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ABSTRACT

The fluid flow of unconsolidated sandstone reservoir can be affected by compaction and sand production
which will damage the reservoir and affect oil well productivity. This study aims to measure how the two
factors affect the fluid flow. Firstly, single-phase displacement test was applied to investigate how the
permeability changed with compaction. Then two-phase displacement test assessed the influence of
compaction on oil production. Finally, the characteristics of fluid flow with compaction and sand pro-
duction were studied under different water content. The results demonstrate that the reduction of
permeability with compaction is irreversible, which will result in lower productivity. In contrast, sand
production can increase the permeability at mid and high water content, which slows down the decline
of oil production. Generally, the oil well productivity is reduced because of compaction even with sand
production, especially when the formation pressure drop varies from 2 MPa to 4 MPa. Consequently,
advance water injection is necessary to keep the formation pressure and oil production during oilfield
development of unconsolidated sandstone reservoir. Simultaneously, the study can provide theoretical

basis and references for the similar reservoirs.
© 2018 Southwest Petroleum University. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

measures could be adopted to guarantee the oil production. Some
previous works have been developed to study the compaction

The fluid flow in unconsolidated sandstone reservoir can be
severely affected by many factors, especially compaction and sand
production. Compaction and sand production are widespread and
perplexing problems in unconsolidated sandstone reservoir. The
problem can reduce the oil production, damage permeability and
porosity and even cause reservoir impairment, surface subsidence
and casing failure [1-5]. Therefore, it is crucial to know how and
when compaction and sand production would occur so that proper
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behavior and sand production, including field or laboratory evalu-
ation and theoretical modeling.

Several laboratory studies have focused on the compaction
behavior of siliciclastic rock. An experimental approach was
adopted to measure the production-induced compaction, which
showed that the compaction was nonlinear [6,7]. Furthermore,
physical properties and seepage characteristics of unconsolidated
sandstone with compaction were investigated and the results
revealed that the variation of porosity and permeability was irre-
versible, which could influence fluid flow in porous media [8].
Subsequently, several studies focused on the influence of the stress
variations on the volumetric deformational behavior of some un-
consolidated sands [9—16]. The results indicated that compaction
could induce inelastic and irreversible deformation, which led to
sand production simultaneously. After that, several laboratory ex-
periments were applied to analyze sand production performance
over time [17—19]. The research indicated that sand production was
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affected by the flow rates, water saturation, the salinity of injected
water, the confining pressure, the drawdown and the viscosity of
the formation fluid. These results could be used to improve field
situation and provide important references for field management.
However, most of the work focused on the mechanism of
compaction and the factors on sand production. The influence of
compaction and sand production on fluid flow was lacking, espe-
cially considering compaction and sand production simultaneously.

In this work, a series of core flooding tests were designed to
investigate compaction and sand production on fluid flow of an
unconsolidated reservoir located in the Bohai Sea. The cores and
crude oil samples from the unconsolidated sandstone reservoir
were used in the tests. The permeability, pressure drop, relative
permeability and sand volume were measured concerning
compaction and sand production. Three groups of experiments
were conducted for different purposes: (1) single-phase displace-
ment test; (2) two-phase displacement test with compaction; (3)
two-phase displacement test with compaction and sand produc-
tion. Finally, we got the fitting equation to calculate the oil pro-
duction by the method of Levenberg-Marquardt [20] with
compaction and sand production. These results were used to pre-
dict the reasonable formation pressure drop and producing drop
pressure.

2. Experimental methodology
2.1. Experimental setup

The displacement experiments were conducted with a high
pressure, 2.54-cm core holder (TY4). The core holder was operated
with a high-pressure pump (up to 70 MPa) to control indepen-
dently the confining pressure. The pore pressure regulation was
achieved by a back pressure device, while the flow was generated
by two syringe pumps.

In order to measure the low differential pressure, a couple of
transformer sensors and a differential transmitter with high accu-
racy (+0.05%) were adopted. The experimental data was collected
constantly by a date acquisition of pressure across the core holder
and flow through the electronic balance by computer. The tem-
perature controlling system consisted of a heat gun, temperature
controller with a temperature probe (0—200 °C), and two fans to
maintain constant and homogeneous temperature. Two transfer
cylinders were used for injecting formation water and heavy oil.
Fig. 1 presented a schematic of the experimental setup used for the
displacement experiments.

2.2. Sample/fluid properties

The experiments were performed with unconsolidated sand-
stone from the corresponding oil layer of the Bohai Sea. The sam-
ples were prepared directly in the sleeve of diameter D = 2.51 cm.
Porosity was measured by both weighting and gravity saturation.
Absolute permeability was measured by an air permeameter with
nitrogen and brine. Properties of rock used in the single-phase and
two-phase displacement experiments were summarized in Table 1.
The brine was reformulated of deionized water and NaHCO3 and
other salts with the salinity of 6000 mg/L according to the
component analysis of formation water. The oil was prepared with
crude oil and kerosene to get the desired viscosity.

2.3. The experimental procedure
2.3.1. Single-phase displacement experiment

Single-phase displacement experiment was performed to
measure the variation of permeability with compaction by brine

injection. The clean, dried core was first weighed and then placed
into the core holder. After applying overburden pressure of 2 MPa,
the temperature was set to the desired temperature. The transfer
cylinder was filled with brine and allowed to equilibrate for 24 h.
Core was vacuumed for 2h and saturated 100% with brine to
measure its porosity. Then brine was injected into the saturated
core at a constant rate of 1 ml/min via a transfer cylinder. The back
pressure was maintained by a back pressure regulator with the
overburden pressure rising synchronously. The back pressure was
set at the initial reservoir pressure of 15 MPa, and then the over-
burden pressure was raised to the initial pressure of 30 MPa grad-
ually. The core was allowed to equilibrium for 1 h in each pressure.
In the next phase of the experiment, the back pressure was reduced
to current reservoir pressure gradually in successive stages from 15,
to 12, 9, 7, and finally 5 MPa.

2.3.2. Two-phase displacement experiment with compaction

The experiment was performed to measure the flow character-
istics of oil-water displacement system in porous media with the
standard test method of two-phase relative permeability in rocks
[21]. The core was first prepared the same as the experimental
procedure in 2.3.1. Then oil was injected into the saturated core at a
constant rate of 0.1 ml/min via a transfer cylinder with the over-
burden pressure of 5MPa. Oil injection was maintained until
establishing irreducible water saturation. During oil injection,
effluent fractions were collected in the grated tubes while recording
time. In the next phase of the experiment, oil and brine were injected
into the core on the desired flow rate. Eventually, the brine was
injected at a constant rate of 1 ml/min until residual oil saturation
was established. Then overburden pressure was changed to the
desired value and the experimental procedure above was repeated.

2.3.3. Two-phase displacement experiment with compaction and
sand production

Through two-phase displacement experiment with compaction
and sand production, it is possible to have a simultaneous flow of
two phases in the porous media. The simulation oil and brine were
applied in the experiment under the same sand control measure
with the mesh size of 0.125 mm. Test preparation was the same as
the process described for the two-phase displacement in 2.3.2. Then
oil was injected into the saturated core at a constant rate of 0.5 ml/
min via a transfer cylinder until irreducible water saturation was
established. After that the original pore pressure of 15 MPa was
maintained by a back press pump with the overburden pressure
rising to 30 MPa. Then oil was injected into the core at a constant rate
of 5 ml/min, while the flow rate of brine was 1 ml/min. Then the pore
pressure was reduced to the desired value from 15, to 12, 9, 7, and
5 MPa. The data of pressure and flow rate were collected until the
steady state was achieved. In the next phase, the flow rate of oil was
changed at 3, 2, 1, 0.5, 0.2 ml/min while the flow rate of brine was
unchanged at 1ml/min to simulate different water content. The
decline of pore pressure was repeated under different water content.

3. Experimental results and discussion
3.1. The petrophysical properties of sandstone with compaction

Fig. 2 presented the variation of permeability when the back
pressure was changed. The permeability was decreased from
325mD to 155mD when the back pressure was decreased from
15MPa to 5MPa, a decline of 52.3%. The permeability was not
restored when the back pressure was increased from 5 MPa to
15 MPa to simulate the process of water injection. The porosity was
decreased from 34.3% to 29.5%, a decline of 13.8%. The permeability
and porosity of unconsolidated sandstone were reduced with the
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4, Pressure sensor
7. Fan
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10. Back-pressure valve
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16. Computer

2. Transfer cylinder

8. Temperature controller
11. Back-pressure pump
14. Ventilation
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6. Confining pressure pump
9. Heat source
12. Electronic balance
15. Analog digital converter

Fig. 1. Schematic diagram of the experimental equipment.

enhancement of compaction and the decline of permeability was
obvious and irreversible. From another aspect the permeability
could be kept with the increase of back pressure. The effect of
compaction was the most significant when the pressure drop

Table 1
Physical parameters of the experimental cores.

varied from 2 MPa to 4 MPa in the encryption test.

3.2. The fluid flow with compaction

Fig. 3 presented the characteristics of oil and brine flowing in the
sandstone. The porosity and permeability were decreased with the
enhancement of compaction. The liquid permeability (Ky)
decreased from 1002.15mD to 479.14mD, a decline of 52.2% and the

No.  Diameter(cm) Length(cm) Porosity (%)  Permeability (mD) porosity decreased from 16.79% to 15.25%, a decline of 9.17% as the
1 2.51 5.34 343 1265 confining pressure (P) rose from 5 MPa to 20 MPa. Meanwhile, the
2 251 6.28 263 1428 irreducible water saturation (Sy.) increased from 20.64% to 23.98%
3 251 6:80 314 1570 and the residual oil saturation (So;) increased from 21.74% to 27.71%
500 — 40
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. —a—Confining Pressure —— Back Pressure 133
1 30
9 o
S 300 | 125 &
= ] °
§ | 20 5
200 k ] ]
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Fig. 2. Permeability, effective pressure, confining pressure,

and back pressure through time.
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Fig. 3. Oil-water flow characteristics.
Table 2
Permeability and porosity data of the experimental core.
P (MPa) Kw(mD) Porosity (%) Swe (%) Sor (%)
5 1002.15 16.79 20.64 21.74
10 678.36 16.63 2217 24.29
15 565.82 15.75 22.68 26.39
20 479.14 15.25 23.98 27.71

as presented in Table 2. The experimental results indicate that the
oil and brine relative permeability were decreased for a given water
saturation. This is because the resistance of fluid flow was
increased, which weakened the flow capacity of the fluid with
compaction. From another viewpoint, the oil well productivity was
reduced in the area where water injection was not timely or water
injection was insufficient without considering sand production.

3.3. The fluid flow with compaction and sand production

Compaction and sand production were considered for further
study in the test. The tests were conducted at three different stages
of water content (f,,). The relationship between productivity index
(Jo), sand volume and formation pressure drop were shown in Fig. 4,
Fig. 5 and Fig. 6.
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Fig. 4. Oil well productivity of low water content.
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Fig. 5. Oil well productivity of mid water content.

Productivity index was decreased rapidly before the formation
pressure drop reached 4 MPa with sand production at the stage of
lower water content of 16.7%. There was nearly a half drop of
productivity index when the pressure drop was 4 MPa. The pro-
ductivity index changed a little as the formation pressure varied
from 4 MPa to 10 MPa and it was not increased with sand pro-
duction, as presented in Fig. 4. The results suggest that the effect of
compaction is more noticeable at early stage induced by formation
pressure drop than that of sand production.

At the stage of mid water content, the effect of compaction on
fluid flow was still significant. Meanwhile the capacity was recov-
ered partly with the increase of sand production volume. The
average value of recovery degree could reach 45% at the stage of the
maximum sand production with the formation pressure drop of
6 MPa. The influence of compaction on productivity index was
weakened by sand production. When the pressure drop reached
8 MPa, sand production volume was reduced and productivity in-
dex was becoming stable, as shown in Fig. 5. The results suggest
that the well productivity is reduced during compaction even with
sand production and the effect of compaction on fluid flow is
obvious before the pressure drop reached 4 MPa.

The variation of productivity index at the stage of high water
content is partly similar to the laws of mid water content stage.
There are some differences between the two stages. The produc-
tivity index was mainly influenced by compaction as the formation
pressure drop was less than 4 MPa or the formation pressure drop
was greater than 8 MPa. Well productivity recovered little with
sand production when the formation pressure drop was about
6 MPa at the stage of high water content, as presented in Fig. 6. The
degree of recovery was less than that of mid water content stage.

4. Case study

The permeability of reservoir could be changed with the

20 0.3
mm Sand volume(f,=66.7%)
Sand volume(f,=83.3%)

—o— Jo(f,=66.7%)
Jo(f,=83.3%) 02

W

0.1

0 J I I . 0.0

2 4 6 8 10
Formation pressure drop/MPa

Jo/(m’/(MPa-d))
>
Sand volume/(g-min ')

3

Fig. 6. Oil well productivity of high water content.
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Fig. 7. Actual production versus predicted yield of well X07.

decrease of formation pressure with insufficient water injection
during depletion and the experiments reproduced this process. The
permeability was changed with different pore pressures and
displacement pressures. According to the experimental data of
permeability, formation pressure drop and production pressure
drop, we got the fitting equation to calculate the permeability by
the method of Levenberg-Marquardt with compaction and sand
production [20]. After the regression analysis of experimental data,
we found that the relationship between formation pressure drop,
production pressure drop and permeability was exponential. The
following Equation could be established:

~(4p1+p2)

K=axe b (1)

Where: K is reservoir permeability, mD; a, b are coefficient; AP is
formation pressure drop, MPa; P, is the production pressure drop,
MPa.

Oil well outputs can be obtained by Equation (2) which is pre-
sented as follows:

CKh(pr — Py
Gt 1) )
pLB(lnrr—;+S)

Where: q is the oil production, m>/d; C is coefficient of unit; K is
reservoir permeability, mD; h is effective thickness of the pay, m; P;
is the average reservoir pressure, MPa; Py is the flowing bottom-

hole pressure, MPa; pis the viscosity of crude, mPas; B is the oil
volume factors; r is the radius of supply edge, m; ryy is the radius of
borehole, m; S is the skin factor.

The following equation can be established with Equations (1)
and (2):

Cah(pr — pag) 2+
uB (ln =+ S)
The relationship between formation pressure drop, production

pressure drop and permeability in SZ36-1 oilfield is presented with
Equation (4):

q (3)

~(4py+py)
K =2610.77¢ 15305 (4)

Equations (3) and (4) were used to predict oil production with
the production data of SZ36-1 oilfield in the Bohai sea. The data of
well X07 were used to predict the oil production as an example. The
well drainage radius was 200 m, the thickness of reservoir was
58.1 m and the wellbore diameter was 0.1 m. The boundary pres-
sure was 14.79 MPa, the static pressure was 13.82 MPa and the
bottom hole flowing pressure was 12.75 MPa. The permeability was
4829mD and the viscosity of crude oil was 37.4 mPas. Afterward,
the parameters were used in the Equation. The results were pre-
sented in Fig. 7. The red point was the production data which is
similar to the theory values. The curve showed the laws between oil
production and production pressure drop. With the increase of
production pressure drop, oil production increased to the inflection
point gradually. After that the oil production began to reduce with
further increase of production pressure drop. Water production
rate increased at this stage, which led to the decline of oil pro-
duction rate.

Data of some other wells (X01, X03, X09) were applied to predict
the oil production as presented in Fig. 8. The splashes in the figure
were the production data which were close to the theory values.
The results indicated that the reasonable production pressure drop
was from 1 MPa to 2 MPa.

5. Conclusions

(1) The variation of petrophysical properties is irreversible dur-
ing the process of formation pressure decline and recovery in
unconsolidated sandstone reservoir. Compaction is most

100 —a— Theory X01 ¢ Production data X01
—m— Theory X03 = Production data X03
2 50 k —&— Theory X07 a Production data X07
:c —o— Theory X09 @ Production data X09
£
T 60
.8
3
g 40
o
S 2t
0 1 1 1 1 J

Production pressure drop/MPa

Fig. 8. Actual production versus predicted yield of multi-well.
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significant as the pressure drop varies from 2 MPa to 4 MPa.
Nevertheless, the petrophysical properties could be main-
tained with water injection.

(2) Compaction increases irreducible water saturation and re-
sidual oil saturation, weakens the seepage capacity and leads
to a decline in oil-well productivity in areas where water
injection is insufficient without considering sand production.

(3) Production-induced compaction and compaction-induced
sand production make a great influence on pore structure
diameter, seepage characteristics and oil well productivity.
At the stage of low water content, compaction leads to a
decline in oil-well productivity apparently when the pres-
sure drop is less than 4 MPa. At the stage of middle water
content, oil-well productivity is mainly affected by compac-
tion, but it can be promoted with sand production. At the
stage of high water content, the influence of compaction is
greater than that of sand production and the effect of sand
production is less than that at the stage of middle water
content.

(4) The effect of sand production on fluid flow of unconsolidated
sandstone reservoir is mainly in the area of well bore within
1 m. The fluid flow is mostly affected by compaction in the
process of pressure drop. Unconsolidated sandstone reser-
voir with high permeability needs early water injection
because the effect of sand production and water injection on
fluid flow is limited after the formation pressure drops.

(5) The reasonable production pressure drop for SZ36-1 oilfield
is from 1 MPa to 2 MPa and the formation pressure should be
maintained above 11 MPa.
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