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Abstract

The aim of the research is to study the application of the material balance method with modern technologies to create a

useful gas reservoir model with water influx.

The basic equations of material balance are analyzed taking into account the Mendeleev—Clapeyron law for gases. The
analysis was performed taking into account the water influx component according to Fetkovich equations. The paper highlights
the problems of identifying the parameters of the material balance model as material balance model doesn’t include the
geological structure of deposits. The calculation was done by material balance models created on Mathcad and VBA Excel.

The analysis and examples given in the article testify to the expediency of applying the method of material balance with
VBA Excel to clarify gas reserves, including those with a water-driven or mixed mode of development and obtain an adequate

model of the reservoir.
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The main equation of the material balance of a
gas reservoir

The basic equation of the material balance of a gas
reservoir is formulated on the basis that the sum of the
masses of residual gas in the reservoir and the mass of
gas produced is equal to the mass of the initial gas
reserves. When using the generalized Mendeleev-
Clapeyron law as the equation of state for a real gas, the
material balance at time t is written in the following
form

p(t) ————>—Vpor (t)=
*LP() T T (1)
Z[ pszst] [szml ~Vprod (t )]

were pg, Ty pressure and temperature for standard
conditions of production gas metering; T;, is reservoir
temperature; p(t) is current reservoir pressure; Rzvi,

is the volume of the initial drained reserves, reduced to
standard conditions; Vprod (t) is the accumulated

volume of produced gas; z[p(t),T, | is the gas

compressibility factor under the appropriate conditions;
Vpor(t) is the current pore volume occupied by gas in
the reservoir.
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There is a number of reasons leading to a change
in the drained pore volume. Many of these reasons, such
as the compressibility of rocks, the compressibility of
bound water, retrograde phenomena, can be neglected
without losing the accuracy of the material balance. It is
not difficult to estimate that the compressibility of rocks
can change the volume of void space by tenths of a
percent, and retrograde phenomena of gas condensate
systems by thousandths of a percent. It is unacceptable
to ignore the change in the drained pore volume as a
result of the influx of aquifer water into the productive
area, connection, or disconnection of individual layers.
An overview of modern correlations used in the equa-
tions of material balance can be found in the paper [4].

The use of the Fetkovich [1] method, which is an
implementation of the principle of sequential change of
stationary states, makes it possible, without significant
loss of accuracy, get away to use an algorithmically
inconvenient superposition method and go to a simple
recurrent scheme for calculating water volumes at the

following time step:
W (ti ) =W, (ti—l) +AW, (At) : )

Then the volume of pores occupied by gas at each
moment of time decreases by the volume of water

introduced into the reservoir:
Vpor (t) =Vpor (t)-W, (t;) . (3)
To calculate the volumes of water influx W, (t) at

the time t at constant pressure on the inner boundary of
the aquifer (gas-bearing contour), Fetkovich obtained
the formula:

W (1) =%[ Pin — p]{l—eXp(—j(jvﬂtﬂ @
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where p;, is the initial reservoir pressure in the aquifer,

which can be considered equal to the initial reservoir
pressure in the reservoir, reduced to the position of the
gas contour; p is the reservoir pressure on the gas
content contour, which, with small assumptions, can be
taken equal to the weighted average pressure in the gas
part of the reservoir, used in the main material balance
equation (1); W, is potential and j, is productivity
index of the aquifer, respectively.

To get away from the principle of superposition,
the use of which is necessary at variable pressure on the
inner contour of the aquifer, and the possibility of using
a recurrent calculation scheme, Fetkovich proposed a
formula that allows calculating the volumes of
penetrated water at intervals for each time step:

[pw (t—At)- p(t)]x

(®)
xlil—exp[—JC’VﬂAtH ,

where p,, (t—At) is the average pressure in the aquifer

not in the previous time step amd it is determined by the
material balance between the initial elastic water
reserves in it W, and the total amount of water influx

the productive part for the entire development period of

the object Wet
We,
Pw (t) = Pin|1- W ; (6)

_p(t) is the average pressure on the internal circuit in
the time interval At:

AW, (At) =
Pin

p(r)= PLEPIA) )

As the testing of algorithms has shown, the use of
the current pressure p(t) instead of the average

pressure on the internal circuit slightly increases the
accuracy of the calculations at the initial sections of the
time scale.

Thus, formally, the model of the material balance
of a gas reservoir is a function

Ppt (&2 R 2Vini» Pini - We, J ), which  determines  the

weighted average reservoir pressure in which the time
t; acts as an independent variable, and the parameters
(coefficients) of the initial reservoir pressure are py; ,

initial gas reserves are R zvy, , W, is potential and j,,

is productivity index of the aquifer, respectively.

The transcendental nature of the material balance
equation (1) excludes an analytical way of solving it and
involves the use of numerical methods. Formally, it is
necessary to find the pressure and volume of the
embedded water that satisfy this equation and the
equation of water inflow. Considering that the starting
points for all variables are known, the most effective is
the use of a simple, however, absolutely convergent
bisection method for solving nonlinear equations.

Meanwhile, it is possible to construct several
design schemes. Firstly, the application of the Fetkovich

method excludes the possibility of constructing a
completely explicit-implicit algorithm, due to the need
to calculate the volume of the invading water at
specified intervals. Therefore, the material balance
algorithm for calculating the dynamics of reservoir
pressure has an explicit recursive character in time.
When solving the system of balance equations at each
time layer, it is possible to apply the iterative search for
the solution of the system of equations in the form
according to an explicit scheme with simultaneous
determination of the current pressure and volume of
invading water and to use the absolutely stable method
of running the calculation, when the reservoir pressure
is calculated in accordance with the volume of invading
water at the previous moment of time, and the volume
of water at the current time layer according to the
already determined pressure. This is a completely
implicit calculation scheme.

Both algorithms are implemented in Visual Basic
for Application (VBA) for the Excel program of the
Microsoft Office application suite. A screenshot of the
worksheet for calculating the main indicators of gas
reservoir development is shown in Figure 1.

Testing the software module of material balance
equations

Testing of the developed software module of
material balance equations (MBE) was carried out by
comparing the calculated dynamics of reservoir pressure
and the volume of invading water obtained by different
methods.

As a standard, there is used an object that
simulates an idealized closed radially symmetric
circular reservoir with a circular aquifer (Table 1),
which allows using the exact solution obtained by Van
Evendinger and W. Hurst without additional assumptions
(A. F. Van Everdingen, W. Hurst, 1949) [2].

For a variable pressure at the inner boundary,
based on the principle of superposition, the volume of
water introduced into the reservoir is represented as the
Duhamel’s integral:

27kh t 5[3 t
L

——Q(t-r)dr (8)

Here Q(t—r) is the kernel of the Duhamel's

integral is the solution of Van Evendinger and V. Hars
for constant pressure on the circuit between the pro-
ductive and aquifer areas, which can be represented as:

2_
Q(Fo)=Ra 1

_22 g N FO

£ (anRy) ©
n |:|O (an)_ I12 (anRa)]
where R, = % is dimensionless radius — the ratio of the

r,
9
outer radius of the aquifer r, to the inner ry (radius of

FO:lzt is dimensionless time
r
g

(Fourier criterion); ry is characteristic size, in this case,

the gas contour);
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Table 1 — The main characteristics of the model reservoir

Indicator Dimension Value
Outer border-radius m 5000
Inner border-radius m 1000
Gas reserves min m® 2607.071
Piezo conductivity coefficient mzlday 2602.410
Aquifer potential min m® 30.039
Fetkovich aquifer productivity index min m*/(MPa-day) 2.527-10*
Gas production rate from residual reserves % per year 10
35
P
=
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Figure 2 — Comparison of the calculated weighted average reservoir pressures for a circular reservoir R =5
10
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Figure 3 — Comparison of the calculated volumes of invading water for a circular formation R =5

. k . . principle of superposition with a kernel according to
the radius of the gas content contour; y = — is piez0  \/gp Evendinger and W. Harst (9):
. . Hp . calculation in the Mathcad system according to the
conductivity coefficient; e, are roots of the equation principle of superposition with the kernel according to
Iy (@R )Yo (@) —Yi(@,Ry ) Jg () =0; Fetkovich (4);
2 2 p 9 2 ) recursive calculation in the Mathcad system using
15 ()16 (Ra ) Jg (@) Jg (@aRa ). Yo (@ ). Yo (nRa)  the Fetkovich formula (5);

are Bessel functions. calculation in VBA Excel using an algorithm with
When testing the algorithms, the calculation results  an explicit scheme at a time step;
were compared by several methods: calculation in VBA Excel using an algorithm with

calculation in the Mathcad system according to the  an implicit scheme at a time step.
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Figures 2 and 3 show the comparison of the
calculation results according to various schemes of
reservoir pressure dynamics in a hypothetical gas
reservoir and the volume of water embedded in it from
the aquifer.

The discrepancy in the calculation results between
all methods is small, which means that there are no
systematic errors in the algorithms. Thus, the root-
mean-square discrepancy in calculating the pressure
when using the principle of superposition with cores (9)
and (4) is 0.68 MPa, and according to the calculation of
embedded water volume — 0.11 million m®. The use of
recursive algorithms in comparison with the method of
superposition with a kernel according to Van
Evendinger and W. Harst (9) is not much higher. For the
implicit pressure algorithm, the root mean square error
is 0.89 MPa, and according to the calculation of the
water influx, it is 0.16 million m; it is not much higher
for the explicit algorithm — 0.90 MPa and 0.16 million
m?, respectively.

The problem of identifying the parameters of
the material balance model

Like any mathematical model, the material balance
function must adequately reflect a physical object. With
regard to the possibilities and tasks posed in calculating
the material balance, an adequate model should not
contradict the existing geological ideas about the object,
unreasonably contradict the estimates made by other
methods, and describe with sufficient accuracy the
actual historical dynamics of development indicators.

The practical use of material analysis equations to
study the development of gas fields requires knowledge
of four main parameters of the mathematical model
(1) — (6): the initial drained gas reserves, the initial
reservoir pressure in the reservoir, the potential and
productivity index of the aquifer. This problem is solved
by identifying them according to the actual dynamics of
reservoir pressure in the reservoir during gas
withdrawal.

The criterion in the identification procedure can be
the quality of the description of the historical dynamics
of changes in reservoir pressure, or quantitatively — the
sum of the squares of deviations between N actual
measurements of reservoir pressure and the pressure
predicted for these dates by solving the basic equation
of the material balance of the gas reservoir. Formally,
the identification problem is reduced to functional
minimization:

N 2 -
min{Z[pi = Por (R2Vini, Pini We. st )J }3 &/m
i=1
Jw

The choice of an efficient extremum search
algorithm is mainly determined by the topography of the
response function. Figures 4 and 5 show the reliefs of
the total squared error of approximation of the reservoir
pressure dynamics for the gas deposit of the known field
by the material balance equation. The pronounced non-
monotonic nature of surfaces with the presence of many

local minima excludes the use of gradient methods and
predetermines the use of stochastic methods, in
particular, random search by the Monte Carlo method.

As applied to the material balance calculation
algorithm implemented in VBA Excel, the functional
minimizer algorithm (10) is reduced to a sequential
random change in the input parameters. After each
sample, there is analyzed the value of the function. In
the case of its decrease, the value of its mathematical
expectation changes, and the value of the variance for
the next sample decreases by a given relaxation factor.

Finding the minimum is like shooting in four-
dimensional space. The mathematical expectation of the
variables sets the center of the four-dimensional ball
where the shot is directed, and their dispersion sets the
radius of dispersion of the shot. A shot is the calculation
of the objective function for certain values of the
variables. The first shot gives the first initial
approximation of the objective function. For each
subsequent shot, one of the variables is sequentially
randomly changed and there is determined a new value
of the objective function. If the new value of the
objective function (shot accuracy) is better than its
previous value, the expectation of the variable is
redefined to the current value and the variance for this
variable decreases. Otherwise, the current values of the
objective function, mean, and variance of the variable
remain unchanged.

When generating a random value, it is assumed
that the number of gas reserves, the initial reservoir
pressure, and the potential of the aquifer obey the
normal distribution law, and the productivity index of
the aquifer obeys the logarithmically normal law. For
the first sample, the values of the gas reserves, the initial
reservoir pressure, which ensure the rapid convergence
of the algorithm, give the already available data on the
reservoir; for the potential of the aquifer, it is close to
the value of the pore volume, and the production index
is equal to zero. The initial values of variances are set
by the assumed range in which the identified parameters
are located.

An example of identifying the parameters of the
material balance model for the known horizon of the
field

The known horizon of the field as a separate
development target (Figure 6) has been operated by 4
wells since 1999. In 2012, due to the flooding of the last
well, the development of the facility was discontinued.
255.2 million m® of gas was produced from the deposit.
It is estimated 416 million m® by the volumetric method.

The results of adaptation of the material balance
model to the actual dynamics of reservoir pressure are
shown in Figure 7. According to the criterion of
minimizing the root-mean-square discrepancy between
the predicted and actual dynamics of the mean reservoir
pressure by the data show that the object was developed
in a mixed-mode. Initial drained reserves are estimated
at 334.1 million m® with an initial pressure in the
reservoir of 12.27 MPa. The root-mean-square deviation
between the measured and predicted reservoir pressures
was 0.21 MPa. The material balance identifies a vast
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active contour area with a potential of 43.5 million m®.
The productivity index of the aquifer has a small value
of 3.31-10° million m*(MPa-day), which explains the
late noticeable manifestation of its influence on the
dynamics of reservoir pressure. Residual gas reserves
are estimated at 78.98 million m® or 23.6 % of the
original, which corresponds to the general idea of
restrained gas volumes when gas is displaced by water
[3].

Figure 8 illustrates the dynamics of the
discrepancy between the calculated and measured
values of reservoir pressure during the search for the
best fit using the Monte Carlo method.

An example of identification of the parameters
of the material balance model for the horizon of the
known field

Development of the known deposit of the known
field as a separate development target (Figure 9) has
been operated by 3 wells 30, 101, and 112 since 1966.
After the last one was flooded in 1986, the development
of the facility was suspended. 1.225 billion m* of gas
was produced from the deposit. According to the latter,

52
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before the termination of development, the reservoir
pressure measurement in 1984 was 10.5 MPa.

More than 26 years later, with the introduction of a
new well 207, the development of the known horizon
facility was resumed. At the time of the well start-up,
the pressure in the reservoir was partially restored and
amounted to 14.7 MPa.

The dynamics of reservoir pressure in wells 30,
101, 112, and 207, despite the 26-year interruption in
the operation of the facility, are in good agreement with
each other and the model of the material balance of a
gas reservoir in a mixed development mode.

According to the results of adaptation according to
the criterion of the minimum total quadratic discrepancy
between the actual and predicted dynamics of reservoir
pressure, the drained reserves of the known horizons are
estimated at 1.786 billion m* with an active and aquifer
with a potential of 32.7 billion m® with a productivity
index of 2.32:10° million m*(MPa-day). During the
reservoir development, 4.24 million m® (in reservoir
conditions) of formation water invaded it. There is
produced 75.1 % of gas, which is normal for a mixed-
mode of development.
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Figure 9 — Adaptation of the MBE behind the formation pressure of the known horizon wells 30, 101, 112

Conclusion

Thus, the algorithms for calculating the material
balance and the algorithm for minimizing the
discrepancies between the actual and calculated data,
developed and implemented in VBA Excel, are a
convenient tool for analyzing the development of gas
fields, including those with a water-driven or mixed
mode of development. The use of the identified
parameters makes it possible to clarify the drained gas
reserves, to assess the activity of formation waters and,
as a result, to obtain an adequate reservoir model for
predicting the main indicators of the gas development
target.
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ApanTauis maTtepianbHoOro 6anaHcy razoBoro noknagy

1O. 3apyoin, M. Iynoa, II. Mamyc

Hayxoso-0ocnionuti incmumym nagpmoezasoeoi npomuciosocmi HAK «Hagmoeas Ykpainu,
M. Buwnese, Kuiscoka 06.1., Yxpaina

Mertoto poOOTH € AOCIi/KEHHS 3aCTOCYBaHHS METOJy MaTepiallbHOTO OallaHCy i3 BUKOPHCTAHHIM CYYaCHHX
TEXHOJIOTIH JUIsl CTBOPEHHS a/1eKBaTHOT MO/IeJIi ra30BOTO IJIaCTa 3 aKTUBHUM ITOCTYIUICHHSIM BOJIH.
ITpoananizoBaHO OCHOBHI PiBHSHHS MaTepialIbHOTO OajaHCy 3 ypaxyBaHHS 3akoHY MeHnneneeBa—Kianeiipona

JUIsl Ta3iB. AHali3 MPOBE/IEHO 3 ypaxyBaHHSM aKTHUBHOI BOJOHAINIPHOI CKJIaJoBOI 3a piBHSHHSAMH DeTkoBHUa. Y
poOOTI BUCBITIICHO TIPOOJIEMATHKY OIIHIOBAHHS MapaMeTpiB MOJeIi MaTepiaabHOTo OajaHcy, OCKIIBKH OCTaHHIN HE
MICTHTB YSBJICHHS IPO TEOJIOTiUHY CTPYKTYpY HOKJaxy. Po3paxyHKH BHKOHAHO Ha OCHOBI CTBOPEHHMX MOMEICH
nokitany y MathCad Ta 3a momomororo VBA Excel.

Hagenenuit y craTti aHami3 Ta NPHUKIAAW CBiAYaTh NP0 JOIUIBHICT 3aCTOCYBAaHHS METOJy MaTepiallbHOTO
Gamancy 3 BukopucTaHHsM VBA Excel mis yTouneHHs 3amaciB rasy, OIiHKM AaKTHBHOCTI IUTACTOBHX BOJ Ta
OTpPHMaHHS aJeKBaTHOI MOJETI IIacTa.

Karouosi cnoBa: cas, inoicenepni piuienns, noknao, noCMynienHs 600U, PIiBHAHHI MAmMepianbHO20 6anaHcy,
pooosuye.
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