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In situ growth of bacteria in a porous medium can alter
the permeability of that media. This article reveals that
the rate of permeability alteration can be controlled by
the inoculation strategy, nutrient concentrations, and in-
jection rates. Based on experimental observations a phe-
nomenological model has been developed to describe
the inoculation of the porous medium, the in situ growth
of bacteria, and the permeability decline of the porous
medium. This model consists of two phases that describe
the bacteria in the porous medium: (1) the nongrowth
phase in which cell transport and retention are occurring;
and (2) the growth phase in which the retained cells grow
and plug the porous media. Transition from the transport
phase to the growth phase is governed by the growth
Jag time of the cells within the porous medium. The impor-
tance of the inoculum injection strategy and the nutrient
injection strategy is illustrated by the model. ® 1996 John
Wiley & Sons, Inc.
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INTRODUCTION

A technique often used by the oil industry to enhance
oil production is to introduce water into the reservoir
through a series of injection wells. The injected water
displaces the oil in the reservoir which is transported
to recovery wells. This technique, which is called water
flooding or secondary oil recovery, aids in recovering
up to 70% of the oil in the reservoir.'” Failure to recover
all of the interstitial oil during water flooding can be
attributed to permeability heterogeneity of the reser-
voir. High permeability zones in the reservoir facilitate
the transport of a large fraction of the injected water
to create “water fingers” that result in a majority of the
interstitial oil being bypassed. A common practice in
rectifying this problem is to selectively plug these water-
swept zones by injection of reagents that will enable
water injection to be resumed in the oil-rich zones.

In a previous study we showed the technical feasibility
of using Leuconostoc mesenteroides for the plugging of
these high permeability zones. This process has been
termed by the authors as bacterial profile modification
(BPM).? The application of such a technique requires

* Currently at McMaster University, Hamilton, Ontario.

1 To whom all correspondence should be addressed.

Biotechnology and Bioengineering, Vol. 50, Pp. 6-15 {1996)
© 1996 John Wiley & Sons, Inc.

a thorough understanding of reservoir conditions, bacte-
rial growth kinetics, and both bacteria and nutrient
transport within porous media. In addition, bacterial
profile modification is also finding applications in
ground-water flows and in in situ bioremediation. Here,
the biofences, which are a contained zone produced by
BPM, are being studied to clucidate their effectiveness
to contain and degrade contaminate spills (NAPLS; e.g.,
nonaqueous phase liquids).

The successful application of bacteria for fluid control
is highly dependent on the reservoir’s environmental
conditions, such as pH, salinity, temperature, pressure,
and permeability.? If a reservoir is environmentally suit-
able for bacterial growth, the only control in the imple-
mentation of the BPM technique is through controlled
bacterial placement and in situ growth (i.e., injection
strategy). This article discusses the effect of nutrient
injection rates and nutrient concentrations on in situ
growth of L. mesenteroides in porous media and the
resulting permeability decline. This study was ac-
complished through a series of experiments involving
parallel-core plugging, flow rate (Damkohler) effects,
and parameter estimation experiments.

MATERIALS AND METHODS

Experiments were carried out to determine how in situ
cell and exopolysaccharide production influences the
permeability of porous media. These experiments con-
sisted of two phases: (1) the initial injection of bacteria
into the porous medium; and (2) the subsequent injec-
tion of a nutrient feed into the porous medium to pro-
mote cell growth and exopolymer production. The ex-
perimental procedures for bacteria and nutrient
injection are similar to those previously discussed by
the authors.>!! The only exceptions were the inoculum
preparation for the Damkdohler (i.e., flow rate) experi-
ments and for the first set of parallel-core plugging ex-
periments (PCE-I). The inoculant cells for these experi-
ments were grown in standard medium, but were then
removed by centrifuging (at 4480g for 5 min) and resus-
pended in new growth media before injection.” This
additional step prevents waste products from being in-
jected. The specifics of the inoculum growth media, the
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nutrient feed composition, and the location of the pres-
sure taps for the series of three experiments are pre-
sented in Table 1. Effluent samples for the parameter
estimation experiments were collected and analyzed to
determine cell and sucrose concentrations using the pro-
cedures outlined previously by the authors.’

Theory

A continuum approach can be used to model the growth
and transport of L. mesenteroides in porous media. Be-
cause the experiments were carried out in linear porous
ceramic cores, we shall only consider transport in one
dimension. The mass balances on the bacteria cells and
on the species in solution are given by Eqgs. (1) and (2).

Balances of surface bound species (including sessile
cells):
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Because variations in porosity are small, the pseudo-
steady-state porosity condition is used in modeling the
transport of the various species. Under these conditions,
the porosity was calculated from the following equation:

e =&°(1 — 2 ai/p). 3)

Permeability Reduction

The change in local permeability for a differential vol-
ume of a porous medium is dependent on the change
in local porosity. Models for relating permeability and
porosity have been developed for biofilm growth in un-
consolidated porous media (sand packs).'® For consoli-
dated porous media, the local permeability at any time

7.9 g glucose/L,
7.9 g fructose/L

7.9 g glucose/L,
7.9 g fructose/L

(for each core)

10 g glucose/L,
10 g fructose/L

7.9 g glucose/L,
7.9 g fructose/LL

Resuspension® Yes Yes No No

Injection rate (mL/ 50 5.0 3.0 1.0
min)

Injection duration 60 60 20 60
(min)

Cell concentration ~1 % 10 ~1 % 10" ~1 x 1012 8.61 x 10!
(cells/L)

Core

Diameter (cm) 2.54 2.54 2.54 2.58

Length(s) (cm) 54 HP = 6.25, LP = 6.30 HP =7.65, LP =7.75 7.9

Permeability(ies) (mD) 11,000 HP = 13,000, LP =66  HP = 3800, LP = 16 11,800

Core saturation Same as feed Same as feed 10 g YE/L Same as inoculum media
composition
Feed
Composition All 10 g YE/L, sucrose; 10 g YE/L, 10 g YE/L, 10 g YE/L,
DE-1=15 gL, 15 g sucrose/L 18 g sucrose/L 20 g sucrose/L.
DEII = 15 g/L,
DE-III = 1.5 g/L
Injection rate DE-I =0.1, 0.2 0.2 1.0
(mlL/min) DE-II = 1.0,
DE-II =10
Pressure tap locations Inlet, 12 mm Inlet, Inlet, 38 mm (for Inlet, 6.4 mm
from injection face 38 mm 25.4 mm each core) 32 mm

&75¢ = & Tigeneration — 827 ranspor (1) and location z is given by the equation:

Balance on species in solution (including planktonic kioe _ o(838) @)

cells): 0
Table I. Experimental material characteristic and procedures.

Parallel
Damkohler PCE-1 PCE-I1 Parameter estimation

Inoculum

Initial growth media 10 g YE/L, 10 g YE/L, 10 g YE/L, 10 ¢ YE/L,

YE = yeast extract (Difco); HP = high permeabiltiy core; LP = low premeability core.
# Centrifuged at 4400g and suspended in a ~500 mL of feed solution.

LAPPAN AND FOGLER: REDUCTION OF POROUS MEDIA PERMEABILITY



Eq. (4) is used to determine the overall permeability of
the porous media, K, by integrating the local permeabil-
ity over the entire length of the core (L); that is'*:

K_ L
K, & ‘
" [k dz ®)
Okloc

RESULTS AND DISCUSSION

Three types of experiments were undertaken: parallel-
core plugging experiments; Damkohler experiments;
and parameter estimation experiments. These experi-
ments describe different facets of bacteria transport in
porous media. The core plugging experiments demon-
strate how bacteria can divert flow from one zone (e.g.,
a high permeability) to another. The Damk®ohler experi-
ments demonstrate the conditions for which plugging
of porous media will occur. The final set is used to
determine the model parameters used to describe
flow, transport, and plugging of porous media by bac-
teria.

Parallel-Core Flood Experiments

In these experiments, nutrient and bacteria were in-
jected simultaneously through two parallel cores. Figure
1 shows the ratio of the flow rate through the low perme-
ability, Q,, to that through the high permeability core,
Q,, as a function of time. The large differences in the
permeability of the cores resulted in 99% of the fluid
initially flowing through the high permeability cores,
emulating a water-swept zone within a reservoir. The
injection of cells did not cause any initial measurable
damage to the core system or to the distribution of flows
to the cores.

For the first hour of nutrient injection, no plugging
was observed for either of the parallel-core plugging
experiments. With time, however, the high permeability
cores began to plug, which resulted in the diversion of
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Figure 1. Low permeability to high-permeability flow ratio for
parallei-core experiments PCE-1 and PCE-II.

nutrient feed from the high permeability cores to the
low permeability cores, as shown in Figure 1. This diver-
sion was the result of biomass generation which blocked
the pore space in the high permeability cores. Results
further demonstrate that both Parallel Core Experi-
ments, PCE-I and PCE-II (see Fig. 1), exhibited a maxi-
mum diversion of flow to the low permeability core.
For PCE-I a maximum flow diversion ratio of 1.3 was
reached in 30 h, while PCE-II reached a maximum of
0.8 after 18 h of nutrient injection. The occurrence of
these respective maximums, and the eventual degenera-
tion of the low permeability cores is the result of cell
growth which blocked the pores in the low permeabil-
ity cores.

The difference in the time required to reach the maxi-
mum flow diversion is believed to be the result of differ-
ences in the way the bacterial plugs developed in the
high permeability cores. By standard bacterial staining
techniques it was observed that both low permeability
cores exhibited damage only near the injection face.
Sakar et al. also observed similar plugging near the core
face.!> However, both high permeability cores demon-
strated plugging deep within the cores, although the
depth of the plug in the high permeability cores varied.
The high permeability core used in PCE-I had a bacte-
rial plug depth of 4.4 cm, while the high permeability
core from PCE-II demonstrated only a plug depth of
1.3 cm. The difference in the plug depth development
is the result of the differences in the inoculum size and
concentration, the permeability of the cores, and the
growth media used to saturate the cores.

It is known that cell concentration plays a significant
role in the depth of penetration of cells into a porous
medium; the lower the cell concentration the greater
the depth of penetration of cells into the medium.® In
addition, the permeability, which can be related to the
pore size, will affect the initial placement of cells in the
core and their movement in a porous medium. The
higher the core permeability, the larger the mean pore
size for the media. Because the permeability of the high
permeability core in experiment PCE-I was greater
than that of PCE-II and the inoculum concentration
was lower, the depth of the penetration of cells into
the core was expected to be greater for PCE-I, result-
ing in the development of bacteria plugs deeper in the
core. In addition, the saturation and suspension sol-
utions used in PCE-I contained sucrose which influ-
ences the initiation of cell growth and polymer pro-
duction within the cores and thus the location of the
plug.

These experiments support the idea that microorgan-
isms can be used for profile modification. However, the
design and control of when and where plugging occurs
within the reservoir proves to be difficult. Consequently,
there is need for the development of an in situ growth
model to elucidate an injection strategy for the exploita-
tion of this plugging phenomena.
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Damkoéhler Experiments

The next series of experiments are referred to as Dam-
kohler experiments (DE). Damkohler experiments
study the effect of the ratio of the rate of nutrient con-
sumption to the rate of nutrient transport on bacterial
transport and plugging of the cores. Table II lists the
feed conditions and the time lag before apparent dam-
age for the Damkohler experiments. Figure 2a—c show
the increased pressures in the cores as a function of
time. The cells’ growth rate (in situ) is influenced by
both time and flow rate.

A number of interesting effects were observed in
these experiments, the first being the time required
by the cells to damage the porous medium (i.e., re-
duce permeability). Experiment DE-1had a high sucrose
concentration (15 g/L) injected at a slow rate of
0.1 mL/min. The time necessary to damage this core
was long, requiring over 69 h. The feed for DE-II con-
tained the same sucrose concentration as DE-I, how-
ever, the feed injection rate was tenfold greater at
1.0 mL/min. Experiment DE-II shows damage to the
porous medium occurred immediately. Thus, it can be
concluded that the transport of nutrient to the bacteria
within the core significantly affects the rate at which the
cores plug.

The effects of the nutrient concentration, and hence
the rate of polymer production, on core plugging are
also shown to influence the time required by the cells
to damage the media. DE-III (Figure 2c) showed no
measurable damage during the 96 hour experiment. The
sucrose concentration of the feed used for DE-III was
one tenth of the concentration of DE-1II (i.e., 1.5 g/L),
while the feed injection rate was the same as for DE-
I1. Considering the fact that the feed injection rates
were the same for each experiment, it can be concluded
that it was the nutrient concentration that influenced
the rate of plugging. The only other possible explanation
could be that an insufficient quantity of cells were pres-
ent in the core during the DE-III experiment. To dem-
onstrate that viable cells were still present within the
core, a second feed solution containing 15 g/L. of sucrose
was injected at a rate of 0.5 mL/min. Within 1 h after
the injection of this feed, the core began to plug, demon-
strating that the celis were present within the core, but
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Figure 2. Pressure drop across consolidated cores for different injec-
tion conditions. (a) DE-I 15 g sucrose/L at 0.1 mL/min. (b) DE-I
15 g sucrose/L at 1.0 mL/min. (¢) DE-III 1.5 sucrose/L at 1.0 mL/min.

did not receive sufficient nutrient to produce the amount
of biopolymer and cells required to plug the core.
Both these effects, the reduction of damage at the
low feed rates and the lack of damage at low sucrose feed
concentrations, indicate that damage to porous media is
dependent on the Damkohler number (i.e., the ratio of
nutrient consumption to nutrient transport). However,
other effects, such as the lag in cell growth, may also
contribute to the variation in elapsed time before the
plugging of the media begins. For these reasons, both

Table IL. List of Damkohler experiments and respective lag periods before measurable

permeability damage.

Sucrose Feed injection Lag time before Lag time/
Run concentration (g/L.) (mL/min) plugging® (h) space time
DE-I 15 69 29
DE-II 15 Immediately 0
DE-1II 1.5 >96° >400

2 After 96 h of feed injection no core damage was apparent.
® Measurable plugging translates to a minimal permeability decline, K/K,, of 0.0013 for

DE-1, and 0.014 for DE-II and DE-III.
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lag time and nutrient flow rate influence the rate of
plugging.

A third phenomenon observed during these and other
experiments was the occurrence of pressure fluctuations
at the inlet and axial pressure taps after the cores began
to plug. These oscillations have not been previously
reported. These pressure oscillations are the result of a
sequence of biomass development and biofilm slough-
ing. Initially, it is believed that the inoculating cells are
retained mechanically in the porous media. With the
constant flow of fluid and nutrients to the core, the cells
begin to grow and subsequently fill the void within the
core with biomass. Because the feed is injected at a
constant flow rate, the inlet pressure increases due to
flow constrictions resulting from the generation of
biomass.

As the local permeability decreases, causing the inlet
pressure to increase, a point is reached at which the
injected fluid produces a local shear equal to or greater
than the critical shear stress necessary for sloughing to
occur. As a result the biofilm fragments slough and
are transported further into the core. This concept of
sloughing has been observed by Fowler et al. for biofilm
growth in a radial-flow parallel-plate geometry as well as
micromodel studies in our laboratory.’ These competing
phenomena, plug formation and plug removal, produce
the pressure fluctuations observed for these plugging ex-
periments.

Parameter Estimation Experiments

The inlet and effluent cell, sucrose and monosaccharide
concentrations in a consolidated core, along with the
inlet pressure, are presented in Figures 3, 4, and 5, re-
spectively. Again, there was no measurable damage to
the porous media observed during the injection phase
(see Fig. 5). In addition, the appearance of bacteria in
the effluent indicates that the cells were transported
through the core.

Figure 4 shows the effluent sucrose concentration data
as a function of time. We see there is a period of time
(ca. 10.5 h) at which no appreciable change in sucrose
concentration occurs. This period is followed by a sharp
decline of effluent sucrose concentration until it eventu-
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= 10.04
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Time (hr)

Figure 4. Effluent sucrose and monosaccharide concentration.

ally reaches zero. Because cell maintenance is minimal,
the total amount of biomass developing in the porous
media (i.e., maximum cell yields) can be determined
from the amount of sucrose consumed. The initial lack
of sucrose consumption can be attributed to mass trans-
fer growth limitations and/or time lag in cell growth.
Mass transfer can occur by two means: (1) diffusion
through the biofilm; and (2) transport into nonconduct-
ing pores. Biofilm mass transfer limitations occur when
cells deep within the biofilm (multilayer) become nutri-
ent-limited due to the diffusion rate of the nutrients
from the bulk solution through the upper layers of cells
and polysaccharides. Mass transfer limitations also oc-
cur when nutrients are prevented from being convec-
tively transported to a cell within a dead pore space
(nonconducting pore). Dead pores can occur naturally,
that is, they can be a part of the porous medium before
any bacteria are injected, or they can be created by cells
that deposit in pores and thus prevent fluid (nutrient)
convection.

A growth-related lag time is another possible reason
that no sucrose was consumed initially. Such a phenom-
enon is consistent with the Dean-Hinshelwood model
for lag-time prediction.®> This model correlates the lag
time to the concentration of a critical intracellular
constituent (i.e., no growth until the constituent
reaches a critical concentration). The constituent may
be a vitamin or activator that is lost from the cell
into the bulk nutrient solution as the solution passes
over the biofilm. In a batch system, this critical constit-
uent remains in the bulk solution. However, a continu-
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Figure 3. Influent and effluent cell concentration.
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Figure 5. Resulting pressure drop through 11.8-Darcy ceramic core.

ous flow system does not allow for any bulk accumula-
tion due to the constant flushing of the system with
fresh nutrient solution.

Flushing the system would produce a lag time that is
longer than the time realized during batch cultivation,
which was reported to be less than 1 h.° From the data
in Figure 4, a lag time of 10.5 h can be specified by
defining the lag time as the time when a growth product
appears in the effluent. For this work, the concentration
of monosaccharides in the effluent has been selected as
the growth product best suited for measurement and
identification of the end of the lag phase.

Finally, we note that the effluent cell concentrations
shown in Figure 3 exhibit an almost steady release of
cells from the porous media up to the time when effluent
sucrose concentrations have dropped to zero. After-
wards, an increase in the effluent cell concetration is
accompanied by an increase in inlet pressure (see Fig.
5). These data suggest that, as cell growth occurs, more
cells are available for release and thus account for the
increase in the cell effluent concentration.

MODEL DEVELOPMENT

The model that follows has two parts: one corresponding
to the inoculation period (no growth phase), and the
other to the in situ growth phases of the experiment.
Transition from the inoculation phase to the in situ
growth phase occurs at the end of the lag time. The
model parameters were estimated from the experimen-
tal data.

Inoculation Phase

During the inoculation phase the following balances on
the sessile and planktonic cells are used:

J0
& atx = —szrcell transport (6)
aC aC. aC,
8’5{ + Us azx = C!Uyazz + azrcell transport (7)

Egs. (6) and (7) neglect the growth phase during inocu-
lation. The dispersion coefficient is assumed equal to the

product of the lincar Darcy velocity with the dispersivity
constant «, as described by Hornberger et al.8

To complete the modeling of the inoculation, rela-
tionships for the release of sessile cells (cells deposited
on interstitial surfaces) and the capture of planktonic
cells (cells freely suspended) must be specified. The first
order relationships, given by Hornberger et al. for the
rate of deposition and entrainment, will be used and
are given by the following equations’®17:

Fentrainment = K1 (Ux - O'xo)’ Ox = Oy,
= 0’ 0-X < 0.)(() (8)

rdeposilion = kZCX (9)
with: Zrcell transport — Fentrainment — Fdeposition (10)

The rate of entrainment includes the term o, (minimal
sessile cell concentration), which accounts for cells that
are irreversibly captured within the porous medium."”

Table III gives the initial and boundary conditions
used to compute the values of &, k3, and o,, in Egs.
(6)-(10). These parameter values are also presented in
Table III and were determined by fitting the model to
the experimental data using a least squares analysis.
Minimizing the least square error was accomplished
with the Simplex Method. The Method of Lines tech-
nique was used to spatially discretize!* Egs. (6) and (7)
to reduce the partial differential equations (PDEs) to
a set of ordinary differential equations which were then
solved with the LSODA (Livermore Solver for Ordi-
nary Differential Equations) software package.'®

Figure 6 compares the predicted results with the ex-
perimental data. Most cells within the core are sessile
when cell growth begins. Consequently, the concentra-
tion of planktonic cells in the core can be neglected as
an initial condition for the in situ growth model.'®

In Situ Growth Phase

After the inoculation has taken place, the cells begin to
grow, exopolymer begins to be produced and the core
begins to plug. In our model of these processes we in-
cluded mass transfer and the in situ growth lag time
(growth when ¢ > t,). The governing equations for the
in situ growth model are:

8% = &Xeell production (11)
ot
S?a%g = &Tenzyme production (12)
89%4 = &Fpolymer production (13)
€ aa_C;s: = _Ezr sucrose consumption Er sucrose transport(14)
& %C; + Usaais = —Zr sucrose transport (15)

Table IV presents the boundary and initial conditions
used when solving the above equations. During the in
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Table IIl. Inoculum model boundary and initial conditions.

(Discretization)
At (time step size)

Boundary conditions

at

30, 40, 50, 70, 120, 150 equal segments
Controlled by LSODA (erorr controlled)
C, (inlet) = 8.61 x 10" cel/L ¢ <60 min

C, (inlet) = 0.0
3G, (z=00) _

t >60 min

(C(z = 0,) — C/linlet))/x

aC(z=Ly) _ 0

at

Initial conditions

Cuzt=0)=00

ozt = 0) = 0.0

Final parameter values

a, = 023 cm

ky =13 %1072 min™"
k> =89 X 1073 min!
Teo = 5.9 X 107 cell/L

situ growth phase, once growth starts we assume cells
within the core remain sessile due to polysaccharide
production. Consequently, the cell removal rate (rate
of cells becoming planktonic) is negligible relative to
the cell’s growth rate. We also assume the insoluble
dextran and the enzyme responsible for its production
remain with the cell once growth starts. Brooker has
demonstrated this assumption to be quite reasonable
through his micrographs of various lactic acid bacteria
which showed that the dextran produced by the cells
remains on the surface of the cells.! Because the enzyme
responsible for the production of dextran, dextransu-
crase, is typically attached to the polymer, it is justifiable
to assume that the enzyme will also remain with the
cell.* Because the yeast extract is provided to the cells
in excess, the model neglects any yeast extract balance.

The rate of mass transfer is proportional to the con-
centration differences between the bulk solution and
the solution surrounding the immediate vicinity of the
biofilm, and is written as:

Fsucrose transport = k' a(cs - Csi) (16)

The product, k'a, combines the mass transfer coeffi-
cient, k', and the mass transfer flux area, a. Analysis of

10.0

1

1
75 4 &€
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(1011 cens/Ly

Cell Concentration
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Figure 6. Inoculum model effluent planktonic cell concentration pre-
diction.

the effluent sucrose concentration data gives a mass
transfer coefficient product, k'a, of 12.5 (= 1.5) h'!
(3.47 X 1073 s71), which is comparable to mass transfer
values found by others.'® The porosity was calculated
trom Eq. (3) using cell and dextran density values of
1.2 X 10" cells/L and 6.9 X 107° g dextran/L.'° The po-
rosity—permeability correlation constant, 8, of Eq. (4)
was determined to be 33.8 (%0.2) using a least squares
technique. Figure 7 compares the model prediction with
the measured effluent surcrose concentration, while Fig-
ure 8 compares the model’s permeability prediction with
the experimental results.

MODEL PREDICTION

The in situ growth model describing cell growth, dextran
production, and sucrose consumption requires knowl-
edge of both the initial cell profile and the injection
conditions (e.g., nutrient concentration and injection
rates). Thus, manipulating the initial cell profile and the
injection conditions can be used as strategies to control
bacterial profile modification (BPM).

Effect of Cell Concentration Profile on
Core Permeability

Three cell concentration profiles were selected to dem-
onstrate how the initial cell distribution influences the
predicted rate of plugging of the porous media. Three

Table IV. In situ model boundary and initial conditions.

(Discretization)

A (time step size)
Boundary conditions
Initial conditions

30, 40, 50 equal segments

Controlled by LSODA (error control)
Ci(z = 0,t) = 21.5 g sucrose/l. > fi5y
0x(z,t = tiag) = given by inoculation model
(2, = i) = 0.0

Oia(2, = tag) = 0.0

Cy(z,t = nag) = 21.5 g sucrose/L

Col(z,t = t155) = 21.5 g sucrose/L
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Figure 7. Model and experimental effluent sucrose concentration.

cell concentration profiles were selected to compare the
effects of three extreme cell placement profiles. These
profiles were cell concentrations (a) decreasing, (b) con-
stant, and (c) increasing with distance down the core.
To further strengthen the comparison between plugging
rates, these initial profiles were constrained to having
an equal number of deposited cells. With the additional
assumption of no lag time, the in situ growth and perme-
ability models were used to predict the resulting perme-
ability decline resulting for each cell profile over a
15-h injection period. As can be seen from Figure 9, the
most dramatic permeability reduction occurs in the core
that initially had a high concentration of cells near the
injection face. These results are expected because the
highest cell growth and dextran production rates should
occur at the injection face where the nutrient concentra-
tions are at their maximum.

Manipulating the sessile cell profile in the subsurface
is a realistic expectation and has already been studied
to a limited extent. The transportability of cells, hence
the resulting sessile cell profile, has been studied by
Sharma et al., and was shown to be influenced by the
means of cell and media surface charge-altering
agents.”” Other mechanical means, such as controlling
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Figure 8. Predicted versus experimental permeability reduction for
3-Darcy ceramic core.
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Figure 9. Effect of cell profile on core permeability (simulated Dam-
kohler experiments at 15 g sucrose/L at 1.0 mL/min).

the cell injection rate and injection concentration, have
also been shown by Hart et al. to alter the cell profiles.®

Effect of injection Rate and Nutrient
Concentration on Core Permeability

Three numerical simulations were carried out to illus-
trate how the rate of plugging of a core can be manipu-
lated by the nutrients injection rate and concentration.
These three simulations used the same nutrient injection
conditions (i.e., nutrient concentration and flow rate)
as those used in the Damkohler experiments. For each
of the three simulations, the cell profile was assumed
to be linear and the lag time was set to zero. The results
of these simulations are in Figure 10.

As seen in Figure 10, simulation SDE-III (1.5 g su-
crose/L at 1 mlL/min) demonstrated no measureable
plugging (damage) during the time period studied, while
SDE-I (15 g sucrose/L at 0.1 mL/min) and SDE-II
(15 g sucrose at 1 mIL/min) both demonstrated measur-
able plugging. No damage was observed in simulation
SDE-III because insufficient nutrients were injected to
produce sufficient biomass within the time interval of
the simulation. In simulations SDE-I and SDE-II suffi-
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Figure 10. Effect of nutrient injection rate and nutrient concentra-
tion on core permeability. SDE-I—15 g sucrose/L at 0.1 mL/min;
SDE-II—15 g sucrose/L at 1.0 mL/min; SDE-IIT—1.5 g sucrose/L at
1.0 mL/min.
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cient biomass was generated to damage the porous me-
dia and reduce the permeability. These results mimic
the trends found during the Damkohler experiments
and thus indicate that the model can be used to predict
plugging rates. Matching of the model prediction to the
Damkohler results, however, cannot be made because
the lag time for each experiment was not known.

Effect of Lag Time on Core Plugging

Although the models are successful at predicting the
effects of the cell profile and nutrient injection strategy
on the rate of plugging of porous media, an estimate of
the lag time is needed for field applications. This esti-
mate is important because it specifies when the cells
start to grow and thus alter the permeability of porous
media. Up to now this value was determined experimen-
tally, but further development of the model should in-
clude an equation(s) that predicts the lag time. Quantify-
ing and modeling this lag time will result in a model
that can be directly applied in the field to predict BPM.

SUMMARY

Parallel-core plugging experiments have demonstrated
the feasibility of using L. mesenteroides for profile modi-
fication and have shown that fluid diversion is suscepti-
ble to degeneration if nutrient injection is not controlled.
In addition, the ability to divert fluid has been found to
be dependent upon the biomass profile that develops
within the porous medium. The Damkdohler experiments
have shown the dependency of the plugging rate on the
injection conditions such as nutrient concentration and
injection rate. A continuum model that describes in
situ cell growth, dextran production, and the resulting
permeability decline has been developed. This model
incorporates a cell growth lag time and nutrient mass
transfer coefficient that control the growth of the bio-
mass. From the model it has been shown that the initial
cell profile (when cell growth commences) influences
the rate of plugging, as does the concentration of the
nutrients and their injection rate. Thus the proper con-
trol of initial cell placement, the nutrient injection rate,
and the nutrient concentration will aid in the develop-
ment of an injection strategy for BPM.

NOMENCLATURE
C; bulk concentration of species i (g/L or cells/L)
Cy concentration of sucrose at the sessile interface (g/L})
D; dispersion (cm?h)
k'a mass transfer coefficient flux area product (h)
Kioc local permeability (m?)
K, initial core permeability (m?)
K/Ky permeability ratio
L core length (cm)
Ii generation  Tate of species generation per unit volume (g/L - h or

cells/L - h)

i vanspore S of the rate expressions for i partitioning between
surface retained and suspension states (g/L - h)
t time (h)

Hag in situ growth lag time (h)
U, Darcy or superficial velocity (cm/h)
z length dimension (cm)

Greek letters

a dispersivity coefficient (cm)

B proportionality constant

€ porosity

€° initial porosity

Ae change in local porosity

a; concentration of surface bound species (fluid volume
basis) (g/L)

P density of material i (cells/L or g/L)

Subscripts for kinetic parameters

d soluble dextran

e enzyme

i index representing cells, nutrients, or polysaccharides

id insoluble dextran

lag lag time

loc local region spatially

s sucrose

transport  transport in fluid phase

x cell

0 initial conditions
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