
Experimental Research on the Millimeter-Scale Distribution of Oil in
Heterogeneous Reservoirs

Zhao Yu1,2,*

1Exploration & Development Research Institute, Daqing Oilfield Company, Daqing, 163712, China
2Heilongjiang Provincial Key Laboratory of Reservoir Physics & Fluid Mechanics in Porous Media, Daqing, 163712, China
*Corresponding Author: Zhao Yu. Email: zhaoyu6868@petrochina.com.cn

Received: 19 April 2022 Accepted: 26 July 2022

ABSTRACT

Oil saturation is a critical parameter when designing oil field development plans. This study focuses on the change
of oil saturation during water flooding. Particularly, a meter-level artificial model is used to conduct relevant
experiments on the basis of similarity principles and taking into account the layer geological characteristics of
the reservoir. The displacement experiment’s total recovery rate is 41.35%. The changes in the remaining oil
saturation at a millimeter-scale are examined using medical spiral computer tomography principles. In all experi-
mental stages, regions exists where the oil saturation decline is more than 10.0%. The shrinkage percentage is
20.70% in the horizontal well production stage. The oil saturation reduction in other parts is less than 10.0%,
and there are regions where the oil saturation increases in the conventional water flooding stage.
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Nomenclature
PIi Physical interlayer [i = 1–2]
Soi Initial oil saturation [%]
Sor Remaining oil saturation [%, i = 1 − x × y × z]
V Volume of each part [cm3]
WVi∼n Part volume weight [%, i = 1–13]
Htop Distance from the top of model [cm]
K Permeability [10−3 μm2]
Wi Injection Well [i = 1–2]
Oi Production Well [i = 1–6]
SP1∼i Sample port [i = 1–30]
νin Injection rate of a well [ml/min]
fw The water cut of the flooding stage [%]
PA/PB Pump A/B injection pressure [KPa]
PV Pore volume [cm3]
ER The total recovery rate [%]
ΔER Stage recovery rate addition [%]

This work is licensed under a Creative Commons Attribution 4.0 International License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.

DOI: 10.32604/fdmp.2023.023296

ARTICLE

echT PressScience

mailto:zhaoyu6868@petrochina.com.cn
https://www.techscience.com/journal/FDMP
http://dx.doi.org/10.32604/fdmp.2023.023296
https://www.techscience.com/
https://www.techscience.com/doi/10.32604/fdmp.2023.023296


CWF stage Conventional water flooding stage [fw, νin]
FSuWF stage First speed-up the water flooding stage [fw, νin]
SSuWF stage Second speed-up the water flooding ftage [fw, νin]
CFD stage Changing flow direction stage [fw, νin]
HWP stage Horizontal well production stage [fw, νin]

1 Introduction

The distribution of remaining oil in the reservoir after water flooding is a hot topic in the study of
enhanced oil recovery technology [1–3]. Druetta et al. [4] used a 2D multiphase simulation at macro-
micro scale of a recovery process with different fluid models, and studied the capillary forces affect on
the recovery efficiency, finding the viscosity of the displacing phase and the interfacial forces play a vital
role in the microscopic sweeping efficiency in flooding processes. Ren et al. [5] conducted a simulation
study on injection into reservoirs subject to either water flooding or long-term natural water flooding,
indicating that residual oil zones are widespread reservoirs. The structural location of the remaining oil
enrichment is more complex [6–8]. A microscopic residual oil distribution law after water flooding in the
layer is more dispersion [9–11]. Akai et al. [12] used direct numerical simulation to study the mechanism
of microscopic displacement during enhanced oil recovery in mixed-wet rocks. Heydari-Farsani et al.
[13–16] proposed that the characteristics of reservoirs and structures can affect the location and migration
direction of hydrocarbons. Liu et al. [17] analyzed the mechanism and effect of nitrogen foam flooding
using sand-packing pipe experiments to enhance oil recovery and concluded that high-porosity, high-
permeability, and strong edge-water reservoirs entered the high water-cut stage in the middle and late
development stages, with the remaining oil mainly distributed at the top and edge of the structure and
reservoirs. Rezaeiakmal et al. [18] compared the performance displacement oil between the conventional
foam and polymer-enhanced foam in the heterogeneous porous media using visualization experiments,
and the performance displacement oil of polymer-enhanced foam in the vertical mode was better than that
in the horizontal mode. Ma [19] investigated the adaptability of kilometer-scale-well patterns in oilfields
using a combination of theoretical research and numerical simulation of oil reservoirs. The results show
that the more complex the geological structure of the reservoir formed by water flooding, the more
difficult it is to produce the remaining oil by water flooding. Ma et al. [20] and Xie et al. [21]
investigated the microscopic pore structure and characteristics of rock seepage capacity. Abdulkareem
et al. [22] studied the residual oil mobilization by inducing vibration through the laboratory way in
porous media. Ma et al. [23] and Li et al. [24] investigated the pore-scale continuous flow and nanometer
scale on the causes, types, and reproduction mechanisms of the remaining oil. The flow laws of the
different fluids were analyzed. Parmigiani et al. [25–29] investigated the relationship between relative
permeability, capillary pressure, and oil saturation. Ma et al. [30], and Wang et al. [31] investigated the
changes in oil saturation due to reservoir pore size and the hydrodynamic radius of the chemical
constituents in the injected fluid using fluid flow simulation experiments. We can obtain residual oil
distribution and quantification data on the nanomicro pore level using industrial computed tomography
(CT) scanning reconstruction technology [32,33] and nuclear magnetic resonance technology [34]. Fannir
et al. [35] studied the experimental research on two-phase flow displacement using Magnetic Resonance
Imaging (MRI) techniques and investided the process of the phase trapping, the front deformation and the
phases saturation propagation along a vertical model during (water-oil) two-phase flow. Yadali Jamaloei
et al. [36–38] analyzed the effect of wettability on the microscopic oil displacement mechanism. Alyafei
et al. [39] took cores containing oil and a specified initial water saturation, injected water flooding until
10 pore volumes, and observed the relationship between the initial oil saturation and the residual
saturation. Gao et al. [40] and Li et al. [41] used industrial CT to obtain the fluid distribution in the pores
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through laboratory fluid experiments, with precision down to the nanometer scale. The experimental
simulation process and the actual seepage process of the oil layer differ because the sample is too small.
In this study, we created a meter-scale model similar to the actual oil layer structure based on the
principle of similarity, and we arranged the well pattern according to the oilfield production process. We
performed indoor oil displacement experiments, using the MSCT to obtain distribution data of an oil
saturation distribution at millimeter-scale at different displacement stages, and using grayscale processing
software to obtain an oil saturation distribution picture. We studied the quantitative change of oil
saturation in different structural parts using an oil saturation distribution picture.

2 Experiments

2.1 The Artificial Experimental Model
The layers of the study reservoir are a low-curved channel and the middle of the point bar; the reservoir

structure includes two physical interlayers (PIs), and the inclination of the PIs is 5 degrees. Based on the
actual oil layer structure characteristics of the reservoir, and the permeability and pore structure
characteristics of each layer, we studied the core particle size composition, cement content, and the
pressing pressure in the mode-made process, and based on the relevant research results of other
researchers [42,43], we studied both the fabrication and composition parameters of each layer in the
artificial model to create the artificial model. The red line in Fig. 1 represents the PI, the permeability of
the PI is 30.0 × 10−3μm2 and the thickness is 0.1 m in the layer. The permeability in the artificial model is
30.0 × 10−3μm2 and the thickness is 4.0 mm in the artificial model. The structure of the artificial model is
shown in Fig. 1. Both parameters of each part in the artificial model and the parameters of the layers are
shown in Table 1.

Figure 1: The schematic of the model structure (the red line represents the PIs)

Table 1: The layer parameters of artificial model

Layer number Htop (cm) K (×10−3μm2) Actual layer thickness
(m)

Thickness of the artificial model
(cm)

Left part Right part Left part Right part Left part Right part

1 1.0 300.0 500.0 0.5 1.0 2.0 4.0

2 3.0 800.0 500.0 1.0 4.0 4.0

3 5.0 800.0 1000.0 1.0 4.0 4.0
(Continued)
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The geometric dimensions of the model are 60 cm in length (z-direction), 30 cm in width (x-direction),
and 20.8 cm in thickness (y-direction), and the net weight of the model is 82.60 kg.

We select eight different layers in the artificial model for comparative analysis of the distribution change
in the remaining oil. The locations of the analysis layers are shown in Fig. 1 and Table 1.

There are two water wells (Wi, i = 1–2) and six oil wells (Oi, i = 1–6) at the top of the model and
30 sample ports in four directions on the side. We conducted the saturated water process, saturated oil,
and process oil displacement experiments using the above 38 channel ports. The location schematic of
channel ports is shown in Fig. 2.

2.2 Experimental Fluid
Under an experimental temperature of 24°C condition, the dead oil in the laboratory has a 0.84 g/cm3

density and a 10.0 mPa⋅s viscosity, which is provided with light kerosene on site. The synthetic brine is a
150000 ppm KI solution.

2.3 Test Equipment
The CT instrument model for the experiment is a Toshiba Aquilion 16-row spiral CT. The scanning layer

distances in three directions, X, Y, and Z, are 0.77, 0.77, and 0.25 mm, respectively; the frame rotation time

Table 1 (continued)

Layer number Htop (cm) K (×10−3μm2) Actual layer thickness
(m)

Thickness of the artificial model
(cm)

Left part Right part Left part Right part Left part Right part

4 7.0 1000.0 1.0 2.0 4.0

5 9.0 1600.0 600.0 1.0 0.5 4.0 2.0

6 11.0 1600.0 1400.0 1.0 1.5 4.0 6.0

7 15.0 1400.0 1.0 1.5 4.0 6.0

8 18.0 2500.0 1.0 4.0 4.0

Figure 2: Schematic of the channel ports of the artificially heterogeneous model in the three-dimensional
position
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was 0.3 s, the scanning field was 750.0 mm, the tube voltage was 120 kV, the tube current was 250 mA, the
matrix is 390 × 270 × 2400, the layer thickness is 0.25 mm, and the interval is 0.25 mm. The MSCT test
equipment is shown in Fig. 3.

2.4 Experiment Procedure
We performed oil displacement experiments using different water flooding development methods. After

each oil displacement experimental stage, we perform an MSCT scan on the artificial model and obtain
MSCT data of the remaining oil distribution in different layers of the artificial model.

The following is the procedure for the oil displacement experiment:

(1) The saturated water stage: First, we used a negative vacuum pressure-saturated water method,
accumulating 3.45 L of saturated water. Then, by using the seepage method, the injection rate of
a well (νin) of injection is 2.40 ml/min, and the saturated water volume is 8.235 L. The model’s
total saturated water volume is 11.685 L. The porosity of the artificial model is 31.21%.

(2) The saturated oil stage (SO stage): First, we injected the experimental simulated oil from the O3 and
O4 wells; the νin is 2.40 ml/min. We open the sample port SP5, which is the farthest distance sample
port from the O3 and O4 wells. In this way, we established the seepage relationship between the
injection wellhead and the sample port farthest from the injection until the oil saturation reached
100% in the liquid at SP5, the SO process of O3 and O4 wells stopped, and the SP5 stopped, as
the sampling port. Open the sampling port SP4, and establish a new seepage channel. By using
the seepage method, the oil-saturated process of O3 and O4 wells stops when the oil content in
the product liquid of the sampling port closest to O3 and O4 wells reaches 100%. We completed
the SO process when all eight wellheads were saturated (including two injection and six
production wells). The model’s total SO was 7.5283 L, and the initial oil saturation (Soi) was
64.43%.

(3) Conventional water flooding stage (CWF stage): W1 and W2 are injection wells; the νin is
2.40 ml/min. Wells O1 to O6 are production wells. The water flooding stage stops until the stage
water content (fw) reaches 98.00%.

Figure 3: Picture of toshiba aquilion 16-row spiral CT
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(4) First speed-up the water flooding stage (FSuWF stage): W1 and W2 are injection wells, and wells O1

to O6 are production wells. The νin of the injection well is 3.04 ml/min. The water flooding stage
stops until the fw reaches 98.00%.

(5) Second speed-up the water flooding stage (SSuWF stage): W1 and W2 are injection wells, and wells
O1 to O6 are the production wells. The νin of the injection well is 3.60 ml/min. The water flooding
stage stops, while the fw reaches 98.00%.

(6) Changing flow direction stage (CFD stage): W1 and W2 close and stop to inject water, well O2 and
O5 changed to injection well. The νin of the injection well is 3.60 ml/min. Wells O1, O3, O4, and O6

are still active producing wells. The oil displacement experiment stops until the fw reaches 98.00%.

(7) Horizontal well production stage (HWP stage): well O2 and O5 changed to the injection well, νin is
3.60 ml/min. Wells P1 and P2 are the production wells. The oil displacement experiment of the
model stops until the fw reaches 98.00%.

The model has a horizontal well; theHtop (Distance to the top of the model) of the horizontal well-bore is
2.5 cm.

3 Result of the Oil Displacement Experiment

In different water flooding development stages, the water flooding experiment stops until the fw reaches
98.0%, and the ΔER in the CWF stage is 10.36%, the ΔER of the FSuWF and SSuWF stages is 5.94% and
0.38%, respectively. The ΔER in the CFD stage is 7.85%, the ΔER in the HWP stage is 16.82%, and the
ER in the oil displacement experiment is 41.36%, the experimental injection parameters and experimental
results of each stage are shown in Table 2 and Fig. 4.

Table 2: Experimental parameters and results

Flooding stage νin (ml/min/) PA, PB (KPa) PV ΔER (%) ER (%)

CWF stage 2.40 82, 101 2.27 10.36 10.36

FSuWF stage 3.06 107, 138 1.66 5.94 16.3

SSuWF stage 3.60 107, 135 0.30 0.38 0.38

CFD stage 3.60 117, 170 1.20 7.85 8.23

HWP stage 3.60 128, 156 2.53 16.82 41.36

4 Millimeter-Scale Residual Oil of Artificial Model Analysis

4.1 Principles of Quantitative Analysis
The MSCT scan method can test the CT value of both sample and fluid, so it can study the change in

fluid distribution in the rock pores during the oil displacement experiment stage. According to the theoretical
basis of quantitative calculation, the same ray linear attenuation theory can be used to calculate the remaining
oil distribution in the micro-pores of nanomicron CT, assuming that the single-energy X-ray conforms to
Beer’s law [27]. We make the following two assumptions: 1) that both the pore structure and shape of the
framework particles do not change during the process of water-saturated, oil-saturated, and different oil
displacement experiments; 2) that the total pressure along the path of the fluid in the pore seepage
process does not affect the stress-sensitive characteristics of the rock, and the pores of the core are
unaffected. There is no change in the pore structure of the model, so we continue the change study of oil
saturation at the millimeter-scale. We tested the CT value of the model at different oil displacement stages
using the MSCT scan method, and we calculated the oil saturation of the model in each stage using
formula (1).
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We tested the CT value of air and water, with different KI concentrations, as well as the model without
the fluid; the data can be used to calculate the oil saturation of the model. The CT value of the experimental
water is 1284–1931 Hu, the CT value of the simulated oil is -200–160 Hu, and the CT value of the model
before dripping water is 665–729 Hu. The value of the model after saturated water is 1451–1673 Hu.

So ¼ Hwater � Hair

Hw;r � Ha;r

Hw;r � Htwo�phase

Hwater � Hoil
� 100% (1)

where: Ha,r—CT value of dry core before saturated water,

Hair—CT value of air,

Hw,r—CT value of wet core after saturated water,

Hwater—CT value of water,

Htwo-phase—CT value of core at a certain time of oil displacement experiment,

Hoil—CT value of crude oil.

Because of differences in permeability and geological structure in both the plane and vertical directions
of the model, when we use the conventional CT data processing, the residual oil distribution results obtained
have a large error. According to the CT value data and volume of different parts of the model, we used the
partition weighting method in this study to calculate the oil saturation changes in different analysis layers
using formulas (2) and (3). We show each analysis part’s volume and weight data in Fig. 5 and Table 3.

Sor ¼ �Sori �WVi

�WVi
� 100% (2)

Figure 4: Recovery factor, injection pressure, and water-cut curves at different displacement stages
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Sori ¼
�Sor½x;y;z�
x� y� z

� 100% (3)

where: Sori—Remaining oil saturation of i-th part, [%, i = 1–x × y × z]

V—Volume of each part, [cm3]

WVi∼n—Part volume weight of i-th part, [%, i = 1–13]

x, y, z—Analysis part x, y, z scan pixel number.

Figure 5: Schematic of the analysis layer with different permeability and geological structures

Table 3: The calculated values of the volume of the different permeability parts of the model

Analysis of parts K/(×10−3 μm2) V/cm3 WV/%

1 left 300.00 1950.00 5.38

1 right 500.00 1600.00 4.41

2 left 800.00 400.00 1.10

2 right 500.00 2000.00 5.51

3 left 800.00 200.00 0.55

3 right 1000.00 3520.00 9.70

4 1000.00 5000.00 13.79

5 left 1600.00 2000.00 5.51

5 right 600.00 457.00 1.26

6 left 1600.00 1543.00 4.25

6 right 1400.00 3200.00 8.82

7 1400.00 7200.00 19.85

8 2500.00 7200.00 19.85

Total - 36270.00 100.00
Note: Left means the left different permeability part of the layer, right means the right different permeability part of the layer.
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4.2 Quantitative Analysis of Remaining Oil
The calculation results of oil saturation at different oil displacement stages are shown in Table 4. The

results show that oil saturation decreases significantly in the CWF and HWP stages.

After the CWF stage, there are four parts where the oil saturation decline is more than 10.0%, and the oil
saturation in the left part of layer 6 has the largest decline, from 69.40% to 53.66%, a decline of 15.74%. In
the HWP stage, there are six parts where the oil saturation decline is more than 10.0%, and the oil saturation
in the left part of layer 2 has the largest decline, a decline of 20.70%. In all experimental stages, the oil
saturation reduction in other parts is less than 10.0%. There are two parts where the oil saturation
increases in the CWF stage and the increments are 7.52% and 1.14%.

4.3 Distribution of Remaining Oil
The MSCT test data and image analysis software were used to perform image reconstruction and

quantitative analysis of the remaining oil saturation in each layer. We obtain the oil saturation of layers at
the millimeter-scale in each stage. The oil saturation distribution of each part is shown in Figs. 6–13.
Based on the distribution of oil saturation at the millimeter-scale in each analysis layer of the model, the
PI influences the oil saturation of the nearby structural layers. Layers 5 and 6 are influenced significantly
by PI on the different oil displacement stages, whereas the influence is less on layers 7 and 8. The model
horizontal well is 2.5 cm away from the top of the model during the HWP stage. The PI causes different
variations in oil saturation at different distances from the horizontal well-bore; as the distance from the
horizontal well-bore increases, the oil saturation becomes less affected. The horizontal well-bore effect
disappears near layer 4.

We analyze the oil saturation change of different layers and parts at different oil displacement
experiment stages using the MSCT data and the oil saturation distribution picture. Among them, the oil
saturation of the right part of layer 1 increased abnormally after the CWF stage, exceeding the original oil

Table 4: Oil saturation data of each part in different displacement stages

Part Soi/% Sor at the end at different flooding stage/%

After CWF
stage/%

After FSuWF
stage/%

After SSuWF
stage/%

After CFD
stage/%

After HWP
stage/%

1 left 69.25 60.84 58.92 58.84 52.14 39.50

1 right 58.49 66.01 65.93 65.83 56.27 49.48

2 left 66.95 59.82 56.42 54.00 53.24 32.54

2 right 63.41 63.02 62.92 61.91 56.55 47.00

3 left 68.97 57.82 52.40 52.08 51.75 35.41

3 right 62.24 60.38 60.15 59.56 55.46 43.09

4 65.80 60.81 55.01 54.80 49.00 39.52

5 left 66.94 57.24 52.72 52.45 46.87 36.90

5 right 50.06 49.77 49.06 48.42 42.19 37.44

6 left 69.40 53.66 51.94 51.24 46.57 41.95

6 right 63.77 64.91 55.02 55.00 46.85 40.91

7 64.20 52.41 46.85 46.81 43.25 30.17

8 65.00 52.83 50.02 49.57 44.95 32.19
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saturation of 7.52%. Another oil saturation increasing part is the right side of the analysis layer 6 during the
CWF stage, with a value-added of 1.14%. At the end of the CWF stage, on the left side of the model, the oil
saturation near wells O1 and O6 of the top 4 layers decreases to 60.84%, 59.82%, 57.82%, 60.81%, from the
Soi of 69.25%, 66.95%, 68.97%, 65.80%, respectively. The oil saturation in the adjacent part below the
bottom PI decreased the slowest, and it is still 40.91% after the HWP stage. The oil saturation of the top
5 layers decreases significantly during the HWP stage.

  (a)                       (b)                       (c)                         (d)                           (e)                        (f) 

Figure 6: Oil saturation distribution of layer 1
Note: (a) SO stage; (b) CWF stage; (c) FSuWF stage; (d) SSuWF stage; (e) CFD stage; (f) HWP stage.

  (a)                       (b)                       (c)                         (d)                           (e)                        (f) 

Figure 7: Oil saturation distribution of layer 2
Note: (a) SO stage; (b) CWF stage; (c) FSuWF stage; (d) SSuWF stage; (e) CFD stage; (f) HWP stage.

  (a)                       (b)                       (c)                         (d)                           (e)                        (f) 

Figure 8: Oil saturation distribution of layer 3
Note: (a) SO stage; (b) CWF stage; (c) FSuWF stage; (d) SSuWF stage; (e) CFD stage; (f) HWP stage.

  (a)                       (b)                       (c)                         (d)                           (e)                        (f) 

Figure 9: Oil saturation distribution of layer 4
Note: (a) SO stage; (b) CWF stage; (c) FSuWF stage; (d) SSuWF stage; (e) CFD stage; (f) HWP stage.

  (a)                       (b)                       (c)                         (d)                           (e)                        (f) 

Figure 10: Oil saturation distribution of layer 5
Note: (a) SO stage; (b) CWF stage; (c) FSuWF stage; (d) SSuWF stage; (e) CFD stage; (f) HWP stage.
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5 Conclusions

(1) In the heterogeneous oil displacement experiment, the ΔER in the CWF stage is 10.36%, and the ΔER

in the FSuWF stage is 5.94%. The ΔER in the CFD stage is 7.85%, the ΔER in the HWP stage is
16.82%, and the ER of the oil displacement experiment is 41.36%.

(2) The oil saturation of each layer decreases significantly during the CWF, CFD, and HWP stages.
(3) After the CWF stage, there are four parts where the oil saturation decline exceeds 10.0%. There are

six parts in the HWP stage, where the oil saturation decline exceeds 10.0%. Only two parts in the
CWF stage increased oil saturation in all experimental stages.
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