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ABSTRACT KEYWORDS

The flowing material balance (FMB) method is widely used to Dual-porosity medium;
evaluate geological reserves because it does not require shut-in flowing material balance
wells and uses daily production data. The original FMB method hmetthOd; geological reserve;
is based on a homogeneous medium model, but the reservoir raed;rlogs:;%ﬁtée::;:sgir
is often heterogeneous. In this study, FMB equations are

derived for radial composite reservoirs and naturally fractured

reservoirs, and the effect of reservoir parameters on the estima-

tion of geological reserves is analyzed. The study found that in

order to obtain accurate geological reserves, the average for-

mation total compressibility should be used. Inappropriate total

compressibility may cause significant errors. Finally, the pro-

posed method is validated by a case study.

1. Introduction

Geological reserve is one of the most concerned parameters for oil and gas
development. Evaluation of geological reserves through production data is the
most commonly used method. The original material balance (MB) method
requires shut-in wells to determine formation pressure, which will affect oil
and gas production. In the past 30 years, since the material balance time was
proposed, the rate transient analysis method has been greatly developed
(Blasingame and Lee 1988). This type of methods does not require shut-in
wells to test formation pressure and can evaluate the reservoir and determine
the geological reserves using daily production data. Because it does not require
additional testing and does not affect the daily operation of the oilfield, it is
widely welcomed (Agarwal et al. 1999; Zhang et al. 2017; Xu et al. 2020). The
flowing material balance (FMB) method is the simplest and most convenient
method among these methods (Mattar and McNeil 1998; Mattar, Anderson,
and Stotts 2006). It is similar to the MB method, which uses straight-line fitting
to determine geological reserves, and the analysis results do not have the prob-
lem of non-uniqueness. Different from the MB method, it uses flowing bot-
tom-hole pressure instead of formation pressure. The original FMB method is
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Figure 1. The schematic of the radial composite model.

based on a single-phase homogeneous medium model. In recent years, it has
been extended to consider gas adsorption (Clarkson and Salmachi 2017; He
et al. 2019; Han, Liu, and Li 2019), multiphase flow (Xu, Adefidipe, and
Dehghanpour 2016; Zavaleta, Adrian, and Michel 2018; Zheng et al. 2018;
Kazemi and Mojtaba 2020), and multi-well scenarios (Shahamat and Clarkson
2018). However, reservoirs often have strong heterogeneity. Different areas of
the reservoir have varying physical properties, or natural fractures are greatly
developed. The FBM method cannot identify the heterogeneous characteristics
of the reservoir. The geological reserves obtained therefrom must be affected
by the heterogeneity of the reservoir. Although some research has been carried
out on the FMB method of naturally fractured gas reservoirs (Zhang, Luis, and
Ayala 2018), the current research on the effect of heterogeneity on the FMB
method is not thorough enough. Since the FMB method itself cannot identify
the heterogeneity of the reservoir, in practice, the original FMB method is often
used directly for heterogeneous reservoirs, which will inevitably affect the
evaluation accuracy of geological reserves. Therefore, it is necessary to study
the effect of reservoir heterogeneity on the evaluation results of geological
reserves determined by the original FMB method.

This study considers radial composite reservoirs and naturally fractured res-
ervoirs and establishes their FMB equations. Based on these equations, the
errors caused by using the original FMB method to evaluate the geological
reserves of these two types of reservoirs are analyzed, and the methods to
improve the accuracy of geological reserves evaluation are suggested.
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2. Flowing material balance method for radial composite oil reservoir
2.1. Derivation of flowing material balance method

The schematic of the radial composite model is shown in Figure 1. The flow
governing equations, boundary conditions, and interface conditions of the radial
composite closed oil reservoir producing with a constant rate g are as follows.

) < s 0
% =0 3)

% N ﬁfiﬁw @

P|r:r; =P ‘r:r; ©)

where k; and k, are the permeability of the inner and outer zones respect-
ively (m?); ¢, and ¢, are the porosities of the inner and outer zones
respectively; p; and u, are the oil viscosity of the inner and outer zones
respectively (Pa-s); ¢;; and ¢y, are the total compressibility of the inner and
outer zones, respectively (Pa™'); r, and r. are the radius of the inner and
outer zones respectively (m); r,, is the radius of the oil well (m); p is the
reservoir pressure (Pa); r is the radial coordinate centered on the oil well
(m); t is the time (s); B, is the formation volume factor of the oil (m*/m?);
h is the thickness of the oil reservoir (m); g is the production rate (m?/s).
When the oil reservoir production is in a pseudo-steady state, the pressure
at all parts of the reservoir decreases with the same speed, therefore, the
following equation holds.

9
— [cﬂqﬁln(ri — rﬁ/)h + ctzd)zn(rg — rﬁ)h] 8—12 = B,q (7)

where p is the average formation pressure, Pa. The following parameter is

defined.

NC: = cad,(r; —11) + cody (r2 — 17) (8)
Then, Eq. (7) can be written as follows.
op B,
P__ 4 9)

ot _nhN—Ct
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By using Eq. (9), solving the linear partial differential equation composed
of the flow governing equation Eq. (1) in the inner zone and the inner
boundary condition Eq. (4), the pressure distribution in the inner zone can
be obtained as follows.

c

p(r) = %(1’ r )+§1ku1 —+pwf rw<r<r, (10)
where pyr is the bottom-hole pressure (Pa). The relationship r,<r, is taken
into account in the above equation, and the corresponding items are omitted.
This relationship and the relationship r,<r. will also be used in subsequent
calculations. For the outer zone, using Eq. (9), outer zone flow governing equa-
tion Eq. (2), outer boundary condition Eq. (3) and interface condition Eq. (6),
the pressure distribution in the outer zone can be obtained as follows.

(r) _ _MBoq.“lCtlle (rz _ rz) MBoq,U1Ct1¢1 21n

4Fk,nhNC, " 2Fk1nhNCt e T (11)
BoQﬂ1Ct1¢1 2 U1 Bog
e ——— l - Wi n < < e
4k17rhNCt(r r)—l—zkh —l—pf r,<r<r
where
M= (k/.“)l F— (Ct¢)1 (12)

(k/w)y""  (cup)y

M is the mobility ratio and F is the storativity ratio. It is easy to check that
the above results Eqs. (10) and (11) satisfy the interface condition Eq. (5).
Therefore, the average formation pressure is as follows.

Te

p= NG, er prepdr
_ M Bog ln———r 2 Py Ct1¢15t2¢2 M r —rr —|—lr4—r4ln2
21K h rw 4"NC, NC, NC, |F\4° 4"
1
+i2=2)| b eny 1)
The following parameter is defined.
_ Bo { In Tn 2 Ct1¢1 Ct1¢1 ¢,
P = omkh ' re 4" NG, NG, NG,
M /3 1 1
[F<Zre—rr +—r -1, lnr>—|—1ri(r§—ri)}} (14)

Then, Eq. (13) can be rewritten as follows.

]S_ow = qbc,pss (15)
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The following parameters are defined.

(r —r )hgf)lctl + n(r —r )hd)zctz (rﬁ - rfv)d)lcﬂ + (rg - ri)gbzctz
2

Cot =

Tc( — rz)hcbl + 7'c(r2 — 7’2)h¢2 (rf, — rfv)gbl + (re — rﬁ)d)z
(16)
T 7) (2 )] .

B,

N, is the geological reserves of the composite reservoir (m®); ¢, is the aver-
age formation total compressibility (Pa~'). When the oil reservoir is pro-
duced with a constant rate g, the following can be obtained from Eq. (7).
qt
Nccy

=pi—p (18)

where p; is the initial reservoir pressure (Pa). From Egs. (17) and (18), the
FMB equation of radial composite oil reservoir can be obtained as follows.

t Pi—ow
bc s —
NcEct * P q

(19)

2.2. Adaptability of flowing material balance method

It can be seen from the FMB equation Eq. (19) of the radial composite oil
reservoir that it has exactly the same form as the FMB equation of a homo-
geneous reservoir. The only difference between them is that the constant
term has a different expression, and the radial composite oil reservoir uses
the average formation total compressibility. However, the geological
reserves obtained by straight-line fitting are affected by the total compress-
ibility, not by the constant term. The original FMB method generally uses
the total compressibility obtained by wellbore coring. When using it to
evaluate the geological reserves of radial composite oil reservoirs, errors
will inevitably be brought about.

The following parameters are defined.
g T (20)
¢’ Te
R, is the porosity ratio, and R, is the proportion of the inner zone. The
ratio of the geological reserves obtained by the original FMB method to the
actual geological reserves is as follows.

N; R+ (1-RY)/F
N TR+ (1-R)/Ry

Ry =

(21)

where N"_ is the geological reserve evaluated by the original FMB method
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Figure 2. The effect of parameters for radial composite reservoirs on the geological reserves
obtained by the original FMB method.

(m®). The effect of related parameters on the geological reserves obtained
by the original FMB method is shown in Figure 2. The FMB method uses
the production data of the boundary-dominated flow stage. At this stage,
when the well produces at a constant rate, changes in the reservoir state
are controlled by the formation fluid and pore compressibility, which is the
average total compressibility of the formation. The larger the average total
compressibility of the formation, the smaller the geological reserves
obtained by the FMB method. For radial composite reservoirs, only the
total compressibility at borehole can be obtained. Therefore, the geological
reserves evaluated by the original FMB method decrease with the increase
of the storativity ratio, and increase with the increase of the porosity ratio,
which may lead to an order of magnitude increase. There is no monotonic
relationship between the geological reserves evaluated by the original FMB
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method and the proportion of the inner zone. When the storativity ratio is
large, the geological reserves evaluated by the original FMB method
increase as the proportion of the inner zone increases. When the storativity
is relatively small, the geological reserves evaluated by the original FMB
method will decrease as the proportion of the inner zone increases.

3. Flowing material balance method for naturally fractured
oil reservoir

3.1. Derivation of flowing material balance method

When the natural fractures are densely developed, the dual-porosity
medium model can be used to characterize the naturally fractured oil reser-
voir. It is assumed that the oil reservoir is a closed circle, the producing
well is located at the center of the circle, and the production is carried out
at a constant rate g. For the transient dual-porosity medium model with a
slab matrix, the flow governing equations, interface conditions and bound-
ary conditions are as follows.

(bc)pmdpr 10 (r%) LR (22)
kf ot ror or kf
<¢Ct)m/“£ apm — 82 m
kn Ot 02 )
2 knOpm
m = E?E z=0 (24)
Pm}z:o =pr (25)
Opm =0 (26)
82 Z:hm/2
| _
=z B —0 (27)
8pf o ,uBoq
or |,_,. - 2mkghr, )

where k,, and k¢ are the permeability of the matrix and fracture respectively
(m?); ¢, and ¢y are the porosities of the matrix and fracture respectively;
cum and ¢ are the total compressibility of the matrix and fracture respect-
ively (Pa™'); z is the coordinate of the slab matrix with the origin at the
matrix-fracture interface (m); p,, and p; are the pressure of the matrix and
fracture respectively (Pa); hy, is the thickness of the slab matrix (m); gy, is
the rate of matrix-fracture interporosity flow (m?*/s).
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The MB equation of dual-porosity media is as follows.

9py
_ctm(j)mrc(rg — rfv)ha——ctqufn(r —r )h g;” = B,gq (29)
When the production reaches the pseudo-steady state, considering r,<r.,
the following results can be obtained from Eq. (29).
@ _ aﬁm Boq

o= o mh(ad) (30)

where p; and p,, are the average pressure of the fracture system and the
matrix system, respectively (Pa). For the matrix flow governing equation
Eq. (23), matrix boundary condition Eq. (26) and matrix-fracture interface
condition Eq. (25), the following matrix pressure distribution can be
obtained.

Boq.u(l - 0)) 2 + BocLuhm(l - 0))

= 31
2nr2k,,h ¢ 2nr2k,,h i 31
The storativity ratio is defined as follows.
c
(e -
(¢Ct )m+f
Therefore, the average pressure of the matrix system is as follows.
hm
_ 2 (% (2 (> Boquh?, (1 —w)  _
= — mdz | dr = .
Pm = r2—r? er r(hm JO P Z> ’ 127k, r2h + by
oq.u(l B (1)) -
_ 33
onk,,r2h by (33)
The shape factor is as follows.
12

From the matrix pressure distribution Eq. (33) and matrix-fracture inter-
porosity flow Eq. (24), the following results can be obtained.

_ Byq(1 —w)

— 35
" nrth (35)

Therefore, when the reservoir production is in a pseudo-steady state, from
Eq. (35) and fracture flow governing equation Eq. (22), boundary condi-
tions Egs. (27) and (28), the pressure distribution of the fracture system
can be obtained as follows.
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Boqu
anfh

Bogu (rz_ 2

’
pr(r) == 4mksrzh rW) + In E TP (36)

It is easy to check that Eq. (36) satisfies boundary condition Eq. (27).
Therefore, the average pressure of the fracture system is as follows.

_ 2 e UB,q r. 3
= dr ~ In ——= w
Py r2 — 2 erpfr d 2mk¢h n ry 4 t Py

uBoq 4A
= 1 37
4mtksh (CAe’/’er TPy (37)

where C, is the reservoir shape factor; A is the reservoir area (m?); 7 is the
Euler constant. If the oil well is produced at a constant rate g, combining
with Eq. (33), the following result can be obtained from the MB Eq. (29).

B,qt _ Boqu(l — o)’

nreh(dee) s —Pipy ank,rh (38)

From Egs. (37) and (38), the following equation can be obtained.

Byt 2 uB, UB, 4A Pi—Pur
nrgh(ql)ct)m+f + @) ank,rth - 4nkeh n (CAeVrf) q (39)

The following parameters are defined.

nr*h
B,

c

Co = M (41)
¢m+f
uB, uB, 4A

bi e = (1 —m)° 1 )
aps = (1= 0) anK,,r*h * 4nKch B (CAe“/er (42)

Ny is the geological reserves of the naturally fractured oil reservoir (m?);
Car is the average formation total compressibility (Pa—'). The FMB equation
of the transient dual-porosity medium model can be rewritten as the fol-
lowing form.

t Pi—ow
— + bd, ss —
NyCat P

(43)

When the matrix is spherical or using a pseudo-steady-state dual-poros-
ity medium model, it is easy to obtain the same FMB equation as Eq. (43).
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Figure 3. The effect of parameters for naturally fractured reservoirs on the geological reserves
obtained by the original FMB method.

3.2. Adaptability of flowing material balance method

Like radial composite oil reservoirs, naturally fractured oil reservoirs also
have the same FMB equation as homogeneous reservoirs. Similarly, it has a
different expression of the constant term from the original FMB equation,
and uses the average formation total compressibility. Therefore, when eval-
uating the geological reserves of naturally fractured oil reservoirs by the
original FMB method, the use of inappropriate total compressibility may
cause significant errors.
Equation (20) is replaced with the following definition.

Ry = ﬂ (44)

D

It is easy to obtain the ratio of the geological reserves of naturally frac-
tured oil reservoirs obtained by the original FMB method to the actual geo-
logical reserves as follows.

Nf;_ 1
Ni  (1+Ry)(1—w)

(45)

where Ny is the geological reserves evaluated by the original FMB method
(m®). The effect of related parameters on the geological reserves obtained
by the original FMB method is shown in Figure 3. For naturally fractured
reservoirs, only the matrix parameters can be obtained from the core
sampled from the wellbore. Therefore, the geological reserves evaluated by
the original FMB method increase with the increase of the storativity ratio,
and decrease with the increase of the porosity ratio. The geological reserves
evaluated by the original FMB method increase faster with the increase of
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Table 1. Parameters for simulation.

Parameter Unit Radial composite Naturally fractured
Well radius m 0.1 0.1
Skin factor 0 0
Wellbore storage m*/d 0.1 0.1
Initial pressure MPa 40 40
Reservoir thickness m 20 20
Formation volume factor m3/stm? 1.026
Viscosity cp 0.654 0.654
Boundary distance m 1000 1000
Composite radius m 500

Mobility ratio 1

Storativity ratio 2 0.1
Interporosity flow coefficient 10°°
Inner zone porosity % 10

Outer zone porosity % 25

Fracture porosity % 1
Matrix porosity % 18
Inner zone permeability mD 10

Fracture permeability mD 10
Inner zone total compressibility MPa~" 0.001054

Fracture total compressibility MpPa~! 0.001054

the storativity ratio. When the storativity ratio is less than 0.8, the geo-
logical reserves evaluated by the original FMB method are in the same
order of magnitude as the actual geological reserves. For naturally fractured
oil reservoirs, the storativity ratio is generally not so large. Therefore,
although the geological reserves obtained by the original FMB method may
have a significant error, there will be no order of magnitude difference.

4, Case study

We apply the FMB method proposed above to artificially simulated pro-
duction data, so that we can accurately know the actual geological reserves
and the accuracy of the FMB methods can be easily analyzed. The produc-
tion processes of radial composite reservoirs and naturally fractured reser-
voirs are simulated respectively. The parameters of the reservoirs are
shown in Table 1, and the production process is shown in Figure 4.

Considering the case that the production rate is 0, we rewrite Eq. (19) as
follows.

q Np 1

1 _ 45
Ap = bophpNen | bopm (45)

where Ap=p;-p.s is pressure difference (Pa); N, is Cumulative production
(m?). Therefore, the production data can be used to fit the straight line
q/Ap—N,/Apcy, and the intersection of this straight line and the x-axis is
the geological reserves. The FMB Eq. (43) for naturally fractured reservoirs
is also rewritten in this way. The results of FMB fitting using different total
compressibilities are shown in Figures 5 and 6. For the radial composite
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Figure 4. The simulated production (a) radial composite reservoir; (b) naturally frac-
tured reservoir.

reservoir, the actual geological reserve obtained from Eq. (17) is
2.6792 x 10°m’; The geological reserve obtained by the original FMB
method is 3.8269 x 10°m>, with an error of 42.8%; The geological reserve
obtained by the FMB method proposed in this study is 2.6789 x 10°m?,
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Figure 5. The fitting by FMB method for radial composite reservoir (a) original FMB; (b) FMB
proposed in this study.

with an error of 0.01%; It is easy to validate that the geological reserves
obtained by these two methods meet the relationship Eq. (21). For the nat-
urally fractured reservoir, the actual geological reserve obtained from Eq.
(40) is 1.1636 x 10'm’ The geological reserve obtained by the original
FMB method is 1.2249 x 10’ m?®, with an error of 5.3%; The geological
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Figure 6. The fitting by FMB method for naturally fractured reservoir (a) original FMB; (b) FMB
proposed in this study.

reserve obtained by the FMB method proposed in this study is
1.1634 x 10'm’, with an error of 0.02%; It is easy to validate that the geo-
logical reserves obtained by these two methods meet the relationship Eq.
(45). Therefore, the method proposed in this study is feasible and
more accurate.
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5. Discussion

The previous analysis assumes that the reservoir is producing at a constant
rate. In the case of variable rate, the actual physical time in the aforemen-
tioned method can be replaced by the material balance time. The previous
analysis is for water-free oil reservoirs. When the reservoir has immobile
water, the effective compressibility considering water saturation can be used
instead of the previous total compressibility. For gas reservoirs, pseudo-pres-
sure and pseudo-time can be used to replace the pressure and time in the
aforementioned equations. If it is coalbed methane or shale gas reservoirs
that need to consider gas adsorption, the total compressibility defined by
Han, Liu, and Li (2019) considering the volume of the adsorbed phase can be
used instead of the original total compressibility in the previous equations.

In order to reduce the error caused by using the FMB method to determine
geological reserves, it is necessary to determine the average formation total
compressibility. For composite reservoirs, the parameters obtained by core
analysis can only represent the properties of the formation near the oil well,
and cannot represent the properties of the distant formation. For naturally
fractured reservoirs, the size of the core may not be large enough, and only the
properties of the matrix can be obtained, while the properties of larger-scale
fractures are lost. Therefore, none of them can get a suitable total compress-
ibility. Han et al. (2019) proposed a method to simultaneously determine the
total compressibility of the reservoir scale and the geological reserves. The total
compressibility determined by this method is the average value in the drainage
area, which is very representative. In addition, although the well test analysis
cannot obtain the porosity ratio of different areas of radial composite reser-
voirs or matrix-fracture porosity ratio, the storativity ratio and inner radius
can be obtained, which helps to improve the accuracy of the FMB method.

The FMB method only uses the production data of the boundary-domi-
nated flow stage, and cannot obtain parameters such as the storativity ratio
and porosity ratio. Although the method of Han et al. (2019) can obtain
the average total compressibility of the formation, these methods require a
sufficiently long stable production time, which is often not met in practice.
In order to solve this problem, we plan to use machine learning methods
in the future to make use of all production data. It is hoped that the stora-
tivity ratio and porosity ratio can be obtained through the data of the
unsteady flow stage, and the requirement for the duration of stable produc-
tion time can be reduced.

6. Conclusions

The original FMB method for evaluating geological reserves is based on the
homogeneous medium model. However, oil reservoirs are often
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heterogeneous. We derived the FMB methods for radial composite oil res-
ervoirs and naturally fractured oil reservoirs, and found that they have
exactly the same form as the original FMB equations. The difference
between them and the original FMB equation is that the constant term
expression is different, and the geological reserve is scaled by the average
formation total compressibility. The accuracy of the geological reserves
obtained by the FMB method is mainly affected by the average formation
total compressibility. Generally, the total compressibility is obtained
through wellbore coring, which cannot represent the average condition of
the reservoir and easily causes errors that cannot be ignored. When the res-
ervoir is a composite formation, there may be orders of magnitude differ-
ence in the geological reserves obtained by the FMB method. When it is a
naturally fractured reservoir, although there are significant errors, it is usu-
ally in the same order of magnitude as the real geological reserves. Case
study validates that the method proposed in this study is more accurate. In
the future, it will be very important to validate the model proposed in this
study with appropriate well test data and production data.
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Nomenclature

ki, ky permeability of the inner and outer zones, respectively (m?)

kms k¢ permeability of the matrix and fracture, respectively (m?)

¢1, ¢,  porosity of the inner and outer zones, respectively

¢m> ¢r  porosity of the matrix and fracture, respectively

s Lo oil viscosity of the inner and outer zones, respectively (Pa-s)

c» € total compressibility of the inner and outer zones, respectively (Pa™ )

Cums G total compressibility of the matrix and fracture, respectively (Pa™!)

Ca>Cqr  average formation total compressibility for radial composite reservoirs and natur-
ally fractured reservoirs, respectively (Pa~"')

Tw» 'n» e radius of the oil well, the inner and outer zones, respectively (m)

r radial coordinate centered on the oil well (m)

t the time (s)

B, formation volume factor of the oil (m?/m?)

h, By, thickness of the oil reservoir and the slab matrix, respectively (m)
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% qm
P) ow, Pi

pm’ Pf

Pf) pm
M, F

CA) V
A
o, W

N, Nh ¢

production rate and rate of matrix-fracture interporosity flow, respectively (m>/s)
reservoir pressure, bottom-hole pressure and the initial reservoir pressure,
respectively (Pa)

pressure of the matrix and fracture, respectively (Pa)

average pressure of the fracture system and the matrix system, respectively (Pa)
mobility ratio and the storativity ratio for radial composite reservoirs,
respectively

porosity ratio and the proportion of the inner zone, respectively

coordinate of the slab matrix with the origin at the matrix-fracture interface (m)
reservoir shape factor and the Euler constant, respectively

reservoir area (m?)

shape factor and storativity ratio for naturally fractured reservoirs, respectively
geological reserves of the composite reservoir evaluated by the presented FMB
method and the original FMB method (m?)

Ny, Nh d geological reserves of the naturally fractured oil reservoir evaluated by the pre-

sented FMB method and the original FMB method (m®)

Abbreviations

FMB

flowing material balance
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