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MODELING AND LABORATORY INVESTIGATION OF MICROBIAL OIL
RECOVERY MECHANISMS IN POROUS MEDIA

By Ming-Ming Chang, Rebecca S. Bryant, Anita K. Stepp, and Kathy M. Bertus

ABSTRACT

Simulation and experimental results on the transport of microbes and nutrients in one-
dimensional cores are presented, and the development of a three-dimensional, three-phase,
multiple-component numerical model to des.ribe the microbial transport and oil recovery in porous
media is described. The change of rock's wettability and associated relative permeability values
after microbial treatments were accounted for in the model for additional oil recovery. Porosity and
permeability reductions due to cell clogging have been considered and the production of gas by
microbial metabolism has been incorporated. Governing equations for microbial and nutrient
transport are coupled with continuity and flow equations under conditions appropriate for a black
oil reservoir.

From our concepts of the hydrodynamics, physics, chemistry and microbiology of microbial
oil recovery (MEOR) processes, microbial parameters incorporated into the microbial transport
model include: (1) microbial growth and decay; (2) microbial deposition; (3) chemotaxis;
(4) diffusion; (5) convective dispersion; (6) tumbling; and (7) nutrient consumption. Laboratory
experiments were conducted to obtain actual data for the simulator regarding microbial growth and
decay, nutrient consumption, microbial deposition, convective dispersion, and diffusion.
Unsteady-state relative permeability measurements using microbial formulations were made to
determine the effects of microbial metabolites on fractional fluid flow in porous media.
Mechanisms considered to be important for oil recovery include changes in microscopic properties
such as interfacial tension, wettability, and adsorption that govern oil mobilization and affect
fractional flow and relative permeability. Other oil recovery mechanisms traditionally associated
with fluid flow changes include polymer and biomass production by microorganisms. Computer
tomography studies demonstrated that gas production by microorganisms in porous media can
reduce residual oil saturation in porous media.

The computer simulator has been used to determine the effects of various transport parameters
on microbial transport phenomena. The model can accurately describe the observed transport of
microbes, nutrients, and metabolites in coreflooding experiments. Input parameters are determined
by matching laboratory experimental results. The model can be used to predict the propagation of
microbes and nutrients in a model reservoir and to optimize injection strategies. Optimization of
injection strategy results in increased oil recovery due to improvements in sweep efficiency. Field-
scale numerical simulation studies using data from relative permeability experiments indicated that
microbial treatment could improve oil recovery over waterflooding alone. This report addresses

the work conducted under project BE3 of the NIPER FY92 annual plan.!
INTRODUCTION

Microbial methods for increasing oil recovery are potentially cost-effective even at relatively
low crude oil prices. Microbial formulations can be applied in a variety of methods including
permeability modification treatments and microbial-enhanced waterflooding.24 The flexibility and
potential cost-effectiveness of the technology make it attractive, but further understanding of the
transport mechanisms of microorganisms and the development of a sound engineering
mcthodzﬁlogy for optimizing microbial formulations and injection strategies are needed to realize its
potential.



The transport of microorganisms (bacteria, fungi, and viruses) in porous media governs many
phenomena in bioremediation of environmental pollution problems and microbial enhanced oil
recovery. The purpose of this study is to investigate the oil recovery mechanisms and effects of
transport parameters of microbes to modify reservoir heterogeneities and improve oil recovery.
The transport of microorganisms in subsurface formations is governed by many complicated
physical, chemical, and biological phenomena such as adsorption, interaction between
microorganisms and substrate, and growth and decay of cells.5-9 Information concerning the
transport, growth, and metabolism of viable cells in subsurface environments is scarce, and some
of the phenomena are still not well understood.

Although several attempts have been made to describe microbial processes,10-12 no model has
yet fully incorporated all of the complex phenomena that are believed to be important. The unusual
complexity of oil recovery by microbial formulations requires close coordination between
laboratory mechanistic studies and oil displacement experiments under carefully controlled
conditions to develop and validate a computer model. The accuracy of a simulator that is designed
for MEOR processes will be strongly dependent upon the accuracy of the equations that are used to
describe the important phenomena. An accurate reservoir simulator for MEOR methods can best
be developed through an integrated program of acquisition of laboratory and field data with the
fecdback loop being the reservoir simulation model.

In this report, the mathematical formulation of microbial transport and oil recovery model in
the porous media was described first. The governing transport equations in the mode! include net
flux of microbes by convection and dispersion, decay and growth rates of microbes, chemotaxis,
nutrient consumption, and deposition of microbes on rock grain surfaces. The change of rock's
wettability and associated relative permeability values after microbial treatments were accounted for
in the model as oil recovery mechanisms. This is followed by discussions of laboratory
experiments which were conducted with microbial isolates that produce mainly gases and
surfactants when fermenting sugars such as those present in molasses. Unsteady-state relative
permeability measurements were conducted using a surfactant-producing microorganism. CT
imaging experiments using microorganisms were conducted to evaluate the production of gas
inside a Berea sandstone core and determine the effects of trapped gas saturation on improved oil
recovery by microbial formulations. Results from microbial coreflooding experiments were used
to determine microbial transport parameters for the simulator. Laboratory data were used to
develop correlations and mathematical models for specific phenomena; linear coreflooding data
were used to test the simulator in an iterative process. Finally, field-scale simulations of microbial
treatments were conducted to study the oil recovery and microbial transport in reservoirs using the
developed microbial simulator. Effects of clogging and chemotaxis on microbial transport were
simulated in a one-dimensional reservoir model. The feasibility of applying the microbial system
for modifying injection profiles from a wellbore was investigated in a two-dimensional cross
section model. Simulation of the relative permeability results demonstrated that microbial treatment
could improve oil recovery over waterflooding alone.

DESCRIPTION OF MATHEMATICAL MODEL

Mathematical models for microbial transport processes were developed in two steps. The first
step was to develop a mathematical model to predict the propagation and distribution of
microorganisms and nutrients in porous media. This transport model accounts for physical
phenomena that affect the transport of microbial systems such as diffusion, adsorption, growth and
decay of microorganisms, and consumption of nutrients. Porosity reduction and permeability
changes due to cell clogging have been considered in this model. This model can be used to
predict the concentration distributions for injected nutrients and microorganisms with various
injection modes at either field or laboratory scale.



The second step was to incorporate the transport equations for microorganisms and microbial
nutrients into a three-dimensional, thiee-phase (oil, water, and gas) black oil simulator. The
change of rock's wettability and associated relative permeability values after microbial treatments
were accounted in the model for additional oi! recovery. Distributions of pressure and
oil/water/gas saturation in porous media were solved from the continuity equation. The Darcy flow
velocity due to the pressure gradient in porous media was then used in the transport calculation for
microorganisms and microbial nutrients. Using this simulator, the transport of microorganisms
can be investigated, and the effect of a microbial system on oil recovery can be studied.

Transport Formulation

Microbial transport in porous media is described by the following equations:>
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The five terms on the left-hand side of Eq. 1 correspond to the dispersion, convection,
chemotaxis, growth and decay, and injection/production of microbes, respectively. The right-hand
side of Eq. 1 show the accumulation, clogging, and declogging of microbes in the aqueous phase.
Equation 2 describes the growth, decay, clogging, and declogging of microbes on the rock
surface.

The growth of microbes, 1, was assumed to follow the Monod equation:13

u-_—__}'.lEEL_
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where [y, is the maximum growth rate achievable and Kj is that value of the concentration of the
substrate where the specific growth rate has half its maximum value. Values of Uy and K¢ can be
obtained from experimental results. The decay rate was assumed to be a first-order reaction.

The deposition of microbes is determined by clogging and declogging mechanisms as
expressed in the last two terms in Eq. 1. The clogging rate is assumed to be proportional to the
microbial concentration. The power term in the declogging term dictates the desorption rate of
microbes as a function of adsorption saturation on the rock surface.’ The chemotactic flow of
microbes, which was induced by the presence of nutrients, was assumed to follow an exponential
gradient of nutrient concentration.>-6 The change of porosity of the porous medium was accounted
by “he deposition of microbes:
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where Q¢ is the original porosity of the porous medium. The permeability reduction due to the
deposition of microorganisms to the rock pore space was assumed to follow: 14

Log(k) = ag + a1 - (¢) ©)
where ag and a) are experimentally determined constants.

The transport of nutrient is described by the following equation:3

- o - - _ 9(¢SCp)
V. .D¢-V(@SCy - V- @uCp - n¢SC +po)Y + QCyV ot (6)

Shown on the left-hand side of Eq. 6, the dispersion, convection, consumption, and
injection/production terms of nutrient make up the nutrient transport equation in the aqueous phase.
The yielcd coefficient Y is defined as the mass of cells produced per unit of substrate removed.
Equation 1 is coupled with Eq. 6 in solving concentration distributions of microbes and nutrients.

The flux terms in transport Eqgs. 1 and 6 are solved from three-dimensional, three-phase

continuity equations applicable in an environment of black oil reservoirs.13 The continuity
equations are given by:

g, onm2l)

where m = oil, water, or gas phase

Sources (injectors) and sinks (producers) at various strengths are assigned through well rates (Q)
in the model. The gas produced from metabolism of a microbial system is taken into account in the
model also through the term of Q in Eq. 7.

Oil Recovery Model

Microbial treatments recover additional oil from rock through alteration of relative permeability
relationships and residual oil saturations in porous media. The reliable prediction of oil recovery in
the MEOR process requires a proper model to represent these changes in the mathematical
simulator based on comprehensive laboratory experiments.

The change of rock's wettability and associated relative permeability values after microbial
treatments were demonstrated in laboratory tests. Relative permeability values associated with this
microbial process are modeled in the numerical simulator as follows.

The rock wettability was found to vary with presence of microorganisms. Thus, the
wettability change, AW, after microbial treatment is expressed as

AW = bo + b, In [Cy] + b; (In [Cp))? (8)



where the coefficients by, b;, and b,, are determined in the laboratory for a specific system of rock,
oil, and microbes. The change of wettability alters the residual saturations in porous media. The
associated residual oil saturation Sor and residual water saturation Sy are determined from
experiments for the same system and formulated as:

Sor = 801 + 802 W + 253 W2 9)

Swr = aw1 *+ awa W + ay3 W2 (10)
where

W=W, + AW (11)

Experiments showed that microbial treatments caused a shift of wettability of siloxane-treated
Berea sandstone cores from an oil-wet index (about - 0.8) to neutral-wet index (about — 0.2) as
illustrated in Fig. 1. The wettability index values were measured in a centrifuge using the USBM

method.16 The associated Sy values decreased from ubout 0.25 to about 0.20. Coefficients of
o1, 402, and a3 in Eq. 9, determined from curve fitting of Fig. 1, are 0.177, 0.055, and 0.051
respectively, for the studied siloxane cores and microbial cells. The determined residual saturation
values are then used to define the relative permeability (k;) values for both oil and water phases.
The following kyy models are based on the concept of capillary number.

k = ko So - Swr Cec
0 © (1 - Sor - Swr) (12)
where
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A relative permeability model similar to that of Eqs. 12, 13, and 14 can also be formulated for the
water phase. Thus, the relative permeability value determines the proportional flow of the oil
phase in the presence of microbial cells and the amount of additional oil recovery from porous
media.

Numerical Solution

The fluid flow Eq. 7 is solved for Darcy velocity using an IMPES procedure. A no-flow
boundary of the reservoir is implemented by setting the pressure gradient at boundary interfaces to
zero. This is followed by the solution of transport equations of microbes (Eq. 1) and nutrients
(Eq. 6). The Crank-Nicolson method!7 was used in formulating the finite difference form of
transport equations. Both microbial and nutrient concentrations were solved implicitly in space
using a direct solution method for the sparse matrix. The amount of deposition of microorganism
was then calculated, and the permeability was adjusted for pressure calculations in the next time
step.

EXPERIMENTAL APPARATUS, PROCEDURES, AND RESULTS

Laboratory experiments were conducted with microbial isolates that produce mainly gases and
surfactants when fermenting sugars such as those present in molasses. Unsteady-state relative
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permeability measurements were conducted using a surfactant-producing microorganism. CT
imaging experiments using microorganisms were conducted to evaluate the production of gas
inside a Berea sandstone core and determine the effects of trapped gas saturation on improved oil
recovery by microbial formulations. Results from microbial coreflooding experiments were used
to determine microbial transport parameters for the simulator.

Coreflood Apparatus and Procedures

Unfired Berea sandstone cores were used in these studies. Core preparation and the
experimental equipment used have been described previously.!8

Crude Oil

Crude oil samples were cbtained from the Bartlesville sand in Delaware-Childers and Chelsea-
Alluwe fields in northeastern Cklahoma. Delaware-Childers oil has a gravity of 31° API [0.87
g/cm3] and a viscosity of 7.5 cP at 77 °F; Chelsea- Alluwe oil has a gravity of 34° API [0.85 g/cm3!
and a viscosity of 8.1 cP at 77 °F. The mineral oil used in the relative permeability experiments
had a viscosity of 46 cP at 77 °F.

Microorganisms

Results from previous studies have shown that a combination of an adapted strain of Bacillus
licheniformis, NIPER 1A (ATCC No. 39307) and a Clostridium species, designated as NIPER 6,
was the most effective formulation for oil recovery in porous media. These strains have been
described elsewhere.18 NIPER 7 is another species of Clostridium that produces a greater quantity
of carbon dioxide than NIPER 6 when fermenting sucrose in molasses.

Chemicals and Media

The molasses used in these experiments was obtained from Pacific Molasses Company in
Oklahoma City, OK. Its composition has previously been described.!8 The concentration of
molasses used in these experiments was 4% vol/vol in tap water with 0.1% wt/vol ammonium
phosphate added.

Unsteady-State Relative Permeability Tests

Cores that had been brine flooded (3% by weight potassium chloride (KCl)) were then aged in
crude oil for 1 week, and the crude oil was displaced dynamically with mineral oil. The core was
immediately waterflooded with either 3% KCIl brine or the microbial formulation. The cores were
waterflooded at a constant pressure calculated from a theoretical flow 1ate of 0.1 cm3/sec (113.7
ft/d) to overcome end effects. The brine (or microbial formulation) was injected at constant
pressure, and water and oil volumes produced were measured as a function of time. These data
were used to calculate relative permeability values for water and oil using the method of Johnson,

Bossler and Naumann, 19
CT Imaging

The dynamics of fluid flow and microbial gas production were investigated using rock-fluid
imaging techniques. Displacement experiments were monitored using X-ray computed
tomography (CT scanning) to determine gas production and its effects on fluid flow. A Siemens
Somatom II computed tomography (CT) scanner was used to obtain images of cores. Detailed

information about the use of these techniques has previously been presented.20 No tagging



techniques were used unless oil was present. When crude oil was used, it was tagged with 20 or
30% iododecane.

Experimental Results
Microbial Retention Tests

Coreflood experiments were conducted to obtain information on microbial transport in 0.83 ft-
long (25.3 cm) Berea sandstone core samples for incorporation in the numerical model.
Microorganism NIPER 6 was used for all retention tests. The cores were saturated with 0.5%

NaCl brine. NIPER 6 microbial cells were grown up to a concentration of at least 1 x 107
cells/mL. Tracer was injected and the effluent collected to determine the retention of Tracer 1. The
cells were then centrifuged, washed, and injected. The effluent was collected and the microbial
retention war then determined. Tracer was again injected and the effluent collected to determine the
retention of Tracer 2. It is believed that after an initial adsorption of microbes on pore surfaces, a
point would be reached at which all irreversible sites of adsorption would be saturated and cell
transport and recovery would increase with subsequent injection of microbes. Volumes of the
microbial formulation (washed cells without nutrient) were injected into core samples at a rate of

0.5 cm3/min (approximately 10 ft/d) and the microbial concentration in the core effluent was
determined. Subsequent cores had increasing injection slug sizes. Microbial concentrations were
monitored using selective media. Before and after each microbial injection, a tracer injection was
performed to see if adsorption of microbes caused any alteration in the interstitial velocity. The
interstitial velocity of all tracer injections was about 0.078 cm/min, or 3.7 ft/d. These velocities did
not change after microbial injection. A linear correlation was obtained between the amount of
microbes injected and the amount of microbes recovered (Fig. 2). In contrast to significant
microbial retention in Berea sandstone cores, more than 95% of injected tracers were recovered in a
majority of the retention tests. Simulation matches have been completed for microbial transport in

the cores that had 0.75, 1.0, 1.25, and 1.5 PV injected.2!
Pressure Profile

Pressure profiles from several microbial corefloods (0.83 ft-long; 25.3 cm) were monitored in
the laboratory. In the coreflood test, 0.1 pore volume (PV) of microbial solution was introduced
into the core. This was followed by an injection of 0.2 PV of nutrient solution and 3 days of shut-
in. After the shut-in, another 0.2 PV of nutrient solution was injected and followed by waterflood
at 1 ft/day. The profiles of pressure drop across several corefloods during the brine injection are
shown in Fig. 3. Results from coreflooding experiments have shown pore plugging and
production of biogenic gas by the microorganisms. The pore plugging decreases the rock
permeability, and the creation of the gas phase reduces the relative permeability of the water phase.
A numerical simulation match of the pressure profiles from two of these microbial corefloods
(cores M-91 and M-92) is also presented in Fig. 3. The mathematical model matches the pressure
changes of corefloods M-91 and M-92 reasonably well. Table 1 lists the parameters used to match
these corefloods.

Unsteady-State Relative Permeability Tests

Relative permeability measurements were conducted on adjacent samples from two sets of
Berea sandstone that had different permeability ranges. Each set includes one sample with brine-
oil relative permeability and another sample used for NIPER 1A-oil relative permeability tests. A
summary of the results is presented in Table 2. The two samples from each group are presented
together graphically for comparison studies. Comparisons of the relative permeability fraction
curves and ratio curves have been published previously.!8 A higher relative permeability to oil
was apparent in both microbially flooded samples as compared to brine-flooded samples. The



higher permeability core exhibited the effect much earlier in the flood. Sample R2 exhibited a
significant decrease in relative permeability to water throughout the flood. This higher
permeability core, flooded with a microbial formulation that had been incubated 24 hours,
exhibited an increase in oil production and relative permeability to oil immediately and continuing
throughout the flood.

Oil recovery before water breakthrough was derived from the fractional flow equations using
the viscosity of the Delaware-Childers oil. The samples waterflooded with the microbial
formulation had a higher oil recovery before water breakthrough. A greater difference was
observed in the relative permeability characteristics for the higher permeability sample that had
been flooded with the 24 hr microbial culture. A significant decrease was seen in kpy curves (a
decrease in water mobility) for two of three samples containing microbial formulation. Both
relative permeability test samples showed an increase in relative permeability to oil. A slight shift
to the right was observed at the brine saturation at which oil and water relative permeabilities are
equal (crossover). Samples tested with the microbial formulation had higher oil recovery before
water breakthrough and lower residual oil saturations.

CT Imaging Experiments

A CT imaging experiment using microbes in Berea sandstone was conducted to determine if
gas production by microorganisms could be distinguished in a core. A brine-saturated core was
injected with 1 PV of NIPER 7, one of the better gas producers from NIPER's microbial culture
collection. The core was then scanned to determine if the gas could be observed, and the
saturations of liquid and gas determined. Reconstruction of the CT images showed a surprising
amount of gas in the core (Fig. 4). When the densities were calculated, there was a total gas
saturation of 18.4% in the core.

This experiment was repeated using Chelsea-Alluwe crude oil tagged with 30% iododecane.
The core was waterflooded to residual oil saturation and then injected with 0.1 PV of NIPER 7 and
0.4 PV of 4% molasses. The core was then incubated for 48 hr and the pressure was monitored.
Figure 5 shows the image of the core after the waterflood to residual oil saturation (Sorwf) and
during the waterflood after microbial treatment. The saturations of this core were as follows:
(1) Initial oil saturation (Soj) - 57.5%; (2) Oil saturation after waterflood (Sorwf) - 33.6%; and (3)
Oil saturation after incubation during the second waterflood (Sormf) - 29.7%. During microbial
incubation the pressure rose to 39 psi. This particular gas-producing microbial injection gave a
recovery efficiency (Er) of 11.6%.

SIMULATION OF COREFLOOD EXPERIMENTS

Parameters of the microbial transport system were determined from laboratory experiments or
from simulation matches of laboratory tests using the developed mathematical model. The
laboratory experiments included microbial coreflood tests and flask tests.

Figure 6 shows the microbial growth and nutrient consumption from a flask test. The

population of the microbial system used, designated NIPER 6, grew to 106 times within 20 hours
with a full supply of nutrients in a flask. This is equivalent to a maximum growth rate of 8.4

day-l. The decay rate constant, determined from the population change during the period of 200 to

600 hours in Fig. 7, is 0.22 day-l. The cell yield coefficient, Y, of 0.5 was computed from the
nutrient consumption rate,

To determine model parameters, mathematical simulations were performed to match coreflood

tests of diffusion, adsorption, concentration profiles, and pressure profiles. The core model was
dimensioned at 50 * 1 * 1 in simulation runs. The relative permeability values were determined
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from a microbial coreflood in the laboratory.18 Table 3 lists several microbial system parameters
used in the following laboratory and field scale simulations.

Diffusion

A tracer coreflood test was matched in Fig. 7 using a diffusion coefficient of
8.93E-5 cm?/sec or 8.3E-3 ft2/day. A total of 0.2 pore volume of 50 ppm fluorescein tracer was
injected into the 4-ft Berea sandstone core at a rate of 0.73 ft/day. More than 99% of tracer was
recovered from this coreflood test.

Adsorption

The concentration profiles of microbial coreflood effluents were matched for a total of four
coreflood tests to determine clogging and declogging rate constants. In the four coreflood tests,
microbes were introduced at four different pore volumes: 0.25, 0.75, 1.0, and 1.5, respectively.
Virtually no microbes were recovered in the coreflood effluent at a microbial injection of 0.25 pore
volume. The microbial concentration in the effluents increased with the increase of microbial
injection from 0.75 to 1.5 pore volumes. These tests showed an irreversible clogging or
adsorption until 0.3% bulk volumes of pore space were deposited by microbes. Values of 25 and
37 day-1 were determined for clogging and declogging rates, respectively, from matches of
microbial effluents of four coreflood tests. Figures 8a through 8c show these simulation matches
for experimental injections of 0.75, 1.0, and 1.5 pore volumes of microbes, respectively. Input
parameters for matching the coreflood test that used 1.5 pore volumes of microbial injection are
listed in Table 4.

Microbial Concentration Profile

One microbial/nutrient coreflood experiment was conducted in a 4-ft-long (122 cm) core. The
core was injected with 0.05 pore volume of nutrient (4 wt % molasses) followed by injections of
0.1 pore volume of microbes and 0.05 pore volume of nutrient. The core was then incubated
(shut-in) for 3 days and injected with 0.1 pore volume of nutrient. The core was shut in for
another 3 days before the initiation of waterflood. The microbial concentrations were monitored
from the four ports which were 0.5 ft (15.2 cm), 1.5 ft (45.7 cm), 2.5 ft (76.2 cm), and 3.8 ft
(115.8 cm), respectively, from the injection end of the core. Figures 9a and 9b show the
simulation results of microbial and nutrient concentrations at 0.5 pore volume of waterflood. The
core properties and microbial/nutrient parameters are listed in Table 5.

Pressure Profile

A pressure profile from a microbial coreflood test was matched in the simulation run. In the
coreflood test, 0.1 pore volume of microbial solution was introduced into the core. This was
followed by an injection of 0.2 pore volume of nutrient solution and 3 days of shut-in. After the
shut-in, another 0.2 pore volume of nutrient solution was injected and followed by waterflood at
1 ft/day (30.5 cm/day). The profile of pressure drop across the core during the brine injection was
monitored and is shown in Fig. 10, together with the modeling match and the calculated profile of
porosity change due to clogging and declogging reactions. A published value!4 of 25.2 for the
permeability-porosity coefficient aj in Eq. 5 was used in the model to account for the permeability
reduction caused by microbial deposition. A biogenic gas production rate of 30 mL per gram of
nutrient consumption, which was measured from a separate test, was used in the simulation. Table
6 lists values of parameters used in the simulation match.

The initial pressure drop during waterflooding before the microbial treatment was 1.5 psi.
The simulation results showed that the sharp increase of pressure drop after the microbial flooding
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is caused by pore plugging and the production of biogenic gas. The pore plugging reduces the
rock permeability and the increase of gas saturation decreases the relative permeability of the water
phase. As the waterflood proceeds, the permeability (or porosity) recovers slightly (Fig. 10) with
the declogging of microbes in the pore space; therefore, a drop in pressure gradient was observed
from the coreflood.

FIELD-SCALE SIMULATIONS

Field-scale simulation runs were conducted to study the microbial transport in reservoirs using
the developed microbial simulator. Effects of clogging and chemotaxis on microbial transport were
simulated in a one-dimensional reservoir model. The feasibility of applying the microbial system
for modifying injection profiles from a wellbore was investigated in a two-dimensional cross
section model. Table 7 shows the reservoir model and the microbial parameters used in
simulations. In the one-dimensional simulation run, only the top layer was used as the reservoir
model. Injection rates used were 100 bbl/day in the one-dimensional simulation runs and 300
bbl/day in the two-dimensional simulation runs. Injection sequence aind sizes of the slugs in each
simulation run are shown in the figures 11 through 14.

The clogging or adsorption of microorganisms to the rock surface was found to be critical to
the transport of microbes in reservoirs froni simulation results. Figure 11 shows conceairation
profiles of microbes in formations with three different clogging parameters: 0, 1, and 25 day-},
respectively. The microbial slug penetrates 70 ft (2.1 m) into the formation when the clogging
reaction is absent or k¢ is equal to 0. The penetration depth of microbes is reduced to 30 ft ((0.91
m) when k¢ is 1 day-! and a much smaller microbial slug is found to move away from the wellbore
when k¢ is increased to 25 day-! due to loss of microorganisms to the rock surface.

The effect of chemotaxis on the microbial transport is shown in Fig. 12. The microbial
concentration profiles, simulated at three different values of chemotaxis coefficients (kp): 0, 1, and
3, respectively, were plotted together with the profile of the nutrient concentration. Because of the
high concentration of nutrient close to the injection wellbore, a higher concentration of microbes is
found close to the injector for microbes with a higher value of kp, than those with lower values of
km. At a distance of 10 ft (0.31 m) or deeper into the formation, on the other hand, a higher
concentration is found for microbes with lower values of ky,. For the case studied, the microbial
concentration for a ky, value of 0 is about three times as much as those with a kp, value of 3 when
the distance is more than 20 ft (0.61 m) away from the injector.

Simulations of injection profile modification using microbial treatments were run on a two-
layer cross section model. The top layer has a permeability of 1000 md and pay thickness of 20 ft
(0.61 m) whereas the bottom layer has a permeability of 100 mD and pay thickness of 10 ft. Five
feet in the x-direction was used as the size for wellbore grids and grids next to the injection
wellbore. The microbes and nutrients were introduced into the injection well in the model after
water breakthrough from the high-permeability layer. The plugging of microorganisms to the
wellbore next to the high-permeability layer diverts the injection water into the low-permeability
layer (Fig. 13). Compared to the case without microbial treatment, this results in a decrease of
water-oil-ratio (Fig. 14) and, therefore, an increase of oil recovery during the waterflood. The
clogging and declogging rate constants were assumed to be 25 and 37 day-!, respectively, in
models. The fractional injection of water into the low-permeability layer drops during the later
stage of waterflood due to microbial declogging and the cease of nutrient injection. These

simulation runs support the feasibility of applying microbial treatments to improve the injection
profile in w .terfloods.

_Simulations were performed to study the effect of selective layer treatment in the microbial
profile modification. The microbes were injected only into the high-permeability layer in the case
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of single-layer treatment. The selective treatment of the high-permeability layer is more effective in
diverting the injected water into the low-permeability layer (Fig. 13). Figure 14 shows the
comparison of oil recovery from a two-layer treatment and a single-layer treatment. More oil is
recovered with the single-layer treatment.

Numerical simulations at a field scale were conducted to estimate additional oil recoveries
resulting from changes in relative permeabilities after microbial treatments. Microbial injections
followed by waterfloods were simulated in a quarter of a five-spot well pattern. The two-
dimensional reservoir models were dimensioned at 30 grids in both the x and y directions.
Relative permeability measurements obtained from test R2 (table 3) were used in microbial flood
simulations. Other reservoir parameters and fluid properties used in simulations are listed in Table
8. Remaining oil saturations before microbial waterfloods were assumed to be 30, 35, and 45%,
respectively, in three sets of simulations for investigating the effect of the microbial flood on
reservoirs of different oil saturations. For comparison of oil recoveries, waterfloods were
simulated at three oil saturations, respectively, based on the same reservoir model except that
relative permeability values measured from the R1 brine test were used. Figure 15 shows oil
recoveries predicted by numerical simulations of waterfloods and microbial floods. Based on
relative permeability values from R1 and R2 tests, the microbial flood recovers an additional 2.0,
3.9, and 5.1% pore volumes of oil, respectively, over waterfloods for reservoirs containing
remaining oil saturations of 30, 35, and 45%. This shift of relative pearmeability end points to
smaller values of residual oil saturation after microbial treatments, results in additional oil recovery
from reservoirs.

CONCLUSIONS
The following conclusions were drawn from this study:

1. A three-dimensional, three-phase, multiple-component simulator that includes all required
mechanisms and transport phenomena of microbial systems in porous media can be used to
predict the propagation of microbes and nutrients in the porous media to design laboratory
experiments and field operations in order to optimize injection strategies for improving oil
recovery.

2. Laboratory experiments were successful in determining input parameters of the microbial
system for the developed mathematical model, and progress has been made towards
incorporating microbial oil recovery mechanisms into the model.

3. The simulator can be used to study the effects of adsorption, chemotaxis, and injection strategy
on the transport process of the microbial system in the porous media. Clogging or adsorption
of microbes to a rock surface is critical to the transport of microorganisms in porous media.

4. Simulation of the relative permeability results demonstrated that microbial treatment could
improve oil recovery over waterflooding alone.

5. CT imaging was used successfully to calculate microbial gas saturation in Berea sandstone, and
improved our understanding of the contributions of microbial gas production to oil recovery.
Gas production by microorganisms decreases residual oil saturation after waterflooding in
porous media.
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- NOMENCLATURE
o1, 402, 03 = experimentally determined constants for Eq. (2)
awi, Awz, aws = experimentally determined constants for Eq. (3)

be, by, b, = experimentally determined constants for Eq. (1)
C= microbial concentration, gm/mL or cells/mL

Cf= nutrient corcentration, gm/mL

D = effective dispersion coefficient tensor for microbes

D¢= dispersion coefficient tensor for nutrient

Sorwe - S(\rmj_x 100%
E=recovery efficiency, So .

€o = exponent parameter of relative permeability in oil phase

eoc = exponent parameter of relative permeability in oil phase at high capillary number
€ow = exponent parameter of relative permeability in oil phase at low capillary number
Q = well rate, stb/day or mL/sec

S = aqueous saturation

V = bulk volume of well block, ft3 or mL

h = declogging parameter

k = permeability, md

ko= initial permeability, md

krw= relative permeability to water, md

krw/kro= relative permeability fraction

kr = relative permeability

kro = relative permeability of oil phase

Kfoe = relative permeability of oil phase at high capillary number

Krow = relative permeability of oil phase at low capillary number

km= chemotaxis coefficient

kg = decay rate, day-1

k¢ = clogging rate, day-!

ky = declogging rate, day-1

Soi= initial oil saturation, percent pore volume (%PV)

12



Sorwf = 0il saturation after waterflooding, %PV

Sormf = oil saturation after microbial treatment and subsequent waterflood, %PV
So = oil saturation

Sor = residual oil saturation

Swr = residual water saturation

Sorw = residual water saturation at low capillary number

u = Darcy velocity, cm/sec or ft/day

W = wettability index

W, = original wettability index

AW = alteration of wettability index

Y= yield coefficient

p= microbial density, gm/mL or Ib/ft3

1= growth rate, day-1

¢= porosity

o= volume of deposited microbes / volume of porous medium
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Table 1.  Core propertics and microbial system parameters used in matching pressure

drop in a microbial coreflood

Parameier Value
Core:

length, ft, (CM) ooceiriirc et e s e 0.912 (27.8)

diameter, ft, CM oot e et eessnre e 0.125 (3.8)
POTOSILY, T ciiieiiviiiiiiriiiiiie st eesrssrenansssesseanenenes 21.56
Permeability, MD .iccveiiiiiiiieniircre e e 326
Injected microbial conc., CeIIS/ML ... ciiecrrirersererecereenseacsssennes 5 x 108
Injected nutrient conc., 1b/cu fl......cccivivieniniinnnecneineerenenenns 2.5
Injection rate, ft/day, cm/day.........cvveviinenenennnnenieeneneenenn 1, 30.5
Permeability - porosity coefficient].........c.oieveeerrerreesrseruecrsnnens 25.2
Gas production - f13/1b Of NULENL.....cueviriveessereenesssecsssseesses 0.50

1 See reference 10.

Table 2. Summary of unsteady-state relative permeability tests

Initial Conditions

Permeability Porosity, Water saturation, Effective permeability
Sample! to air, mD percent percent PV to mineral oil, mD
R1 981 226 30.5 6502
R2 1240 22.8 30.4 8373
R7 322 189 25.3 2092
RS 323 19.0 25.8 2024
—Terminal Conditions Qil Recovered
Oil saturation, Effective k Percent Percent Before water
Sample % PV t0 water, mD PV OIP3 breakthrough®
R1 30.3 127 39.3 56.5 23.5
R2 24.7 107 449 64.4 31.6
R7 322 17 425 56.9 26.7
RS 28.2 19 46.0 62.0 28.2

1All cores were aged for 1 week with Delaware-Childers oil.

2Brine/oil (mineral oil) relative permeability.

324-hour microbial solution/oil (mineral oil) relative permeability.

45_day oid microbial solution (optimal biosurfactant production)/oil (mineral oil) relative permeability.
50IP = Oil in place.

6Calculated using oil viscosity of Delaware Childers oil.
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TABLE 3. Microbial system parameters used in simulations

Diffusion coefficient
Microbes, fI2/day ........covrvierereorennnensessnenes 0.0055
nutrient, fI2/day ....ccveeeeveneeeneenens 0.0083
Declogging rate constant, dayL.........cccoeevurevereirene. 37.
Declogging parameter ........ooveeceinesiscneineecenenens 0
Cell yield coefficient (Y) ..coccvvervnivereenninnnensereenes 0.5
Monod half growth constant, Ibfcu ft .......c.cconnevcrinne. 0.5
Maximum growth rate, day'! .....coeeviriververniniinsecnen, 8.4
Decay rate, day ! .....cccoviveniniinrenenienrensienenns 0.22
Chemotaxis CORIfICIENt ........cccvirerriineiivernsinserierseasanes 0

TABLE 4. Core properties and microbial system parameters used in matching microbial

effluent profiles
Parameter Value

Core:

length, ft, (CM) i sesrresreesssreecons 0.833 (25.4)

diameter, ft, (CM) .....ccccoiivirerrennrireeinreinenieeneninener e sesaees 0.125 (3.8)
POTOSILY, %o irivieiiiiiiiniiiiiimnnioseesineritieenininsessinaineensesnnasesansnns 22.95
Permeability, mD .....ccooiiiiiiicinniienee e nenieeeeeieesenee 821
Injected microbial conc., CElS/MLu.......c..ccvvuereerirecrsrvemsecsersesessones 5x 108
Injected nutrient conc., 1b/CU fl...ocoviriiveninenciiennnnenerne. 0
Injection rate, ft/day, (cM/day) .....cccoevvenrnrenssinennreninnnesienses 1 (30.5)

TARLE 5. Core properties and microbial system parameters used in simulating microbial
and nutrient concentration profiles

Parameter Value
Core:

length, ft, (M) i 40 (1.2)

diameter, ft, (CM)..ccviiiiiinirrenieeeennnresesnen: eerererrenerees 0.167 (5.1)
POTOSILY, % ieeirerrriiiireiiiiiiininestiiestirnnarneerresaesnennnsssannsiserene 17.1
Permeability, mD ... e 64.8
Initial 0il SAUTALION, %0 ..eovevceriiiierriiinrinener e sneneeesrae e 28.8
Initial water SAlUration, %o ......cccccveererueinnenreesneensrenecisssnsaensens 71.2
Injected microbial conc., cells/mML..........ccoceeeivviniininiensnerenn 5x 108
Injected nutrient conc., Ib/cu flo.iviiiiiviininnnnersere 2.5

Injection rate, ft/day, (cm/day)
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TABLE 6. Core properties and microbial system parameters used in matching pressure

drop in microbial coreflood
Parameter Value

Core:

length, fl, (€M) .o e e e s 0.912 (27.8)

diameter, fl, (CM).cciiviiviiriinnininicnieeeeeserirseseessneses 0.125 (3.8)
POTOSILY, %0 +iiiiiiiiirimiiniinrennriniriesessnienneessersserenessensanssensssn 21.36
Permeabilily, mD .......cocoiiiiiiiireinire e 326
Injected microbial conc., CellS/ML......ivevivcrrrnenireinenererenerennes 5 x 108
Injected nutrient conc., 1b/6U flo..cuiiieiiiiier e 2.5
Injection rate, ft/day, (CIM/UAY)....cc.covvireireeririnrerinenesreesinrenne e 1(30.5)
Permeability - porosity coefficient .........ccceercnienennivennsiennennnns 25.2
Gas production per Ib of nutrient, Cu ft .....ccoveviriirinirieiniennnnn 0.50

TABLE 7. Reservoir model and microbial system parameters used in field-scale simulations

Parameter Value
Reservoir:

length, ft, (M) .iivriiiie e essreree e e ssenesees 200 (61)

width, ft, (M)iciiiiiiiiinrrreerrresieere s enneeees 200 (61)

thickness (top/bottom layers), ft (M).......cocvveevrrennne 20 and 10 (0.61 and 0.31)
POFOSILY, B iverereierierninirieserenierissseeneerissessnassesssensnseressissseeesees 20
Permeability:

kx. ky, kz (top layer), md ..o 100, 100, 10

kx, ky, kz (bottom layer), md .......ccccvrvirieinienirannennns 1,000, 1,000, 100
Initial 0il SAUrALION, P ....cccvvreverivrrvneniniessrenieesressersesnsnseenes 75
Initial water Saturation, % ........cceceererrcrnnineccinenmeeamnroesne. 25
Injected microbial conc., CElS/ML..........cccvvreernrrverrnennirsireneeanes 5x 108
Injected nutrient conc., Ib/CU flo.ovivevrirreeiieensieneconniinnieeseenenn 25
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Table 8. Reservoir and fluid parameters used in numerical field simulations

Parameters Value
Reservoir:
length, ft, (M) .rvivniii e e enne 330 (100.6)
width, ft, (M) i e 330 (100.6)
thickness, ft, (M) i rrereneeeresnen e 30 (9.1)
depth, ft, (M)  covveviiiieree e srsessranene 600 (183)
POTOSILY, %o wivievrenrnrieiinrenec e ciseis serseresessvenessenes 20
Permeability, md ..o, 1,000
Viscosity, cP
071 SRR 5
L, Z: 1 (-] S PPN 1
Initial saturations (oil/water/gas), %:
(o7 T/ O 30, 70, 0
CASE 2 iivvvivverrenrnnrernieinesiareseesssensosssesessessensnnns 35,65,0
CASE 3 tiriiiivcrrerrrreiiens et e e seresesnresesssranannne 45,55,0
Injection/production rate, stb/d .........cccceveeviriveninnieens 100
0.4
1: Brine
Z 2: Molasses
g F 3: NIPER 1A
é 03 4:NIPER 1A &6
D . =5
Iz
)
o L
(o]
2 0.2}
-]
2
] !
o
0.1 + ' ' ‘
-1 -0.8 -0.6 -0.4 -0.2 0

WETTABILITY INDEX

FIGURE 1. - Shift of wettability of siloxane-treated cores after microbial treatments.
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Berea sandstone core after 0.5 PV waterflood.
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FIGURE 9b. — Results of simulation of the nutrient concentration profile through a 4-ft long
Berea sandstone core after 0.5 PV waterflood.
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FIGURE 10. — Simulation match of pressure drop and porosity change in a microbial coreflood.
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FIGURE 11. - Microbial profiles for reservoirs with various clogging rate constants.
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FIGURE 12. - Effect of chemotaxis coefficient kyy on microbial concentration profile.
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FIGURE 13. — Fractional injection into low permeability layer.
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FIGURE 14. - Injection profile modification using microbial treatment.
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