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RESUMO

O problema do suprimento de energia tem sido uma das questdes mais urgentes para a humanidade
em todos os momentos. O petréleo € uma das fontes de energia mais desejadas. No entanto, as reservas de
petréleo estdo se esgotando e quantidades substanciais de 6leo residual subterraneo ndo podem ser extraidas
com o uso dos métodos tradicionais, portanto, exigindo a implementagdo de novas tecnologias. O presente
artigo sugere dois modelos matematicos destinados a descrever e prever as implicagbes do método
microbiolégico de recuperagéo da recuperagéo de petrdleo com base nos dados atualmente disponiveis, bem
como avaliar a eficiéncia deste método. O primeiro modelo consiste em equagdes diferenciais parciais que
descrevem o processo de expansao da populagdo microbiana através da formacgao de petréleo. O segundo
modelo inclui equacgdes diferenciais ordinarias, descrevendo o crescimento e o metabolismo de culturas
bacterianas dentro da zona do fundo do pogo de producdo. Os modelos foram estudados com o uso de
métodos de grade numérica e Euler. Os parametros de modelagem foram avaliados pelo método dos minimos
quadrados. O trabalho atual inclui os resultados dos calculos realizados com base nos modelos propostos.
Foram obtidos e estudados perfis de distribuicido da populagéo bacteriana e dos produtos metabdlicos ao longo
do reservatorio; forneceu recomendagdes para a implementacao pratica do método microbiolégico.

Palavras-chave: Formagdes produtoras de 6leo, substrato, metabolito, porosidade, permeabilidade.
ABSTRACT

The problem of energy supply has been one of the most pressing issues for the humanity at all times.
Qil is one of the most desired sources of energy. However, oil reserves are being depleted, and substantial
amounts of subterranean residual oil cannot be extracted with the use of traditional methods, therefore requiring
implementation of new technologies. The current paper suggests two mathematical models aimed to describe
and predict implications of microbiological method of oil recovery improvement based on the currently available
data, as well as to assess the efficiency of this method. The first model consists of partial differential equations
that describe the process of expansion of microbial population through oil formation. The second model includes
ordinary differential equations, describing growth and metabolism of bacterial cultures within the bottom-hole
zone of the production well. The models were studied with the use of numerical grid and Euler methods. The
modeling parameters were evaluated using the least squares method. The current paper includes the results of
calculations performed on basis of the proposed models. Distribution profiles of the bacterial population and the
metabolic products along the reservoir were obtained and studied; provided recommendations for practical
implementation of the microbiological method.

Keywords: oil-producing formations, substrate, metabolite, porosity, permeability.
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AHHOTALUA

Mpobnema aHepropecypcoB Bceraa Gbina ogHOM 13 Hanbonee akTyanbHbIX Ang YenosedecTsa. HedpTb
oaovH 13 Haubonee BoCTpebOBaHHbIX UCTOYHUKOB 3Heprun. Tem He MeHee, 3anacbl HeTU UCTOLLAKTCS, U
3HaYUTENbHOE KOMMYECTBO MOA3EMHON OCTATOMHOW HedTW, Ha AaHHbIN MOMEHT, HEBO3MOXHO W3BIEeYb C
NCMNofb30BaHWEM TPaAMLMOHHBLIX METOAOB, NO3TOMY TpebyeTca BHEOAPEHUE HOBLIX TEXHONMOMMA. B HacTosLwen
cTaTbe npeanaralTca OBE MaTteMaTU4eckne MoAenu, NpusBaHHblIE ONMcaTb M MPOrHO3MpoBaTb MOCNEACTBUSA
MUKPOOMOMNOrM4eckoro MeTofa MOBbIWEHNS HedTeoTAaun MNnacToB Ha OCHOBE WMMEKLWMXCA B HacTosiee
BpeMS [aHHblX, a Tawkke Ans OueHKn 3dpeKkTMBHOCTM 3Toro Metoga. [lepBas mogenb COCTOMT U3
anddepeHumnanbHbiX YpaBHEHUIA, OMUCHIBAKOLMX MPOLECC paclUMpeHnss MUKPOOHOW nonynaumm 3a cueT
obpasoBaHua HedTn. BTopas mogenb BkntovaeT B cebs 0OblIkHOBEHHble AMddepeHUMarnbHble YPaBHEHNS,
onvcbiBawoLwme poct n Metabonmam BakrepuanbHbIX KynbTyp B Npu3abonHoN 30He 406biBaloLEN CKBaXKWHbI.
Mogenn 6binM  u3y4eHbl C UCMOMb30OBaHWEM YUCMEHHOW CeTKM W MeTogoB Owinepa. [lapameTpsbl
MoOennpoBaHMs ObinM OLEHEHbl C UCMOMb30BaHMEM MeToda HauMeHbLUMX KBagpaToB. B cTaTbe oTpakeHbl
pesynbTaTbl pacyeToB, BbLINOMIHEHHbLIX HA OCHOBE NPeanoXeHHbIX Moaenen. PacnpegeneHwe npodunen
nonynsuun G6akTepuii U NpoaykTbl Metabonuama BAOMb BOAOXPaHWNMLE Obiny nomnyyeHbl U U3yyeHbl; AaHbl

pekoMmeHaaunn and ﬂpaKTI/I‘-IeCKOIZ peann3auunn MMKp06I/|OJ'IOFVI‘~IeCKOFO mMeToaa.

KnioueBble crnoBa: HeghmeHocHbIe nnacmel, cy6cmpam, Memaboaum, nopucmocms, MPOHUUaeMoCmab.

INTRODUCTION

Gradual decrease in oil reserves is being
observed throughout the world over the recent
years. At the same time, their substantial part
remains unextracted due to different reasons.
Specifically, it is well known that water
encroachment of productive formations increases
at the final stages of oil recovery. For example, at
Tatarstanoil fields the proportion of water in
extracted fluid goes up to 90 % and sometimes to
95 %. It poses a threat to the environment and
leads to economic losses. One of the known
solutions to this problem is the implementation of
microbiological technologies: microorganisms
and culture medium are added to the water
pumped into oil reservoirs. The evolution of the
microbial population leads to changes in physical
conditions, which results in easier displacement
of oil from the reservoirs. Additional displacement
of residual oil is induced by the following events:

- forming biopolymers and surfactants of
biological origin improve oil and water mobility
ratio;

- microbiological gas synthesis restores
local pressure in the reservoir;

- oil stream viscosity decreases due to
biosynthesis of bacterial solvents;

- highly permeable zones are selectively
plugged due to rapid growth of clogging bacterial
biomass;

- pore channels significantly expand and
new routes for filtration flows are formed, as the
synthesis of organic acids within the formation
causes dissolution of mineral deposits in the
container rock.

Active laboratory and experimental field
tests involving microbiological technologies are
carried out in Russia and other countries.
International researchers including Zobell, Zajic,
Moses (Mozes and Springham, 1982; Mozes,
1987; Zajic et al., 1983; Zo Bell, 1947), and
Russian scientists — S. Kuznetsov, M. Ivanov, E.
Rozanova and others (lvanov et al., 1986;
Rozanova and Kuznetsov, 1974; Rozanova ef al.,
1997) have contributed greatly to the study of this
issue.

The current paper presents the results of
the studies, conducted by researchers from I.M.
Gubkin Russian State University of Oil and Gas
and St. Petersburg State Technological Institute
(Technical University). These studies included
stating and solving the problem of the microbial
population expansion in the porous medium of oil
formation under the conditions of continuous or
recurrent pumping of culture fluid into the well.
The purpose of the study was to specify the
impact factors of concentrations of certain
microorganisms on the reservoir porosity, as well
as the influence of biochemical processes on the
formation permeability due to dissolution of
carbonate deposits, that clog certain parts of the
formation, by the products of microbial synthesis.
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Other processes mentioned above were left
out of scope due to the lack of experimental data
that prevents the development of a plausible
model of the process, however, they are
scheduled for further consideration.

The current study is relevant, as it provides
an opportunity to assess the virtues and
drawbacks of this technology without any
expensive field tests.

MATERIALS AND METHODS

In the course of this research, a simulation
experiment was performed, which included
development and analysis of two different
mathematical models. The first model governs
migration and development of microbial
population from the injection well towards the
producing well. The problem of microbial
population expansion in porous medium is
represented as a set of nonlinear inhomogeneous
differential second-order partial equations (1).

The fluid flow was considered rectilinear
and parallel. In this case the distributions of all
system components at the initial instant of time
are considered to be linear. Unknown functions
are: N — concentration of microorganisms; S —
concentration of the active component of culture
medium, kg/m* C — concentration of microbial
synthesis product, kg/m® P — internal reservoir
pressure, Pa; x — coordinate, m; t — time, s; L
— length of productive formation, m; ps —
viscosity of culture fluid, Pa-s; po — fluid density
under P = P, kg/m?® By — fluid volume
compressibility coefficient, Pa™.

The current problem includes the following
parameters: m — porosity, k — permeability, p —
fluence of bacterial suspension; D, D,, D3 —
coefficients of diffusion for bacterial cells,
substrate and metabolite, respectively;umax —
maximum specific growth rate of microorganisms;
a — economic coefficient of the metabolite
synthesis; K; — factor of decrease in microbial
population due to natural lysis and intraspecific
competition 1/(cell/m3s); K, — specific substrate
consumption rate; Ks — substrate saturation
constant, kg/m? K. — metabolic product inhibition
constant kg/m?®;, F; — factor of the reproduction
rate of microorganisms; Ve, pcer, — volume and
density of a single cell unit, respectively.

The first equation of the system describes
the dynamics of microbial population expansion
over the formation. The second and third
equations describe the dynamics of the culture
medium active component and the microbial
synthesis product, respectively. The fourth
equation represents Darcy’s law.

Initial and boundary conditions depend on
the mode of pumping the bacterial suspension
into the reservoir (recurrent or continuous).

In the case of continuous process, initial
and boundary conditions are as Equation 2.

In the case of recurrent process, initial and
boundary conditions are as Equation 3.

Functional relations, governing the changes
of medium porosity and permeability in the
presence of microorganisms, were obtained from
the results of statistical analysis of the
experimental data (Azizov et al, 1994;
Milovanovich, 1990) concerning three bacterial
cultures: Pseudomonas aeruginosa, Micrococcus
roseus, and Proteus vulgaris.

The experiments showed that the most
prominent decrease in porosity is observed in
Micrococcus roseus culture, whereas the least
prominent — in Pseudomonas aeruginosa
culture. It can probably be explained by the fact
that Pseudomonas aeruginosa is the smallest,
while Micrococcus roseus cells are able to form
large conglomerates. Therefore, Micrococcus
roseus and other similar cultures are the most
suitable for partial isolation of water influx to
production wells, and Pseudomonas aeruginosa
— for bottom-hole treatment.

Similar results were obtained for the other
two bacterial cultures. For every bacterial culture
studied, the following regression estimators were
proposed:

A(N) = my(@, + Ze™)
(Eq. 4)

(Eq. d5)
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m(N)= m_:,e'm'

(Eq. 6)

where g, a,,a, are estimated coefficients.

Function parameters were identified
through the least squares method. The
constructed regression functions were then used
to formulate the problem of microbial population
expansion in porous medium. Fisher's criterion
was used to estimate the fitness of proposed
regression equations.

The simultaneous equations were solved by
the grid method. Coordinate increment in the
constructed difference scheme was 0.25 m, time
increment was 2 hours. The difference scheme
was proved to be correct, stable and to have the
second order of approximation.

RESULTS

In the course of solving, distribution profiles
for the constituents of biocenosis were obtained,
including concentrations of microorganisms,
substrate and metabolite (substrate is the active
component of culture medium, metabolite is the
product of biochemical reaction) along the
formation under recurrent or continuous pumping
of culture fluid into the reservoir. The cultivation
period was considered 30 days.

DISCUSSION

1) In the case of continuous process, the
distribution of microorganisms concentration
along the formation is wave-like, gradually
attenuating towards the production wells. This
phenomenon can probably be explained by
gradually increasing plugging of the pore
channels.

2) The decay of biochemical processes
depends on the morphological and biochemical
features of the culture: shape and size of
bacterial cells, their growth and reproduction rate,
their ability to form conglomerates.

3) In the case of recurrent process, the
components of biocenosis are distributed along
the formation more evenly than in the case of
continuous process. However, all metabolic
processes in the reservoir will be active for
approximately one month after the end of

pumping. Therefore, in case of need for further
continuation of these processes, it is necessary
to re-pump the bacterial suspension in small
doses every 30—40 days.

Let us now pass on to setting up the
problem of quantitative estimation of the
enhanced oil recovery due to dissolution of
carbonate deposits, which plug certain parts of
the reservoir space, by the products of microbial
synthesis.

Some products of biochemical reactions
that take place in oil reservoirs can cause
dissolution of certain mineral deposits that plug
some pores and fractures (Milovanovich, 1990;
Andreev et al., 2000; Ametov and Entov, 1981).

Let us assume that acetic acid is the
product of microbial synthesis and the pore walls
are covered with lime deposits. Then the
following chemical reaction will take place inside
the pore:

2CH3;COOH + CaCO; —» (CH;CO0),Ca + H,O + CO;
(Eq. 7)

The formed calcium acetate is soluble.
Because of this chemical reaction, the lime scale
will be decreasing, and, consequently, the pore
diameter will be increasing. In turn, pore widening
will lead to higher rock permeability and
subsequent increase in the reservoir output
(Ametov and Entov, 1981; Basniev et al., 1993;
Kotenev et al., 2004).

Let us consider a small element of porous
medium and calculate the change in the lime
mass due to the chemical reaction (7). For the
sake of simplicity, let us presume that all pores in
the chosen element have the same diameter and
are parallel.

The mass of lime within the considered
element of the porous medium at the initial

moment of time may be expressed in the
following way:
m= TTLP(d - dlz)”
(Eq. 8)

where p is the lime density, kg/m?® L —
specimen length, m; d» — outer pore diameter,
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m; di — inner pore diameter, m; n — number of
pores within the considered element of the
porous medium.

Equation (8) contains only two values that
will be changing in course of time, m and d..
Hence it can be rewritten:

mity="C p(ck ~ ¥y
(Ea. 9)

Then the rate of lime mass change is:

d_m__?rf_pndﬂ
bt

at 2
(Eqg. 10)

At the same time, the change in the lime
mass will depend on the concentration of acetic
acid, as follows (Ostrovskiy, 2004):

%”: —K&C=(tHne EFT

(Eq. 11)

where S is the surface area of the lime
deposit, m?%;, C is the acetic acid concentration,
kg/m?; o. — the order of chemical reaction (o = 2);
K — reaction rate constant; E — activation
energy, J; T — temperature, K; R — molar gas
constant, J- (mole-K) .

The surface area of the lime deposit can be
considered as the surface area of the side of the
cylinder of diameter d..

S(t) = nLd4(t). (Eq. 12)
Therefore:
%” =-Kc (thnmd (H Le =™
- (Eq. 13)

By making (11) equal to (13), it turns out
that the change of the inner pore diameter over
time can be calculated with the help of the
following differential equation:

dd,(t) 2Kc*(f)e™™ ™
dt 0

(Eq. 14)

In our case, the filtration process is
considered isothermal, therefore e®f" can be
considered constant.

Let us set
K:LE:@-E AT
2
(Eq. 15)
Then
ad,| ,
—L=Kc(t
4 (L)
(Eqg. 16)

Now one can formulate the problem of the
impact of the biochemical processes within the
reservoir on the oil recovery rate. It should be
kept in mind that two effects will influence the
change in the formation permeability. On the one
hand, the permeability will be decreasing due to
bacterial plugging, as follows:

MN}: 'k; ('t':+ ble_ttm)
(Eq. 17)

where ko, is the initial permeability
coefficient, N — microorganisms concentration,
bo; b1 — constant factors characterizing the rate
of permeability decrease due to biomass
plugging.

On the other hand, permeability will be
increasing, as the pores will be widening. Hence,
the final problem statement should include both
factors.
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Let us consider:

(Eq. 18)
k(d,)=ad} (Eq. 19)
where a is a proportionality factor.
Then
. (Eq. 20
dk(t) _ k(dl)dk(N)+k(N)dk(d1) (Eq. 20)
dt dt dt

Let us also take into account that oil flow, in
the case of rectilinear and parallel filtration, is
expressed as follows:

KRRy

u L
where k is permeability, m% p — oil
viscosity, Pa-s; Px — formation pressure, Pa; Py

(Eq. 21)

— bottom-hole pressure, Pa; L — formation
length, m; B — formation breadth, m; h —
formation height, m.
Finally,
Ot g N- KN
st (Eq. 22)
as S
_=_K]:1{21.ax N
cft K;+5 (Eq. 23)
dc KeSN
= ) —hil-a
G~ e Kok a0 9
(Eqg. 24)
W _ e
df (Eq. 25)
ok dk(N) dk(d)
== k(d) ==+ (V)1
ot aft cit (Eq. 26)

d_Q_ (PK_PO)Bh%

where N is the  microorganisms
concentration, S — substrate concentration, pmax,
Ki, Ks, Kc, a — coefficients characterizing the
kinetics of biochemical reactions. B (1 — ») of the
equation (24) characterizes the decrease in
acetate concentration due to the lime dissolution,
o is the proportion of undissolved lime, b — the
decrease in acetate concentration, when the lime
is fully dissolved, o = m / mo, where m is the lime
mass at the current time.

L »
m Tp(dz _d1):d22_d12
d; —d;

L
TP(dz2 —dg)
. (Eq. 28)

where d, is the inner pore diameter at the
initial time.

The set of Eq. (23)—(27) was numerically
solved by the Runge-Kutta fourth-order method.
Time integration interval was 100 days,
integration step Df=2 hours. Figures 1 and 2
show the dynamics of the pore channel diameter
increase and the residual oil extraction.

In Figure 1 N is microbial concentration,
units/m?; x is reservoir length, m.

In Figure 2 d; is pore diameter, mm; t is
time, hours.

In Figure 3 Q is oil volume flow rate, I/hour;
tis time, hours.

The obtained results lead to the following
conclusions:

1) In course of the chemical reaction
involving the microbial synthesis product and the
lime deposits in the reservoir, cross-sectional
area of the pore channel significantly increases;

2) The increase in the pore cross-sectional
area leads to enhanced oil influx at the producing
well, which provides significantly higher ultimate
oil recovery.

In the case under study, the estimated
increase in the oil yield is two or three fold over

PERIODICO TCHE QUIMICA » www.periodico.tchequimica.com » Vol. 14 N. 27.
+ ISSN 1806-0374 (impresso) » ISSN 1806-9827 (CD-ROM) « ISSN 2179-0302 (meio eletronico)
© 2017. Porto Alegre, RS. Brasil 61



90 days, which is the

experimental data.

compatible with

CONCLUSIONS

In the course of current research, two
mathematical models describing the behavior of
the microbial population within the porous
medium were developed and studied. During the
analysis of the first model, we obtained
distribution profiles of the metabolic components
along the reservoir and examined their dynamics.
Solving the differential equations of the second

model allowed us to assess the rate of
enhancement of the reservoir filtration
parameters influenced by the microbial

metabolites and to predict the increase in residual
oil yield.

REFERENCES

1. Ametov, A.M., Entov, V.M.: On Mathematical
Modeling of Biogenic Processes in Oil
Formations, lzvestiya AN SSSR. Mekhanika
zhidkosti i gaza, 1981, 6, 84-91.

2. Andreev, V.E., Kotenev, Yu.A., Zagidullina,
L.N.: Biotechnological Methods of Oil Recovery
Improvement, Ufa State Petroleum
Technological University, Ufa, 2000.

3. Azizov, AM., Kuritsyn, A.G., Nikitenko, V.G.:
Essentials of Applied Mathematics. Theory of
Probability = and  Mathematical  Statistics,
Khimiya, St Petersburg, 1994.

4. Basniev, K.S., Kochina, I.N., Maksimov, V.M.:
Subsurface Hydromechanics, Nedra, Moscow,
1993.

5. Ivanov, M.V., Belyaev, S.S., Laurinavichus,
K.S., Obraztsova, A.l.: Microbial Biocenoses of
Developed Qil Fields and Control of Its Activity,

Equations
) [ & ar | 1N 5 .
: (mN) = : T N|+D - - N-KN-°
o o :_lgr dly J Uyt K+ 8 )
) [ Kk ar 1S 5
: (mS)= : - 3 .w'?-r =K. N
dt dxl g oy "y’ ) K, +3
) ) [ K ap )¢ SN
;_ ()= - & Cl+D : = Ol K, T p— ;
it de| g dx i K, +5)K_+C)
d d| K ar -
Irr]l.':':|= 21+ f'i] Fal
et e g e
p=pll+ 8 (P=F)

10.

11.

12.

13.

14.

Proceedings of the AS USSR, 1986, 4, 485—
494,

Kotenev, Yu.A., Zagidullina, L.N., Andreey,
V.E.: Microbiological Technique for Oil
Recovery Improvement, Based on the Activated
Sludge of Biological Treatment Plants,
Neftyanoe khozyaystvo, 2004, 4, 48-50.
Milovanovich, E.V.: Permeabilty of Oil
Reservoirs in Presence of Microorganisms in:
Proceedings of the International Conference
“‘Development of Gas Condensate Fields’,
Krasnodar, May 29 — June 2, 1990, 6, 242—
246.

Mozes, V., Springham, D.G.: Bacteria and the
Enhancement of Oil Recovery, Applied Science
Publisher. LTD, London, 1982.

Mozes, V.. Microbes and Oil Recovery,
Microbiological Sciences, 1987, 4 (10), 304—
309.

Ostrovskiy, G.M (Ed.): Processes and
Equipment in Chemical Technology,
Professional, St Petersburg, 2004.
Rozanova, E.P., Kuznetsov,
Microorganisms of Oil Reservoirs,
Moscow, 1974.

Rozanova, E.P., Savvichev, A.S., Miller, Yu.M,,
Ivanov, M.V.: Microbiological Processes in the
West Siberia Oil Field under Waterflood
Operation with the Complex of Organic
Substances, Immunologiya, 1997, 6, 852—-859.
Zajic, J.E., Cooper, D.C., Jack, T.R., Rozaric,
N.: Microbial Enhancement Oil Recovery, Penn
Well Publishing Company, Tulsa, Oklahoma,
USA, 1983.

Zo Bell, C.E.: Bacterial Release of Oil From QOil-
Bearing Materials, World Oil, 1947, 126 (13),
36-44; 127 (1), 35-41.

S.l.:
Nauka,

(Eq. 1)

PERIODICO TCHE QUIMICA » www.periodico.tchequimica.com » Vol. 14 N. 27.
+ ISSN 1806-0374 (impresso) » ISSN 1806-9827 (CD-ROM) « ISSN 2179-0302 (meio eletronico)
© 2017. Porto Alegre, RS. Brasil 62



{ox=nf=0Z =0T -0p=p
cx cxX X
t=0:N=0;5=5,:C=0;P=PR —
ax ox ox
D e N s
t=0: N(0,x)= N, — 0y
L
| S,
S{I],x)=5,3—f'3x
C([::x)=c‘—£x
L
po.x)=p -5
L
Figures

PERIODICO TCHE QUIMICA « www.periodico.tchequimica.com « Vol. 14 N. 27.
* ISSN 1806-0374 (impresso) * ISSN 1806-9827 (CD-ROM) + ISSN 2179-0302 (meio eletronico)

© 2017. Porto Alegre, RS. Brasil

x=t]:L-E%’—Qi:ﬁ;ﬂ:jﬂ;c::];p:g
cx

B-B_

=0;P(t,0)=P,

0;P(t,L)=P,

(Ea. 2)

(Eq. 3)

63



¥=/50
o

5-.5:?: \ / /rﬂ Wz:ff{ Lo
EIRYDAIA Ay e
z:,ra‘ /)/ )\(/ &(A \\
710 j}f\"\"z ;)(J \_\ \

@ 50 1700 R 200 X

-

|
~
-

Figure 1. Distribution of microbial concentrations along the reservoir length in
case of continuous pumping of culture fluid.
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Figure 2. Changes in the pore channel diameter over time

14
12
10

Q.l/ hour
[ =

= b2

0.00 300.00  600.00  900.00 1200.00 1500.00 1800.00 2100.00 2400.00

t. hour
Figure 3. Dynamics of the oil volume flow rate
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