reitsma [52,55] found a more drawn out NAPL
bank and significant tailing of alcohol for nonequilib-
rium simulations of a vertical upward displacement ex-
periment using the water, n-propanol, TCE system. An
alternative explanation for the later arrival and pro-
longed existence of the NAPL bank is a retardation of
the bank, which is denser then the flooding solution, due
to gravity instability and increased mixing.

Among Brandes’ [9,10] glass bead column experi-
ments involving separate phase displacements, the
flooding of residual PCE with a 70% solution of TBA
(experiment 2) was selected for simulation. The given
effluent concentrations in mg/l [9] were converted to
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volume fractions using the component densities. This
experiment involved an alcohol strongly partitioning
into the NAPL in contrast to the enhanced dissolution
case discussed before. Brandes [9,10] investigated the
partitioning behavior of this system. During the study
by Roeder [57], viscosities and interfacial tensions of the
ternary system were measured. Fluid properties are
summarized in Table 7.

Fig. 5 compares the measured and simulated cumu-
lative flows for several simulations. The given elevation
gradient of 0.3 was too small to achieve continuous flow
in one-dimensional simulations with medium dispersiv-
ity. The low dispersivity case was simulated by specify-
ing the average flow rate during alcohol injection and
without consideration of the glass frits. For the high
dispersivity case, an increased gradient of 0.45 improved
the agreement of flows. The three-dimensional simula-
tion with this increased initial gradient showed for the
first half pore volume similar flows as the high disper-
sivity case but had faster flow for the next pore volume.
The final flow of water under a constant gradient was
very similar in all three cases.

Reported and simulated effluent concentrations are
compared in Fig. 6. In the one-dimensional simulation
with low dispersivity and specified initial flow rate, the
PCE-displacement was modeled as one bank before the
TBA breakthrough. The TBA then followed undiluted.
This behavior was also found in the simulations of this
and similar cases by Brame [8] and Reitsma [52,55]. In
contrast to this, the experiment showed TBA and PCE
breakthrough simultaneously. The PCE concentrations
in the experiment peaked later and broader. The tailing
of the TBA concentrations was also not captured by the
one-dimensional simulation.

Table 7
Fluid properties for the TBA/PCE/Water ternary system used in the
simulation

Data at T' = 23°C

Hand parameters for phase

12 0.0141 (V)

behavior [9]
B, =By: -1.14
F: 6.04
CSin: 0.048 Cs o 0.654 (vIv)
Interfacial tension oo 40 mN/m
X()D -3.6 kLi and Fu- 1.83
Density (g/ml) [39,56] Density adjustments
[39,57]
Py’ 0.029
Py 0.998 Preay: 0.020
Ppce: 1.62 Prcerea: —0.012
pra: 0.783 Preapce: —0.003
Viscosity (mPa s) [56] Interaction parameter
[57]
' 0.95 d»\uPCE: 7.14
:uPCE: 0.87 dw.TBA: 2.86
HTBA: 4.85 dPCE,TBA: -2.16
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Fig. 5. Measured [9] and simulated cumulative pore volumes over time
for 70% TBA flood.

Displacement of PCE by the flooding solution was
expected to be very unstable (Table 8). The instability
was expected to increase in the tubing, assumed to be
0.16 cm inner diameter. Displacement of flooding solu-
tion by follow-up water was also expected to be unsta-
ble.

The effluent concentrations of a one-dimensional
simulation with increased dispersivity (¢ =3 cm) are
also shown in Fig. 6. The simulated TBA concentrations
exhibited earlier breakthrough than measured. The de-
creased concentrations of the alcohol slug and the long
tailing of TBA agreed fairly well (Fig. 6(a)). The high
PCE concentrations of the NAPL bank extended further
into the alcohol slug in this simulation. There was still a
more pronounced DNAPL bank simulated than was
observed. The shape of the bank remained the same in
simulations that did not consider the glass frits sepa-
rately or that increased NAPL relative permeability by
reducing the NAPL relative permeability exponent from
four to three. One plausible retarding influence for the
DNAPL bank in the experiment was the effluent tubing.
The DNAPL displaced initially out of the column may
have remained in vertical effluent tubing until the den-
sity contrast with the aqueous phase and the mobility
ratio were such that the critical velocity to displace the
NAPL was exceeded. As in the case of the IPA/PCE
experiment, a peak of NAPL was recovered at just over
two pore volumes and not modeled in any simulation.

The TBA concentrations of the three-dimensional
simulation agreed fairly well with the initial break-
through and some of the tailing (Fig. 6(a)). The longer
observed tailing of TBA concentrations compared to the
simulation may have been due to TBA associated with
the isolated peak of PCE concentrations and partition-
ing of TBA out of the NAPL that remained in the
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Fig. 6. The measured [9] and modeled TBA and PCE effluent concentrations using a 70% TBA, 30% water flood in upward direction. (a) TBA (v/v),

(b) PCE (v/v).

Table 8

Predicted stability for displacements during 70% TBA flood
Fluid 1 (displacing) Fluid 2 (displaced) 0/ Vcrit Stable if Stability p, (g/ml) 0, (g/ml) u, (mPas) U, (mPas)
70% TBA Water 1.2 U 2 Vit Stable 0.867 0.998 5.42 0.95
70% TBA PCE 0.074 U = Ui Unstable 0.867 1.62 5.42 0.87
70% TBA PCE in tubing 0.014 T Unstable 0.867 1.62 5.42 0.87
Water 70% TBA 2.1 U < Verit Unstable 0.998 0.867 0.95 5.42

column. The PCE bank in this simulation showed re-
duced concentration compared to one-dimensional
simulations and extended further into the alcohol slug.
The bank was still more pronounced in the simulation
than observed.

5.5. Additive aided separate phase mobilization

As an example of a mobilizing alcohol flood involv-
ing two alcohols and to compare the results of a slightly
varied experimental setup, experiment 2 reported by
Milazzo [44] was simulated. In this experiment, the top
glass frits had been removed and the effluent tubing had
been shortened. In contrast to the experiments by
Brandes [9,10], no spikes of NAPL component concen-
trations were observed in the effluent during the water
flood. This observation is consistent with the influence
of effluent tubing discussed above. The top two fifths of
the column were contaminated with residual TCE. The
column was then flooded with a mixture of 17% water,
67% n-butanol, and 16% methanol by volume at a
constant rate of 430 ml/d in the upward direction. Only
effluent concentration histories and no gradients were
investigated because a gas phase appeared in the flood-
ing solution during the experiment before it reached the
NAPL [44]. Milazzo [44] explained this occurrence with
a difference of gas solubility between resident water and

flooding solution leading to gas coming out of solution
at the interface. It was assumed that NAPL mobilization
was not influenced by the gas phase, but that displace-
ment of flooding solution by water was and therefore the
water flooding part of the experiment was not consid-
ered in detail. The given effluent concentrations in mg/l
[44] were converted to volume fractions using the com-
ponent densities.

The Hand and interfacial tension parameters to de-
scribe phase behavior of the water, n-butanol, methanol,
TCE systems were based on batch experiment mea-
surements by Milazzo [44,57] and are given in Table 9. A
comparison of two-phase effluent sample compositions
with estimates using these parameters showed good
agreement, supporting the equilibrium assumption.
Samples with TCE concentrations of less than 0.05 v/v
showed lower n-butanol concentrations in the NAPL
than estimated. This discrepancy was as likely to be due
to shortcomings of the phase behavior model than to
nonequilibrium because the phase behavior character-
ization by Milazzo [44] did not include samples with
such low TCE-concentrations. Estimated viscosity and
density parameters are summarized in Table 10. Vis-
cosity interactions were assumed to be the same as for
TBA, water, and PCE. The methanol-water interaction
parameter was determined from the viscosity data in
Lide et al. [39]. The methanol-TCE interaction param-
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Table 9

Phase behavior parameters used for simulations of the water, TCE, n-butanol, methanol quaternary system [44,57]

Feature of phase behavior

Parameter used in absence of additive

Influence of additive

Cein 0.10 Symbol Value Slope parameter Value
NAPL component concentration at plait point Chio 0.573E-4 A(1/Ch) /AL 34,664,000
Slope of tie-line line F 5.586 AF/Af2 1.72
Slope of NAPL solubility line B.o -2.054 oy = In(By/Bnp)/ALE 6.4
Intersection of aqueous solubility line with y-axis Ce v 0.896 A(log(4y))/AfE 17
Slope of aqueous solubility line Byo 2.81 oty = In(Byw/Bwo)/ALE 1.43
Log of mutual solubilities Xoo -2.92 AXy [AfR 24
Li and Fu exponent KLi and Fuo 1.78 AkLi and Fu/ A2 0.684
Aqueous solubility of TCE Soly 0.0075

Table 10 trations in the experiment showed a bank followed by a

Densities and viscosity parameters used for simulations of the water,
TCE, n-butanol, methanol quaternary system [44,57]

Data at T = 22°C
Density (g/ml)

Density adjustments
Apy npa: 0.029

Py 0.998 Apnpay: 0.020
prce: 1.457 Aprcenpa: —0.012
Prpa: 0.809 Apygatce: —0.003
Pueon: 0.789 Apy meon: 0.019

Appeon vt 0.043

Viscosity (mPa s) Interaction parameter

dwrce: 7.14
1, 0.971 dynpn: 2.86
HTCE: 0.553 dTCE‘NBA: -2.16
HUNBA - 2.82 d\v.MeOH: 3.51
HMeoH: 0.576 dTCE.MeOH: -0.375

dnpaMeon: 0

eter was assumed to be equal to the ethanol-PCE in-
teraction parameter determined from data reported by
Lunn [41].

Table 11 shows the expected stability of displace-
ments. Again, the instability of the TCE displacement
by the flooding solution was increased in the effluent
tubing. According to these estimates the displacement of
flooding solution by water should have been stable.
Correspondingly there was little observed tailing for the
alcohol concentrations beyond an initial offset which
suggested a larger than simulated slug volume.

In Fig. 7 the effluent histories from the experiment are
compared to the results of simulations. TCE concen-

plateau of lower concentrations before concentrations
decreased after single-phase conditions were reached
and recovery was complete. The one-dimensional sim-
ulation with low dispersivity showed a sharper NAPL
bank than was observed. One-dimensional simulations
with increased dispersivity showed a wider bank, which
still did not account for the plateau of lower concen-
trations. A simulation using the three-dimensional col-
umn representation agreed with the fact of the
prolonged recovery of TCE but indicated a less pro-
nounced initial bank. In this simulation, recovery was
not complete and therefore, TCE recovery continued
throughout the simulation. The difference in bank for-
mation suggested that the displacement was more stable
than simulated, possibly due to an underestimation of
mixture viscosities, for which no measurements had
been available.

The step in observed alcohol concentrations at 1.4 PV
stemmed from a step in n-butanol concentrations and
was associated with the reaching of single phase condi-
tions. A less pronounced and earlier step in alcohol
concentrations was only modeled by the low dispersivity
one-dimensional simulation but not by any of the other
simulations (Fig. 7(a)).

The methanol breakthrough was simulated at lower
initial concentrations than measured. An explanation
for this was that the aqueous pseudocomponent in the
NAPL phase was enriched in methanol compared to
the aqueous phase according to the data by Milazzo
[44]. The initially recovered NAPL thus had a higher

Table 11
Predicted stability for displacements during 67% n-butanol, 16% methanol flood
Fluid 1 (displacing) Fluid 2 (displaced) 0/Verit Stable if Stability p, (g/ml) P, (g/ml) u, (mPas) U, (mPa s)
67% NBA/ Water 1.4 U = Uit Stable 0.849 0.998 2.71 0.970
16% MeOH
67% NBA/ TCE 0.14 U = Uit Unstable 0.849 1.46 2.71 0.553
16% MeOH
67% NBA/ TCE in tubing 0.029 U2 Uit Unstable 0.849 1.46 2.71 0.553
16% MeOH
Water 67% NBA/ 0.66 U< Vgrig Stable 0.998 0.849 0.970 2.71

16% MeOH
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Fig. 7. Measured [44] and modeled TCE and alcohol effluent concentrations using a 67% n-butanol, 16% methanol, 17% water flood in upward

direction. (a) total alcohol (v/v), (b) TCE (v/v).

methanol concentration than simulated. The pseudo-
component approach of assuming equal methanol/water
ratios in both phases would need to be modified to
capture this behavior.

6. Discussion

Independently measured and estimated parameters
resulted in reasonable matches of simulations to the
experimental data. The equilibrium ternary and qua-
ternary system descriptions chosen were sufficient to
represent the vertical column experiments. Nonideal
displacement that Reitsma and Kueper [55] had repre-
sented by assuming non-equilibrium was explained in
the present study as the result of displacement instabil-
ity. Of the column experiments discussed, only Milazzo
[44] had analyzed the composition of two-phase samples
to judge if equilibrium had been reached. The effluent
data agreed well with the batch equilibrium phase be-
havior data provided by him. The phase behavior model
deviated at high n-butanol, low TCE concentrations
from the effluent concentrations because no batch ex-
periments had been performed for these tie-lines and
because the model did not represent the limited solu-
bility of n-butanol in water.

Instability of displacement and dispersion result in a
shortening of the effective alcohol slug volume
[35,41,42,53]. The simulated experiments showed that

Table 12

the effect of this shortening depends on the type of al-
cohol flood. An enhanced dissolution flood, such as the
IPA/PCE experiment by Brandes [9,10] reaches equi-
librium between NAPL and flooding solution for as
long as NAPL is present. An unstable displacement of
the alcohol flood by water before all NAPL component
has been recovered leads to precipitation as NAPL,
which could only be simulated with a very fine mesh and
not in one-dimensional simulations that used large dis-
persivities to model the mixing. Modeling the unstable
displacement one-dimensionally with a large dispersivity
lead to dilution of the alcohol slug and correspond-
ingly lower predictions of NAPL component recovered
(Table 12).

Mobilizing alcohol floods ideally displace the NAPL
as a bank before the alcohol slug. The alcohol slug can
therefore theoretically be shorter than in enhanced dis-
solution floods. In upward displacement of DNAPLs
such as simulated here, the displacement of the bank by
the alcohol slug is usually unstable. This instability and
its impact on remediation effectiveness were seen in the
three-dimensional simulations by a widening of the
NAPL bank and incomplete recovery of the NAPL
component (Table 12). Shorter slugs such as used in a
different experiment by Milazzo [44], or in experiments
by Lunn and Kueper [41,42] experienced also degrada-
tion of the NAPL bank, resulting in the formation of a
residual swollen NAPL and a partitioning of the alcohol
out of this NAPL back into the follow-up water. The

Comparison of experimentally determined and simulated recoveries of NAPL component

Experiment Measured Simulated removal
removal One-dimensional One-dimensional, large a Three-dimensional
1 IPA/PCE 0.41 0.40 0.21 0.37
2 TBA/PCE 0.89 1.00 1.00 0.85
3 NBA/TCE 1.00 1.00 1.00 0.94




E. Roeder, R W. Falta | Advances in Water Resources 24 (2001) 803-819 817

presented formulation of UTCHEM did not lend itself
to simulation of this tailing because of the assumption
that all alcohol below a given concentration is present in
the aqueous phase.

The greater instability during the TBA/PCE experi-
ment compared to the NBA/TCE experiment due to
higher density contrast, lower flow rate and more efflu-
ent tubing resulted in a more spread out NAPL bank.
One-dimensional simulations reflected this order by a
lower matched effective dispersivity for the NBA/TCE
simulation.

The displacement of alcohol by water was unstable
for the case of IPA/PCE and TBA/PCE. This was ac-
counted for by an apparent dispersivity two orders of
magnitude larger than the medium dispersivity as de-
termined by a conservative tracer test. Some tailing of
alcohol at the end of the experiments was attributed to
the effect of dead-end pores as also seen in the tracer
experiment.

The displacement instabilities could be matched using
a dispersivity that was adjusted to fit the extent of in-
stability. This approach appears of limited usefulness for
the general case. Mixing length as a measure of disper-
sion should grow with the square root of time but grows
linearly or exponentially with time for unstable dis-
placements [60,66]. Additionally, this approach is lim-
ited to one displacement. For displacements of several
fluids by each other within one experiment, the several
displacement fronts are likely to be subject to different
displacement instabilities as was seen in the presented
simulations for the displacement of water by alcohol
and the displacement of alcohol by water.

Effluent tubing appeared to have an effect on the
experimental results. In Brandes’ [9,10] experiments, a
peak of NAPL component was recovered at the tailing
end of the alcohol slug, while this peak was absent in
Milazzo’s experiments [44] with shorter effluent tubing.
Also, some of the difference between simulation and
experiment for the initial PCE recovery in the TBE/PCE
case could be caused by the effluent tubing in Brandes’
case [9,10].

7. Conclusions

The adapted equilibrium multiphase compositional
simulator using separately obtained phase behavior and
porous medium property information matched the ex-
perimental data for several column experiments rea-
sonably well. This agreement suggested that the
equilibrium assumption was met in these experiments.
Ternary and quaternary systems were simulated.

Displacement instability appeared to be the primary
mechanism to explain deviations from ideal displace-
ment in the experimental results. High-resolution three-
dimensional simulations accounted for the effects of

unstable displacement on NAPL component and alco-
hol recovery. An effective dispersivity approach was
used to represent displacement instability in one-di-
mensional simulations.

This study indicated that particular attention should
be paid to the characterization of stability for the design
of alcohol flooding experiments. Simulations of unstable
displacements require either high-resolution grids, or
need to consider the mixing of fluids in a different
manner to capture the resulting effects on NAPL re-
covery.
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