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Abstract

The release of dissolved gas during the development of gas-bearing tight oil reservoirs has a great influence on the effect of
development. In this article, the high-pressure mercury intrusion experiment was carried out in cores from different regions
and lithologies of the Ordos Basin and the Sichuan Basin. The objectives are to study the microscopic characteristics of the
porous throat structure of these reservoirs and to analyze the porous flow resistance laws of different lithology by conduct-
ing a resistance gradient test experiment. A mathematical model is established and the oil production index is corrected
according to the experiment results to predict the oil production. The experimental results show that for tight reservoirs in
the same area and lithology, the lower the permeability under the same back pressure, the greater the resistance gradient.
And for sandstone reservoirs in different areas, the resistance gradients have little difference and the changes in the resist-
ance coefficients are similar. However, limestone under the same conditions supports a much higher resistance gradient than
sandstone reservoirs. Furthermore, the experimental results are consistent with the theoretical analysis indicating that the
PVT (pressure—volume-temperature) characteristics in the nanoscale pores are different from those measured in the high-
temperature, high-pressure sampler. Only when the pressure is less than a certain value of the bubble point pressure, the
dissolved gas will begin to separate and generate resistance. This pressure is lower than the bubble point pressure measured
in the high-temperature and pressure sampler. The calculation results show that the heterogeneity of limestone reservoirs
and the mismatch of fluid storage and flow space will make the resistance, generated by the separation of dissolved gas, have
a greater impact on oil production.

Keywords Gas-bearing tight oil - Resistance gradient - Tight sandstone - Tight limestone - Material balance - Production
forecast

Introduction

Tight oil reservoir is a trendy topic for exploration and
development as a typical unconventional petroleum resource
(Zhou et al. 2021; Zhu et al. 2019; Annual Energy Outlook
2020; Ali et al. 2020). The technically recoverable resources
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of tight oil in China are predicted to be about (20-25) x 108,
which is an important replacement resource (Song et al.
2020a; Qin et al. 2021; Gao et al. 2021). Tight oil is light
in quality and contains dissolved gas. Some tight oil reser-
voirs even have high original gas—oil ratio. The most typical
ones are Triassic tight sandstone in Ordos Basin and Jurassic
tight sandstone and tight limestone in Mid-Sichuan Basin,
as shown in Fig. 1.

Pressure of formation drops quickly by means of deple-
tion-drive mechanism, which is the main exploitation
method of tight reservoirs due to difficulty to replenish
energy caused by small pore throats. When pressure drops to
bubble point pressure, dissolved gas begins to separate out,
which leads to a sharp decline in production and seriously
affects the effectiveness of tight oil development (Shen et al.
2021; Wu et al. 2014; Xiao et al. 2018; Jones 2016). Hence,
research on porous flow resistance of tight oil reservoirs is
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Fig. 1 Location of Ordos basin and Sichuan basin(Guo et al. 2018)

of great significance to effectively develop tight reservoirs.
Current experimental study on depletion-drive mechanism
of gas-bearing oil reservoirs is mainly divided into micro-
scopic visualization study and macroscopic depressurization
experiment simulating depletion-drive process. Chatenever
(Chatenever et al. 1959) first studied degassing process of
gas-bearing oil reservoirs through microscopic visualiza-
tion experiment and described characteristics of gas phase
changes in porous media during degassing. Later, many
scholars also used glass etching model and other visual
methods to observe phase change process of gas-bearing oil
in porous media (Bora et al. 2000; Danesh et al. 1987; Lago
et al. 2002; Dominguez et al. 2000). Based on these percep-
tual understandings, scholars in China and abroad have per-
formed depressurization experiments to simulate depletion-
drive process through sand packs and cylindrical cores, as
well as studied the influence of factors such as pressure drop
rate, back pressure, and oil viscosity on oil production and
production gas—oil ratio. Internal mechanism of the influ-
ence is analyzed combining with the results obtained from
microscopic experiments (Lu et al. 2016; Akin and Kovscek
2002; Sheikha and Darvish 2012; Arora and Kovscek 2003;
Moulu 1989; Stewart et al. 1954; Zhang et al. 2018). Current
experimental studies mainly focus on mid-high permeabil-
ity or heavy oil reservoirs, but few on tight oil. The porous
flow pattern of heavy oil is very different from that of con-
ventional oils, which mainly presents the form of foamy oil
flow and has a unique pseudo-bubble point pressure (Smith
1988; Maini 1999; Abusahmin et al. 2017). Furthermore,
the microstructure characteristics of mid-high permeability
formation are very different from tight oil formation (Guo
et al. 2020; Wang et al. 2020; Chen et al. 2018; Nithiwat
etal. 2017; Yan et al. 2017). Hence, whether the conclusions
drawn in mid-high permeability and heavy oil reservoirs can
be applied to tight oil reservoirs needs further study. At the
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Fig.2 A sketch of jamin effect

same time, the existing studies mainly focus on microscopic
mechanism of porous flow, but few on porous flow resist-
ance or the influence of different lithology on porous flow
resistance. This paper focuses on tight oil reservoirs, uses
physical simulation experiments and high-pressure mercury
porosimeters to analyze the microscopic pore structure char-
acteristics of cores with different lithology and permeability.
It also establishes a test method to estimate the porous flow
resistance gradient of gas-bearing in tight oil reservoirs and
studies the impact of gas separation on production of tight
oil reservoirs.

Porous flow resistance experiment
Principle

When production pressure is lower than bubble point pres-
sure during development of gas-bearing tight oil reservoirs,
dissolved gas in crude oil begins to separate out, and the
separated gas produces additional resistance, which is called
Jamin effect. Jamin Effect, a kind of interface effect, refers
to the resistance caused by the deformation of separated gas
passing through throats. As a consequence, the narrower the
throats, the greater the resistance, as shown in Fig. 2. From
the perspective of micro-mechanism, the definition of Jamin
effect is Eq. (1). Resistance in gas-bearing tight reservoirs
is higher due to the low permeability, the narrow throats
and the Jamin effect. The latter make resistance extremely
important, seriously affecting productivity and therefore
must be considered in the development process.

1 1
=7 -7) v

Theoretically, the capillary force on each interface can be
calculated by Eq. (1), but in practice, this is impossible. The
reason is that we cannot know exactly how many interfaces
are generated, as well as the radius of the throat correspond-
ing to each interface. Besides, interfaces are always chang-
ing. So if we want to measure resistance quantitatively, we
can only use a macro-method. In order to experimentally
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and quantitatively characterize resistance of gas-bearing oil,
the ratio of pressure difference between two ends of a core
to core length is defined as resistance coefficient R, namely:

Pr— P
R=—"—= @
where R is resistance gradient, MPa/m; p, is final stable
value of pressure at core inlet, MPa; p, is back pressure at
core outlet, MPa; L is core length, m.

In tight reservoirs, the size and distribution frequency of
pore throats is an important factor affecting flow capacity
of reservoirs (Li et al. 2020, 2017, 2018; Lin et al. 2021,
2018). In order to better analyze resistance of gas to cores
with different lithology and permeability, microscopic pore
throat structure characteristics are first studied using a high-
pressure mercury porosimeter.

Cores and fluids

Nine cores were selected for the experiment, including three
tight sandstone cores from Triassic Yanchang Formation in
Ordos Basin, three tight sandstone cores from Jurassic Shax-
imiao Formation in Sichuan Basin, and three tight limestone
cores from Jurassic Da’anzhai Formation in Sichuan Basin.
The diameter of each core is 2.5 cm, other parameters are
shown in Table 1.

The oil for experiment is degassed crude oil uniformly
selected from Ordos Basin to compound live oil in order to
reduce the influence of other factors. Live oil is compounded
by degassed crude oil and dissolved gas in a high-temper-
ature and high-pressure sampler. Dissolved gas is prepared
according to the main components of associated gas on site,
which is composed of CH,, C,H,, C;Hg and N,, with mole
fractions of 54.8%, 37.0%, 5.0% and 3.2% separately. The
dissolved gas—oil ratio is 80m>/t, the viscosity of degassed
crude oil at reservoir temperature (72 “C) is 1.23 mPaes, and
the live oil bubble point pressure is 10.72 MPa measured

Table 1 Parameters of cores

Core number  Porosity (%) Gas log Lithology  Region
permeability
(mD)
17-3B 9.35 0.08 Sandstone  Ordos
10-2A 10.48 0.27 Sandstone  Ordos
15-1B 13.23 0.59 Sandstone  Ordos
0218 2.61 0.003 Sandstone  Sichuan
0204 3.08 0.11 Sandstone  Sichuan
0322 4.71 0.94 Sandstone  Sichuan
119 1.51 0.03 Limestone Sichuan
164 1.49 0.15 Limestone  Sichuan
139 2.25 0.65 Limestone Sichuan

under formation conditions in high-temperature and pressure
sampler. The formation water used is prepared with distilled
water and NaCl, CaCl,, MgCl,, which occupy 43.75 g/L,
3.75 g/L and 2.50 g/L, respectively.

Procedures
Characteristics of microscopic pore throat structure

High-pressure mercury injection technology is based on
capillary model and uses non-wetting phase to replace wet-
ting phase. During mercury injection, capillary radius cor-
responding to injection pressure is the throat radius, and
the mercury injection value corresponds to the pore vol-
ume controlled by the throat. Capillary pressure curve and
pore throat distribution curve can be obtained by constantly
changing injection pressure. The minimum pore size tested
by the porosimeter is 2 nm (Yang et al. 2017). The instru-
ment used in the experiment is PoreMaster®60/33 mercury
intrusion meter from Kantar Corporation. The cores have
been dried at 105 °C to a constant weight before mercury
intrusion.

Porous flow resistance gradient experiment

The experiment procedure is shown in Fig. 3, which includes
three systems: gas-containing oil compounding system, dis-
placing system and back pressure controlling system. The
gas-containing oil compounding system includes a TC-100D
constant speed and pressure pump, a high-temperature and
pressure gas-containing oil sampler, and an intermedi-
ate container filled with kerosene. The displacing system
includes a core holder, a confining pressure pump, inlet and
outlet pressure sensors, a differential pressure sensor with
accuracy of 0.0015 MPa, computer and recording software.
The back pressure control system includes a piston container
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Fig.3 Experimental scheme of pressure gradient experiment
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filled with nitrogen and a confining pressure pump. The
experiment is carried out in a thermostat.
The experiment steps are as follows:

1. Connect equipment according to Fig. 3, use constant
speed and pressure pump to raise pressure in the back
pressure intermediate container to 15 MPa;

2. Use kerosene to empty fluid in the core holder and pipe-
line without confining pressure, then raise pressure in
pipeline at both ends of the core holder to 16 MPa;

3. Add 18 MPa confining pressure, open valves between
the core holder and the back pressure intermediate con-
tainer, then use gas-bearing oil to displace the core under
the constant pressure of 18 MPa. After the displacement
of 10 times the pore volume, close the valves;

4. Open valves of the differential pressure transducer, and
use computer software to record sensor reading every
1 min until pressure difference change is less than 0.15%
in an hour;

5. Reduce pressure in back pressure intermediate container
regularly, repeat process @ to obtain a stable value of
pressure difference between the core at different back
pressure, and calculate the resistance gradient coefficient
R according to the definition formula (1).

Experimental results

Figure 4 shows the test curve of the high-pressure mercury
intrusion experiment of 9 cores. From the results, it can be
seen that with increase in permeability, proportion of space
occupied by wide throats increases while narrow throats’
decreases, and the homogeneity of sandstone is strong, while
that of limestone is weak. As shown in Figs. 5 and 6, sand-
stone cores have almost no space occupied by micron-scale
throats wider than 1 pm, while the submicron-scale throats’
accounts for the largest proportion with a relatively similar
variation and strong homogeneity.

100% - |
90% I
80%
70%
60%
50%
40%
30%
20%
10%
0%

E>lpym ®0.1-lpm ®0.01-0.1ym ®<0.01pm
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Fig.5 Proportion of different scale spaces

However for limestone, the space occupied by micron-
scale throats can account for up to 18.3% when permeability
is high, while the space occupied by nanoscale throats in the
range of 0.01-0.1 pm also accounts for a large proportion,
which can reach 86.1% when permeability is low. It shows
that microstructure of sandstone formation in the two dif-
ferent regions is similar, both develop submicron-scale and
nanoscale throats and almost no micron-scale throats. On the
other hand, limestone has poor homogeneity and relatively
narrow throats, and micro-nanoscale throats occupy a larger
proportion, which is obviously different from sandstone.

Porous flow resistance gradient under different back pres-
sures is calculated according to definition formula of resist-
ance gradient R, the relationship between back pressure and
resistance gradient of 9 cores is shown in Fig. 6. It can be
seen from the figure that:

(1) For cores with the same lithology in the same area, the
lower the permeability under the same back pressure,
the greater the resistance gradient. Taking Ordos tight
sandstone as an example, when back pressure is 8 MPa,
resistance gradient of core 17-3B is 0.762 MPa/m, of
core 10-2A is 0.325 MPa/m, and of core 15-1B is
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Fig.4 High-pressure mercury intrusion test curves of 9 cores. a 3 Ordos sandstone cores. b 3 Mid-Sichuan sandstone cores. ¢ 3 Mid-Sichuan
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Fig.6 Relationship between
back pressure and resistance
gradient
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0.129 MPa/m. This is because when back pressure is
lower than bubble point pressure, there is a process of
bubble nucleation and growth. When formation throats
are narrow, the permeability is low and consequently a
resistance to porous flow will be generated when tiny
bubbles pass through them. When formation throats
are wide, the permeability is high and tiny bubbles
do not yet generate a resistance gradient. According
to Jamin effect, when bubbles of the same size pass
through throats of different sizes, the resistance gra-
dients produced are different. The smaller the throat
radius, the greater the resistance. Combined with the
results of high-pressure mercury injection experiments,
core 17-3B has a narrow throat, while core 10-2A and
core 15-1B have wider throats and similar pore throat
structures, so core 17-3B has the largest resistance gra-
dient, and the other two have lower ones and not much
difference.

For sandstone cores in two different regions, varia-
tion patterns of resistance are similar; for cores with
different lithology, resistance of limestone under the
same permeability and back pressure is much higher
than that of sandstone. As shown in Fig. 7, resistance
of sandstone increases exponentially as permeability
decreases, and the order of magnitude is the same;
while for sandstone and limestone cores with the
same permeability and back pressure of 0.27mD and
8 MPa, the resistance coefficients could differ by up to
10 times, which shows that pore structure has a great
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influence on resistance gradient. Combined with the
results of high-pressure mercury intrusion experiment,
for limestone formation, the percentage of micron- and
submicron-scale pores has a tendency to increase as
permeability increases, but the nanoscale pores still
account for a large proportion. While the main contri-
bution to permeability is derived from the micron- and
submicron-scale pores, the fluid storage does not match
the flow space, resulting in high resistance gradient
(Wang et al. 2019; Qiao et al. 2020; Zhang et al. 2020).
For sandstone formation, as permeability increases, the
percentage of submicron pores increases. At the same
time, permeability contribution mainly comes from
submicron pores, the fluid storage space matches the
flow space, so the resistance gradient is low.

(3) When back pressure is lower than the bubble point pres-

sure 10.72 MPa within a certain range, dissolved gas
in cores is not separated out, which is an unique phe-
nomenon of tight reservoirs. This is consistent with the
theoretical analysis results in the literature (Zhang et al.
2002; Song et al. 2020b; Nojabaei et al. 2013), that is,
the PVT (pressure—volume-temperature) characteristics
in nanoscale pores are different from those measured
in high-temperature and high-pressure sampler. Due to
the narrow throat, capillary force is generated, which
affects the phase change process, so pressure must drop
to a lower value, then dissolved gas will separate out.
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Fig. 8 Material balance model for gas-bearing tight oil reservoir

Hence, there is no porous flow resistance gradient yet
in the initial stage of separation.

Production forecast model

For oil reservoirs that have been put into development,
dynamic reserves are one of the key indicators for evalu-
ating development status. Dynamic reserves are the total
volume of fluid that can finally flow effectively under cur-
rent mining technology conditions. The material balance
method is an effective and accurate method for calculating
dynamic reserves. The existing material balance models
for gas-bearing oil reservoirs are mostly established for
conventional medium and high permeability reservoirs
and usually do not consider the influence of the resistance
gradient caused by the Jamin effect, so the results are quite
different from the actual ones.

According to the results of the experiment in the previ-
ous section, the oil production index item in the model is
revised, and the influence of dissolved gas resistance on
production is considered to establish a more accurate mass
balance production forecast model.
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Model establishment

The gas-bearing tight oil reservoir model is shown in
Fig. 8. In the initial state, formation pressure is p;, and the
total volume of oil and original dissolved gas in reservoir
is NB;; when pressure is p, the pressure drops by Ap. At
this time, original oil and dissolved gas volume changes
are divided in two parts: A and B. A is the increased vol-
ume of oil and original dissolved gas due to expansion; B
is the decrease in hydrocarbon-containing pore volume
caused by the expansion of bound water and the decrease
in pore volume.

For undersaturated oil reservoirs, p;> p,, the material bal-
ance equation is

Ny = NB,; [CI‘ + (p(SoiCo + SWCCW)] Ap/BOb A)

where Ny is elastic oil production, m>; Nis original reserves
of formation, m>; B; is formation oil volume factor under
original formation pressure, m*/m?>; Cyis fracture compres-
sion factor, 1/MPa; ¢ is porosity, %; S, is original oil satu-
ration; C, is isothermal compression coefficient of forma-
tion oil, 1/MPa; S is irreducible water saturation, %; C,, is
isothermal compressibility coefficient of formation water, 1/
MPa; B, is formation oil volume coefficient under bubble
point pressure, m>/m>.

For saturated oil reservoirs, p; <p,, the material balance
equation is

NP [Bo +Bg(Rp - R‘V)]

C,Sym + C

=N, [BD — B, +B,(R;—R,) + WILSf‘“BobAp]
C,,Sui + Cyt

+N;|B, — By, + B,(R; — R,) + 1_—SfBobAp

“
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where R, is cumulative gas—oil ratio, ground cumulative gas
production (ground m*)/ground cumulative oil production
(ground m*); Rs is dissolved gas—oil ratio, m*/m?; Ry is orig-
inal dissolved gas—oil ratio, m3/m>; N,, is original formation
oil reserves in matrix system, m>; Swm 1s formation water
saturation in matrix system; Cg, is matrix compressibility; N,
is original formation oil reserves in fracture system, m>; N[,
is cumulative oil production, m%; S, is formation water satu-
ration in fracture system; Cy is fracture compression factor.

The derived material balance equation considers the dual
media model composed of matrix system and fracture sys-
tem (it is a generalization of the model). The porosity of the
two systems is calculated separately. The porosity of matrix
system includes organic and inorganic matrix; the porosity
of fracture system includes natural and artificial cracks.

Model solution
According to the material balance finite difference method

proposed by Aguilera (Orozco and Aguilera 2018), the
change law of the recovery factor of reservoirs with time

Calculate total average irreducible water saturation of
matrix system and fracture system in the initial state

Swi = Swim(1 - Vi) + Swifvi (8)

where v is segmentation coefficient, which can be obtained
from well test data; S is initial irreducible water saturation,
%; Syim 18 irreducible water saturation of matrix system in
the initial state, %; S, is irreducible water saturation of
fracture system in the initial state, %.
The initial oil saturation can be calculated by 1-S,;.
Considering the compressibility of fracture system, for
each new reservoir pressure p;,, the fracture porosity ¢ and
fracture permeability k, are calculated through the equation
proposed by Jone (Jones 1975).
Prit _ <lﬂ>l/3 _ logp,,, —logp, ©
o ki logp; —logp,,
where @ is the porosity of fracture system, %; k. is perme-

ability of fracture system, mD.
Calculate partition coefficient of step i+ 1

Priv1
is predicted. The finite difference equation for pressure Vi1 = ﬁ (10)
below bubble point is derived as follows: il T Fmitl
[N - (N,).]A(ﬂ - RS> +NBy? [(1 - o)C +C'|Ap A(i) + (l) - A<L>
i B, B, B, )it B, 5
AN, = )
Bo .
<l7g Rs>i+1 * Ruve
where R, is average value of R at step i and step i+ 1; B,is ~ where
volume factor of dissolved gas under formation conditions,
m?*/(standard)m®; w is proportion of fracture system in initial ~ Pmi+1 = (1 ~ Phi )(p,, an

oil reserves.
The compressibility coefficients C” and C”” of the
matrix and the fracture systems are

lig1 =1+ Aty (6)
/" _ CWSWf + Cf 7
T 1=S, 7

The variable symbol A in formulas represents the
amount of change from step i to step i + 1. It is necessary
to know all physical parameters in advance.

First, write a material balance equation only for matrix
system, use the relative permeability data of matrix system,
and calculate the relationship between oil saturation S, and
pressure of matrix system. This step is only necessary when
oil and gas saturation of fracture system changes with time
and pressure. If oil and gas phase saturation of fracture sys-
tem are not considered, this step can be omitted.

@}, 1s matrix porosity related to the volume of matrix system,
which is assumed to be a constant value. ¢,, is porosity of
matrix related to the total volume of matrix and fracture
systems. Since fracture porosity changes with pressure, the
value of ¢,, also changes.

The pressure drop is taken at a certain interval and calcu-
lated in several steps. For a new pressure value, assuming that
the cumulative oil production in step i+ 1 is (Np),, ;, calculate
oil saturation S, and gas saturation S,. Calculate fracture sys-
tem oil saturation S based on the previously calculated matrix
system oil saturation S .

(Np)i+1 Bn

)i =|1= =5 |5 (1= Sw) (12)

(Se)ier = 1= (50) 141 = Sue (13)
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(So)i+1 - (Som)i+1 (1 B Vi+1)

Vit1

(5y)1 = (14

where S, is total oil saturation, %; S, is oil saturation of
matrix system, %; S, is oil saturation of fracture system, %.
Calculate instantaneous production gas—oil ratio R

Bo:uokrg> a5)
Bougky, / i1

R)iy1 = <Rs +

8gr-gro

where p, 1s oil viscosity, mPa-s; u, is gas viscosity, mPa-s;
k., 1s relative permeability of gas phase; &, is relative perme-
ability of oil phase.

Next, calculate relative permeability of oil and gas. If
there are available experimental data, use the results of
experimental data to substitute into calculation; if not, cal-

culate k., k,, according to the following formula

_10
(krg)i+1 - krgSi“ (16)
(ko) 1 = ey (1= i) (17)

Substituting calculation results above into Eq. (6) to
calculate the increase in oil production in step i+ 1, add
it to the cumulative oil production in step i, and calculate
the cumulative oil production in step i+ 1

(Np)ia

Compare calculation result of above formula with the
hypothetical one. If the accuracy is satisfied, proceed to
next step; if not, then reset hypothetical value and repeat
the above calculation procedure until accuracy is satisfied.

So far, the relationship between cumulative oil produc-
tion and pressure has been obtained. The following steps
permit computation of oil recovery as a function of time.

To get the relationship between oil production and time,
oil production index must be introduced

(kr0)5+1 (MOBO)I
Rres (kro) 1 (MOBO)H]

= (V,), + AN, (18)

J,

i

1 = (19)

where R, is resistance correction coefficient, which is
obtained from experimental results in the previous section.
Fit the relationship between resistance and pressure as a for-
mula and substitute it into J for calculation.

Calculate oil production rate

(90)i01 = i1 (Piv1 = Pusier) (20)

where J is oil production index, m*/(d-MPa™!); q, 1s oil pro-
duction rate, m3/d; Dy 18 reservoir pressure at step i+ 1,
MPa; p, ¢ is production well pressure, MPa.
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KACST 3.015lq rogle Ll @ Springer

Calculate the annual output decline rate and time incre-
ment from step i to step i+ 1 by combining the previously
calculated cumulative oil production increment (AN,);, in
step i+ 1

(QU)I' - (qo)i
a;,, = 365 l—I] @1
(AN) ..
where a is annual decline rate of oil production, %.
Calculate the time increment from g; to g;,;
qoi
(A =1In <—>/ (] (22)
oi+1
Calculate cumulative time
lig1 = 1 + Aty (23)

where t is accumulated production time, d; At is increment
of production time, d.

For each new pressure, repeat the above calculation pro-
cedure until reservoir abandoned pressure is reached. So far,
relationship between each variable and time is obtained.

For unsaturated oil reservoirs in the initial state and grad-
ually becoming saturated during depletion production, the
calculation of cumulative oil production needs to combine
the material balance equations of both saturated oil reser-
voirs and unsaturated ones and be calculated as follows:

1. When the average reservoir pressure is higher than bub-
ble point, the oil production should be calculated by
Eq. (3).

2. When the average reservoir pressure is lower than bub-
ble point, the cumulative oil production should be cal-

culated from:
N,
pen(%)
N/,

N\ (N,
(NP)Total_i+l = N{ [1 a <N1>b<ﬁp>i+l
24

where (N,)1o1 141 18 the total cumulative oil production
when the average reservoir pressure is lower than the bub-
ble point at step i+ 1; N is the original oil-in-place; (V)4
is determined by Eq. (18); (Np/N)b is the recovery at bubble
point pressure.

Example calculation

Taking the depletion exploitation of gas-bearing tight oil
reservoirs as an example, compare effects of dissolved gas
on production of oil reservoirs with different lithologies.
Assuming that the original oil-in-place is 6503.4 x 10%, the
initial formation pressure is 18 MPa, the abandoned pressure
is 2 MPa, the bubble point pressure is 10.5 MPa, the recover-
able reserves is 2 x 10°t, the crude oil volume factor is 1.247,
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and the original dissolved gas—oil ratio is 92m>/t. The irre-
ducible water saturation is 25%, the gas volume coefficient
under original condition is 0.0092, and the pressure drop
step size is 0.5 MPa. The resistance coefficient of dissolved
gas is calculated using the experimental results of porous
flow resistance of central Sichuan sandstone and central
Sichuan limestone, respectively. The calculation results are
shown in Figs. 9 and 10.

From the oil production graphs of sandstone and lime-
stone reservoirs, it can be seen that the resistance gen-
erated by separation of dissolved gas has a significant
impact on oil production of both sandstone and lime-
stone reservoirs. The lower the permeability, the greater
the impact. It is obvious that after the inflection point,
production drops sharply, and the downward trend of
the curve with lower permeability is steeper. Compared
with different lithologies, limestone reservoirs are more
affected by dissolved gas resistance. It is easy to see from

7 . . : : . . .
6L 4
5 —+— k=0.53mD
5 51 —5—k=030mD | ]
g ——k=0.12mD
5 4l .
1%
L %
= 3L p4 4
3 |y %
= P
T 2f \‘,\ R i
1 L “\‘ -
. -
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Time(month)

the daily production curves that under the same condi-
tions, the curve after the degassing point of limestone
reservoirs drops steeper than that of sandstone reservoirs.
The cumulative production of sandstone reservoirs is sig-
nificantly smoother than limestone reservoirs, the latter of
which has an obvious inflection point, indicating that the
porous flow resistance has a greater impact on limestone
reservoirs. The cumulative production curves combined
with the experimental ones indicate that the heterogene-
ity of the limestone reservoir is stronger. Furthermore,
the fluid storage space and the flow space do not match,
which means that the phase interface produced by the
separated dissolved gas probably blocks the limestone
throat causing increased resistance and affecting produc-
tion capacity. Hence, the production pressure should be
kept above the bubble point when exploiting limestone
reservoirs.
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Fig. 9 Daily oil production (left) and cumulative oil production (right) of sandstone reservoirs

4
35 1
¥ —+— k=0.25mD
. 3%7 —%— k=0.09mD b
g ¥ k=0.03mD
€ 25 1
S
=4 1
g 2f i
o
EPRAS |
LI 1
X v&]_
05F | J
e DT
. R s e o T
0 10 20 30 40 50 60 70 80

Time(month)

Cumulative Production(t)

4500 4

4000

3500

3000

2500

2000

1500

1000

500 |5

Time(month)

Fig. 10 Daily oil production (left) and cumulative oil production (right) of limestone reservoirs
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Conclusions

(1) For sandstone formations in Ordos and Sichuan Basin,
resistance gradients are not much different and have
similar variation laws; while resistance gradient of
limestone is much larger than that of sandstone under
the same conditions. It shows that pore structure has a
great influence on resistance gradient. If fluid storage
space does not match flow space, resistance gradient
will rise steeply.

(2) The PVT characteristics in nanoscale pores are differ-
ent from that measured in high-temperature and high-
pressure sampler. Only when pressure is lower than a
certain value of the bubble point pressure of the gas-
containing crude oil measured in high-temperature and
pressure sampler will dissolved gas begin to separate
out and produce resistance.

(3) When exploiting tight limestone reservoirs, it should
be kept above bubble point pressure; while exploiting
tight sandstone reservoirs, production pressure can be
reduced to a certain range below the bubble point pres-
sure when permeability is high, and when permeability
is low, it should be kept above bubble point pressure.
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