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a b s t r a c t

Hot water flooding is an effective way to develop heavy oil reservoirs. However, local channeling
channels may form, possibly leading to a low thermal utilization efficiency and high water cut in the
reservoir. The pore structure heterogeneity is an important factor in forming these channels. This study
proposes a method that mixes quartz sand with different particle sizes to prepare weakly heterogeneous
and strongly heterogeneous models through which hot water flooding experiments are conducted.
During the experiments, computer tomography (CT) scanning identifies the pore structure and micro
remaining oil saturation distribution to analyze the influence of the pore structure heterogeneity on the
channeling channels. The oil saturation reduction and average pore size are divided into three levels to
quantitatively describe the relationship between the channeling channel distribution and pore structure
heterogeneity. The zone where oil saturation reduction exceeds 20% is defined as a channeling channel.
The scanning area is divided into 180 equally sized zones based on the CT scanning images, and three-
dimensional (3D) distributions of the channeling channels are developed. Four micro remaining oil
distribution patterns are proposed, and the morphology characteristics of micro remaining oil inside and
outside the channeling channels are analyzed. The results show that hot water flooding is more balanced
in the weakly heterogeneous model, and the oil saturation decreases by more than 20% in most zones
without narrow channeling channels forming. In the strongly heterogeneous model, hot water flooding is
unbalanced, and three narrow channeling channels of different lengths form. In the weakly heteroge-
neous model, the oil saturation reduction is greater in zones with larger pores. The distribution range of
the average pore size is larger in the strongly heterogeneous model. The network remaining oil inside the
channeling channels is less than outside the channeling channels, and the hot water converts the
network remaining oil into cluster, film, and droplet remaining oil.
© 2024 The Authors. Publishing services 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

Heavy oil development has become a key issue with increasing
energy demands (Liu and Dong, 2022; Sun et al., 2020). The
extraction methods of heavy oil include cold and thermal re-
coveries (Xu et al., 2020; Chen et al., 2023; Wang et al., 2020; Li
et al., 2023). Cold recovery has strict requirements for the
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viscosity range of heavy oil. Thus, the thermal recovery effect is
better at high heavy oil viscosities. Thermal oil recovery includes
steam huff-n-puff, steam flooding, steam assisted gravity drainage
(SAGD), and others (Dong et al., 2019, 2022; Wang et al., 2021; Liu
et al., 2023).

Compared with these commonly used displacement methods,
hotwater flooding has the advantages of lowcost, lowmobility, and
simple processes. Hot water flooding is an economic and reason-
able development method for conventional heavy oil reservoirs
with low viscosities (Masoomi and Torabi, 2022; Zhang et al., 2022).
However, hot water channeling channels form easily because of the
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high water-oil mobility ratio and high permeability zones (Zhao
and Gates, 2015). In addition, the severe heterogeneity in the
pore structure accelerates the fingering of hot water and reduces
the breakthrough time. The water cut rapidly increases after
forming the channeling channels, and the development perfor-
mance is poor (Lin et al., 2023; Leng et al., 2022).

Heterogeneity is a major challenge when developing oil and gas
reservoirs (Li et al., 2018a; Hu et al., 2023; Ado et al., 2019). Micro-
scale heterogeneity is caused primarily by deposition conditions
and the secondary effects of reservoirs. In China, heavy oil reser-
voirs with severe heterogeneity are predominantly composed of
terrestrial clastic sediments, with significant differences in the pore
throat sizes at various locations. Much recent scientific research has
been conducted on the micro-scale heterogeneity of reservoirs,
focusing on both physical experiments and numerical simulations
(Rezaeiakmal et al., 2022; Liu et al., 2018; Ding et al., 2022a). Oil
displacement experiments in rock cores are the most common
method for studying the heterogeneity of pore structures. Li et al.
(2022) conducted CO2 gas channeling experiments on parallel
short cores (matrix) with different permeability ratios and parallel
long cores of various fracture conductivities to study the super-
critical CO2 miscible flooding performance in heterogeneous res-
ervoirs. Ding et al. (2022b) conducted core flooding experiments in
heterogeneous carbonate rock and explored the feasibility of foam-
enhanced oil recovery. Li et al. (2018b) performed oil displacement
experiments in rock cores and established a pore network model to
characterize the microheterogeneity of pore structures and the
remaining oil distribution after displacement. The work expanded
on the relationship between the remaining oil distribution and the
pore structure heterogeneity. Sun et al. (2021) conducted CT
scanning on core samples of different categories to analyze the
impact of pore heterogeneity on the micro remaining oil distribu-
tion in clastic reservoirs. Wei et al. (2018) performed gas-flooding
and foam-flooding experiments in severely heterogeneous cores
to study the enhanced oil recovery performance of gas and foam in
heterogeneous reservoirs.

Visualization experiments are a common research method
employing micro models for core flooding experiments. Wang et al.
(2022) established a visual micromodel with three permeability
zones to conduct experiments and analyze the multiphase flow
characteristics and mechanisms for enhancing oil recovery in res-
ervoirs with microscale heterogeneity. Zhao et al. (2022) used glass
etching models to simulate fractured and porous reservoirs. The
influence of heterogeneity on the migration patterns of water
flooding was studied by analyzing the water flooding front
morphology. Numerical simulations also play a significant role in
studying pore structure heterogeneity. Wang et al. (2023) proposed
a method for quantitatively characterizing and adjusting the flow
field in heterogeneous reservoirs in the late stage of water flooding.
Thus, they investigated the influence of heterogeneity on the flow
field distribution and remaining oil. Spooner et al. (2021) derived
new metrics (the dynamic Lorenz coefficient L) to assess the dy-
namic heterogeneity in fractured reservoirs. The influence of the
pore structure heterogeneity on the remaining oil distribution is
one of the hot topics. However, current research mainly uses cores
of differing permeabilities for experiments to compare the final oil
displacement efficiency and remaining oil distribution. Research on
the influence of the internal pore structure heterogeneity of res-
ervoirs on channeling channels and the remaining oil distribution is
necessary.

The distribution of micro remaining oil is closely related to the
heterogeneity of the pore structure. It is necessary to accurately
characterize the associated morphological characteristics and dis-
tribution patterns to study the influence of the pore structure
heterogeneity on the micro remaining oil distribution. CT scanning
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is a standard method for studying the distribution pattern of micro
remaining oil and has been applied in water flooding, gas flooding,
polymer flooding, etc. Cheng et al. (2021) conducted oil displace-
ment experiments and obtained 3D images of the samples using CT
scanning. The occurrence characteristics of the remaining oil under
different flow rates were studied through image processing and
classification. Guo et al. (2018) conducted water flooding experi-
ments on four sandstone samples with different permeabilities,
quantified the complexity of pore structures using fractal di-
mensions, and divided the micro remaining oil into five types using
the shape factor and Euler number.

The influence of the pore structure and permeability scale on oil
recovery and remaining oil cluster morphology has also been
studied. Liu et al. (2021) conducted oil displacement experiments
usingwater flooding, CH4 flooding, and CO2 flooding to obtain three
remaining oil distribution patterns through CT scanning and image
processing. The volume proportions of the three remaining oil
types under the three displacement methods were analyzed. Fang
et al. (2022) conducted polymer flooding experiments using
photolithography glass models and micro-CT scanning techniques
with polymers of different molecular weights. Hou et al. (2009)
used CT to study the microflow mechanism of polymer flooding
and realized 3D visualization of oil-water distributions under
various oil displacement conditions through image processing.
Yang et al. (2020) injected polymer after 10 pore volume (PV) of
water flooding and used CT to obtain the remaining oil distribution
at different times. Differences in the remaining oil distribution after
water and polymer flooding were compared.

CT scanning is also widely used to study remaining oil in res-
ervoirs for different rock types. Yang et al. (2023) selected sand-
stone reservoir samples to construct a pore network model using
digital rock cores. The influence of pore structure on discontinuous
oil phase flow patterns was studied based on 3D CT scanning. Jing
et al. (2022) conducted water flooding experiments using three
heterogeneous marine carbonate rock samples. They used CT
scanning on oil-saturated samples and samples injected with 3, 5,
10, and 20 PV formation water to reconstruct 3D images. The types
of remaining oil were classified using shape factors and Euler
numbers. Gu et al. (2019) prepared core samples in ultra-low
permeability formations with images of the remaining oil using
CT scanning technology. Then, the shape and relative volume fac-
tors quantified the micro-occurrence state of the remaining oil.
Jiang et al. (2022) studied the remaining oil distribution after
fracturing flooding using nuclear magnetic resonance (NMR), laser
confocal scanning, and CT scanning techniques. Thus, CT scanning
has become one of the common methods when studying the
remaining oil distribution patterns. However, the experimental
environments have limited the application of CT scanning in heavy
oil thermal recovery. The temperature and pressure conditions
bring further difficulties to CT scanning.

This study proposes a strongly heterogeneous model filled with
quartz sand with different particle sizes to replace multiple models
of differing permeabilities and simulate the heterogeneous pore
structure of reservoirs. Hot water flooding experiments provide the
pore structure from the models and remaining oil distribution
combined with CT scanning. Zonal statistics on the 3D image ob-
tained from CT scanning divide the results into 180 zones with
calculations for the average pore size, remaining oil saturation, and
oil saturation reduction in each zone. Differences in the average
pore size between the various zones help characterize the hetero-
geneity of the pore structure. The position and morphology of the
channeling channels are characterized based on the oil saturation
reduction in the zones. Comparing the average pore size and
remaining oil saturation within each zone allows for determining
the influence of the pore structure heterogeneity on the remaining
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oil distribution and channeling channel morphology. This study
provides a theoretical basis for blocking and controlling channeling
channels. The poor stability of the sand pack models gives slight
changes in the position of quartz sand during displacement.
Therefore, CT scanning images at the last moment of flooding are
used in each experiment.
Fig. 2. Structure diagram of the sand pack.
2. Experiments

2.1. Apparatus

The experimental setup shown in Fig. 1 consists of a displace-
ment pump, intermediate container, oven, valves, sand pack, tem-
perature sensors, and pressure sensors. The valve inlets are
connected to the intermediate container with water and oil. The
valve outlets are connected to the sand pack, which is connected to
a graduated cylinder for collecting the fluids. The intermediate
container and sand pack are placed inside the oven to maintain the
experimental temperature. Temperature sensors are connected to
the sand pack inlet to ensure the desired temperature of the
injected hot water. Pressure sensors measure pressure differences
at the sand pack inlet and outlet. A CT scanner (Zeiss Xradia 515
Versa, Germany) and a workstation are required as auxiliary setup.
The CT scanner collects images for the samples, and the worksta-
tion processes the images.

The sand pack consists of a temperature-resistant, low-density
material that can withstand a maximum temperature of 180 �C
under normal pressure. During CT scanning, X-rays emitted by the
radiation source pass through the material and are received by the
detector, producing clear scanning slices. The cavity diameter of the
sand pack is 0.6 cm, with a length of 2 cm. There are two stainless
steel joints at both ends of the sand pack. The upper joint is at the
outlet and has a circular hole at the center of its curved surface for
connecting pipes. The lower joint is at the inlet and has a side hole
for connecting pipes. The structure of the sand pack is shown in
Fig. 2.
Fig. 3. Two types of quartz sand with different particle sizes.
2.2. Materials

The crude oil used for the experiments was extracted from an
oilfield in the Bohai Sea. It was mixed with 35 wt% kerosene to
obtain the required oil sample. The viscosity of the oil sample was
823.1 mPa$s at 20 �C. Deionized water was used to prepare a po-
tassium iodide solution with a mass fraction of 5%. Potassium io-
dide exhibits strong X-ray absorption, increasing the water phase
density and significantly enhancing the image contrast between
Fig. 1. Schematic of the experimental setup.
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the oil, water, and rock phases. The viscosity of the water sample
was 0.7 mPa$s at 20 �C. Quartz sand with particle sizes of 40e60
mesh and 100e120 mesh fill the sand pack, as shown in Fig. 3. A
strongly heterogeneous sand pack model was obtained by mixing
and filling the two different particle sizes of quartz sand into the
sand pack.
2.3. Procedures and plans

The steps for the hot water flooding experiment in heavy oil
reservoirs were as follows:

(1) In experiments (Exps.) 1e3, the mass ratios of the quartz
sand with particle sizes of 40e60 mesh and 100e120 mesh
were 7:3, 5:5, and 3:7, respectively. The sand was washed
and dried to removemoisture and impurities. The two quartz
sand types are mixed and filled to create a strongly hetero-
geneous sand pack model.

(2) The sand pack model was saturated with a 5 wt% potassium
iodide solution at an injection rate of 1.0 mL/min. After
saturating with 5 PV of the potassium iodide solution, the
sand pack model was left to stand for 1 h, and the first
scanning began.

(3) The sand pack model was saturated with heavy oil at an in-
jection rate of 0.5 mL/min. After saturating with 5 PV of the
oil, the sand pack model was left to stand for 1 h, and the
second scanning began.

(4) The temperature of the oven was set to 80 �C. The hot water
flooding began when the intermediate container and sand
pack model temperatures reached 80 �C. After injecting 5 PV
of the potassium iodide solution at an injection rate of
1.0mL/min, the sand packmodel was left to stand for 1 h, and
the third scanning began.

(5) In experiment (Exp.) 4, quartz sand with particle sizes of
100e120 mesh was used to prepare a weakly heterogeneous
model, and steps (2) to (4) were repeated.

(6) The image processing software on the workstation processed
the CT scanning images. The experimental plan and param-
eters are shown in Table 1.

The Xradia 515 Versa CT setup operates at a 80 kV voltage and
power of 7 W. It has a resolution of 1024 � 1024 and a pixel size of
3 mm. Each scanning is performed at the same location with mul-
tiple images stitched together to obtain cylindrical images with a
diameter of 3 mm and a length of 20 mm. Each scanning and
reconstruction takes 10 h.
2.4. Image processing

The slices obtained from CT scanning are subjected to oil-water-
rock three-phase segmentation through image processing soft-
ware. Data analysis is performed on the distribution of oil and
water based on the segmented images.

External factors often produce noise during CT scanning,
Table 1
Experimental plan parameters.

Experiment Mass of quartz sand Aver

40e60 mesh, g 100e120 mesh, g

Exp. 1 0.68 0.27 36.4
Exp. 2 0.48 0.48 35.6
Exp. 3 0.27 0.67 35.3
Exp. 4 0 0.97 34.9
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affecting the image clarity and making it difficult to accurately
identify boundaries for the oil, water, and rock phases. The non-
local means (NLM) filtering method improves the signal-to-noise
ratio, resulting in clearer images. The basic idea behind NLM
filtering is that the estimated value of the current pixel is obtained
by calculating the weighted average of pixels in the image with
similar neighborhood structures (Buades et al., 2005).

After filtering all CT slices, a neural network model performs oil-
water-rock three-phase segmentation on the slices. Random slices
are selected for manual threshold segmentation to create a training
set for the neural network. The trained neural network then seg-
ments the remaining slices.

The image processing results are shown in Fig. 4. Fig. 4(a) pro-
vides the raw scanning image of the study area. Fig. 4(b) is obtained
by applying NLM filtering to the raw scanned image. The oil (red),
water (blue), and rock (gray) phases are segmented in Fig. 4(c)
based on the grayscale values. After NLM filtering, the scanned
image exhibits a significant noise reduction, significantly
improving the segmentation accuracy.

The segmentation results of CT scanning the 3D images from
Exp. 1 give an average porosity within the scanning area of 37.9%,
while the average initial oil saturation is 85.7%. The average
porosity and initial saturation values are 36.4% and 84.3%, respec-
tively. Errors between the calculated and measured values of the
average porosity and average initial saturation are below 5%,
meeting the required accuracy.
3. Pore structure heterogeneity analysis

3.1. Model zoning and parameter calculation

3.1.1. Model zoning
This study proposes a statistical method for pore structure

heterogeneity to investigate the influence of pore structure het-
erogeneity on the sand pack model and ensure reasonable analysis
of the remaining oil types. The process divides 3D images from CT
scanning into zones and calculates parameters for each zone. The
3D images are divided into five layers. Each layer is divided into 36
zones of the same size at 0.5 mm� 0.5 mm� 4mm. Fig. 5(a) shows
a 3D schematic of the zoning from the model, and Fig. 5(b) illus-
trates a two-dimensional (2D) schematic of the zoning from the CT
scanning image.
3.1.2. Statistical method for average pore size
The 3D images are divided into zones after the first CT scan using

the method described in Section 3.1.1. The image segmentation
results allowmeasuring the pore volumes for each zone to calculate
the total pore volume of the model. The average porosity for the
model is 38.2%, consistent with the porosity obtained from the full
CT scanning images, validating the feasibility of the proposed
method. The formula for calculating average porosity is
age porosity, % Average permeability, mm2 Oil saturation,
%

6.157 84.3
5.284 81.8
4.725 83.1
4.086 82.7



Fig. 4. Workflow of the CT scanning image.

Fig. 5. Schematic diagram of the zones from the model.
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fcal ¼

Pn
i¼1

Vpore i

Vtotal
� 100%

where fcal is the average porosity of the model from statistical
analysis of all zones, %; Vpore i is the pore volume within the i-th
zone, mm3; n is the number of zones; and Vtotal is the total volume of
the model, mm3.

The average pore volume of a zone is the ratio of the total pore
volume within the zone to the number of pores. The formula for
calculating average pore volume is

Vpore i ¼
Vpore i

npore i

where Vpore i is the average pore volume of the i-th zone, mm3; and
npore i is the number of pores within the i-th zone.

After obtaining the average pore volume, the average pore size is
calculated based on the formula of the sphere. Thus,

Dpore i ¼
�
6
p
,Vpore i

�1
3

where Dpore i is the average pore size of the i-th zone, mm.
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3.1.3. Statistical method for remaining oil saturation
The 3D images are divided into zones after the third CT scanning

using the method described in Section 3.1.1. The remaining oil
saturation of each zone is measured based on the image segmen-
tation results. The average remaining oil saturation of the model is
calculated based on the weighted average of the pore volume in the
different zones, consistent with the average remaining oil satura-
tion of the entire model and confirming mass conservation. The
formula for calculating the average remaining oil saturation is

So cal ¼

Pn
i¼1

Vpore iSo i

Vpore
� 100%

where So cal is the average remaining oil saturation of the model
obtained through zone-based statistical analysis of all zones, %; So i
is the remaining oil saturation within the i-th zone, mm3; and Vpore

is the total pore volume of the model, mm3.

3.2. Experimental analysis of pore structure heterogeneity

3.2.1. Analysis of 2D CT scanning images
Images of the third CT scanning of the Exps. 1 and 4 are selected

to compare the average pore size and remaining oil saturation
between the strongly heterogeneous and weakly heterogeneous
models. The 2D CT slices after segmentation are shown in Fig. 6. In



Fig. 6. 2D segmented slices of the third CT scanning (red area is oil, blue area is water, and white area is rock).
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the slice, the red area is the oil phase, the blue area is the water
phase, and the white area is the rock. The pores are composed of a
combination of red and blue area. The strongly heterogeneous
model is filled with two different types of quartz sand, causing a
wide distribution range for the pore size. The remaining oil distri-
bution of the strongly heterogeneous model is continuous with a
high oil saturation. The meshes of quartz sand in the weakly het-
erogeneous model are large and consistent, resulting in similar
average pore sizes. The remaining oil distribution of the weakly
heterogeneous model is disperse with a low oil saturation.
Fig. 8. Distribution of remaining oil saturation.
3.2.2. Description of hot water channeling channels
The average pore sizes of each zone are calculated for the

models to obtain the associated distributions in the sand pack
models (Fig. 7). The zones are classified into three levels: large-pore
zones (average pore size over 75 mm), medium-pore zones (average
pore size between 65 and 75 mm), and small-pore zones (average
pore size below 65 mm). All zones are categorized following the
average pore size classification.

Each zone’s remaining oil saturation is calculated for eachmodel
to obtain the associated distribution in the sand pack models
(Fig. 8). The oil saturation reduction in each zone during flooding is
calculated based on initial and remaining oil saturations. These
values allow classifying the zones into three levels: high-reduction
Fig. 7. Distribution of the average pore size.
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zones (oil saturation reduction over 0.2), medium-reduction zones
(oil saturation reduction between 0.1 and 0.2), and low-reduction
zones (oil saturation reduction below 0.1). All zones are catego-
rized accordingly following the oil saturation reduction
classification.

The size and location of the microscale channeling channels
during hot water flooding are obtained based on the average pore
size and remaining oil saturation within each zone. The high-
reduction zones are observed as hot water channeling channels.
The average pore sizes of the high-reduction zones are calculated
for each layer. When a high-reduction zone is a large-pore zone, the
average pore size matches the oil saturation reduction. Otherwise,
they do not match. The number of matching zones compared to the
total number of zones in the hot water channeling channels is
defined as the matching rate, which is calculated for each layer. The
formula for calculating the matching rate is

Rp ¼ np
ntotal

� 100%

where Rp is the matching rate; np is the number of matching zones
for the average pore size in one layer; and ntotal is the number of
zones in hot water channeling channels in one layer.
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3.3. Classification of microscopic remaining oil

The remaining oil has various occurrence modes, and the
microscopic remaining oil is usually classified based on the occur-
rence form and location of oil blocks. The shape factor and contact
area ratio provide quantitative characterization.

The shape factor (Qin et al., 2022; Su et al., 2022; Gao et al.,
2022) quantitatively characterizes the microscopic remaining oil
occurrence form, defined as

G¼6
ffiffiffiffi
p

p
V

S1:5

where G is the shape factor; V is the volume of an oil block, mm3;
and S is the surface area of an oil block, mm2.

The shape factor is related to the shape complexity of an oil
block. As the shape factor increases, the block becomes more reg-
ular. The shape factor also decreases in the order of droplet shape,
film shape, cluster shape, and network shape.

The contact area ratio (Nie et al., 2022) quantitatively charac-
terizes the microscopic remaining oil occurrence location, defined
as

C¼ Sc
S

where C is the contact area ratio; Sc is the contact area between the
oil block and the pore, mm2; and S is the surface area of the oil block,
mm2.

The contact area ratio is used primarily to distinguish the film
remaining oil from the other types. The contact area ratio of film
remaining oil is close to 0.5.

It is necessary to obtain the volume, surface area, and contact
area of oil blocks with the pores to calculate the shape factor and
contact area ratio of an oil block. As shown in Table 2, the shape
factor and contact area ratio allow dividing the microscopic
remaining oil into four types: droplet, film, cluster, and network
remaining oil. The 3D images for each type of microscopic
remaining oil are shown in Fig. 9. The network remaining oil is a
continuous phase, and the remaining three shapes are discontin-
uous. The shape factors of the droplet, film, cluster, and network
remaining oil decrease in turn. Compared with the others, the film
remaining oil is the thinnest.
4. Results and discussion

4.1. Laws of channeling channels

The remaining oil saturations in Exps. 1e4 are 73.8%, 75.3%,
75.6%, and 67.1%, respectively. The points in Fig. 10(a)e(d) show the
initial and remaining oil saturations of each layer for the four ex-
periments in turn. The remaining oil saturation gradually increases
from the model inlet to the outlet. The remaining oil saturations at
the inlet are 68.8%, 70.1%, 72.3%, and 63.5%, respectively, and the
remaining oil saturations at the outlet are 78.6%, 79.5%, 80.2%, and
Table 2
Classification criteria of microscopic remaining oil.

Type of remaining oil Shape factor G Contact area ratio C

Droplet G > 0.6 0 < C < 1
0.4 � G < 0.6 C � 0.45, C > 0.6

Film 0.4 � G < 0.6 0.45 < C � 0.6
Cluster 0.2 � G < 0.4 0 < C < 1
Network G < 0.2 0 < C < 1
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71.7%. The remaining oil saturation is greatest in Exp. 3 and lowest
in Exp. 4. The strongly heterogeneous model has a greater
remaining oil saturation in each layer than the weakly heteroge-
neous model. In Exp. 2, the strongest pore structure heterogeneity
causes a high remaining oil saturation. In Exp. 3, quartz sand with
small particle sizes (100e120 mesh) accounts for 70%, and few
large-pore zones exist. The permeability of the model is lower than
in the Exp. 2. Hot water flows along the large pores, forming narrow
channeling channels. Due to the opposite effects of permeability
and heterogeneity, the remaining oil saturation in Exp. 3 is nearly
equal to that in Exp. 2. In Exp.1, quartz sandwith large particle sizes
(40e60 mesh) accounts for 70%, and there are more large-pore
zones. The permeability of the model is greater than that in Exp.
2. Due to the synergistic effects of permeability and heterogeneity,
the remaining oil saturation in Exp. 1 is lower than in Exp. 2.

After analyzing the average pore size distribution, average
remaining oil saturation distribution, and the variation of oil
saturation in each layer in four experiments, it is found that the
models in Exps. 1e3 exhibit strong heterogeneity, and the experi-
mental results are relatively close, with significant differences from
the weakly heterogeneous model in Exp. 4. Therefore, in the sub-
sequent analysis, Exps.1 and 4 are selected as representatives of the
strongly heterogeneous model and the weakly heterogeneous
model, respectively.

Fig. 11 shows the segmented CT slices from Exps. 1 and 4. The
red, blue, and white areas represent oil, water, and rock, respec-
tively. The images are ordered from the inlet to the outlet. The oil
phase content increases from the inlet to the outlet. At the same
distance from the entrance, the oil content in Exp. 1 is higher than
that in Exp. 4. Based on the segmented CT slices from Exps. 1 and 4,
the oil saturation reductions and average pore sizes of all zones are
calculated and classified in each layer of the models. The classifi-
cation results are shown in Figs. 12 and 13. Based on the classifi-
cation results of oil saturation reductions and average pore sizes,
the matching rates of Exps. 1 and 4 are calculated and shown in
Table 3.

Due to the small distribution range of the average pore size in
the weakly heterogeneous model (Exp. 4) and the significant
decrease in remaining oil saturation, there are fewer differences in
the remaining oil saturation at various locations. Therefore, the
influence of the average pore size on the oil saturation reduction is
weak, and the matching rate is low. The distribution ranges for the
average pore size in the strongly heterogeneous model (Exp. 1) are
larger than the weakly heterogeneous model, and the oil saturation
reduction is smaller because of the hot water fingering. There are
significant differences in the remaining oil saturation at various
locations. The average pore size significantly impacts the oil satu-
ration reduction, and the remaining oil in large pores decreases
greatly, resulting in a high matching rate.

Fig. 14 shows the oil saturation reduction levels for all zones in
the strongly heterogeneous model (Exp. 1) and the weakly het-
erogeneous model (Exp. 4). The inlet zones show a greater oil
saturation reduction in the weakly heterogeneous model, while the
outlet zones show a lower reduction. There are several zones the
hot water cannot reach due to fingering phenomena on the model
outlet. The degree of oil saturation reduction varies greatly at
different locations. The number of zones within the channeling
channels accounts for 32.8% of the total number of total zones. The
strongly heterogeneous model shows smaller oil saturation
reduction levels in the middle and outlet zones than the weakly
heterogeneous model. The outlet zones show smaller oil saturation
reductions, while the significantly reduced remaining oil saturation
only occurs at the inlet zones. The channeling channels in the
strongly heterogeneous model are narrower than in the weakly
heterogeneous model, resulting in a shorter hot water



Fig. 9. 3D images of various microscopic remaining oil types.

Fig. 10. Points of the oil saturation for the four considered models.
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breakthrough time, more severe fingering phenomena, a lower
sweep efficiency, and a lower recovery. The number of zones within
the channeling channels accounts for 12.2% of the total number of
total zones.

Fig. 15 is a schematic diagram of the channeling channels, where
the green, red, and black areas are the channels. There is balanced
hot water flooding in the weakly heterogeneous model, and oil
saturation reduction inmost zones is more than 20% after hot water
flooding. Narrow channeling channels are formed after hot water
flooding in the strongly heterogeneous models. The remaining oil
saturation in other areas decreased slightly, resulting in imbalanced
flooding.
2414
4.2. Statistical laws and micro remaining oil distribution
characteristics

In the strongly heterogeneous models, there are greater differ-
ences in the remaining oil between the interior and exterior of the
hot water channeling channels. The study uses Exp. 1 as an
example. The location of the channeling channels in the strongly
heterogeneous model is described based on the levels of oil satu-
ration reduction within the zones. The remaining oil types inside
and outside the channeling channels are distinguished to obtain
the volume proportions, as shown in Fig.16. The volume proportion
of network remaining oil inside the channeling channels is lower



Fig. 11. 2D CT scanning slices for each layer of the models.

Fig. 12. Levels of oil saturation reduction for all zones (DS is the oil saturation reduction).
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than outside, and the volume proportions of cluster, film, and
droplet remaining oil are greater.

The oil phase over the entire model is continuous with a high
saturation before injecting hot water. After injecting hot water, heat
is transferred to the surrounding porous media and oil phase,
decreasing the oil viscosity. Due to the pore structure heterogeneity
of porous media, hot water tends to flow through zones with larger
average pore sizes to form channeling channels. The sweep area of
the hot water no longer increases once the channels form. The oil in
the hot water channeling channels is displaced under the
continued action of the hot water. The oil phase transforms from
continuous to discontinuous, decreasing the network remaining oil
volume and increasing the cluster, film, and droplet remaining oil
volumes. Significant heat is lost from the hot water during the in-
jection process. Heating the oil outside the hot water channeling
channels, where the oil phase remains continuous, is difficult. The
volume proportion of network remaining oil inside the channeling
2415
channels is 62.87%, and that outside the channeling channels is
81.41%. The shapes of the different remaining oil types are shown in
Fig. 17.

The average network remaining oil volume and film remaining
oil average thickness are shown in Table 4, which change signifi-
cantly after hot water flooding. The hot water causes a portion of
the network remaining oil to convert into other remaining oil types,
decreasing its volume proportion. The rest of the network
remaining oil is divided into multiple smaller sections, and the
average volume block decreases. The hot water causes the film
remaining oil on the rock surface in the channeling channels to be
continuously displaced, decreasing the film remaining oil thickness
on the rock surface. As the hot water cannot reach here, the oil on
the rock surface is difficult to displace outside the channeling
channels. Thus, the amount of film remaining oil on the rock sur-
face is small, and the thickness is large.



Fig. 13. Levels of average pore size for all zones (D is the average pore size).

Table 3
Matching rate in each layer.

Layer 1 (inlet) 2 3 4 5 (outlet) Total

Matching rate, % Exp. 1 83.3 100 100 100 100 95.5
Exp. 4 5.9 6.7 9.1 0 16.7 8.6

Fig. 14. Levels of oil saturation reduction.

Fig. 15. Channeling channels of the models.
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5. Conclusions

The influence of the pore structure heterogeneity on hot water
channeling channels is studied through physical experiments. In
the experiments, the strongly heterogeneous model is filled with a
mixture of quartz sand of differing particle sizes to characterize the
pore structure heterogeneity of the model. The 3D images of the
model are obtained using CT scanning technology. A proposed
2416
zonal statistical method divides the 3Dmodel image into 180 zones
of the same size and calculates each zone’s average pore sizes and
oil saturation reductions. A method is proposed to determine the
average pore size and oil saturation reduction levels. The zones
where the oil saturation reduction is above 20% are considered hot
water channeling channels. The matching rate is proposed to
characterize the relationship between the average pore size and oil
saturation reduction. Finally, the shape factor and contact area ratio



Fig. 16. The volume proportions for various remaining oil types.
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are used to evaluate heavy oil to divide the microscopic remaining
oil into four types: network, cluster, film, and droplet. The volume
proportions of different remaining oil types inside and outside the
channeling channels are analyzed, and the following conclusions
are drawn.

(1) Hot water flooding experiments were conducted for the
weakly heterogeneous models (Exp. 4) and strongly hetero-
geneous models (Exps. 1e3). The initial oil saturations of the
models in Exps. 1e4 were 84.3%, 81.8%, 83.1%, and 82.7%,
Fig. 17. The shapes of different types of remainin

Table 4
Parameters of the remaining oil.

Parameter Inside

Average network remaining oil bock volume, mm3 4826.
Average film remaining oil block thickness, mm 6.9

2417
respectively. At the final stage of hot water flooding, the
remaining oil saturations of the models in Exps. 1e4 were
73.8%, 75.3%, 75.6%, and 67.1%.

(2) The average pore sizes and oil saturation reductions for all
zones in the weakly heterogeneous and strongly heteroge-
neous models were calculated. In the weakly heterogeneous
model (Exp. 4), the influence of the average pore size on the
oil saturation reduction is insignificant, and the total
matching rate of all zones is only 8.6%. In the strongly het-
erogeneous model (Exp. 1), the average pore size signifi-
cantly impacts the oil saturation reduction, and the
remaining oil in large pores decreases greatly, and the total
matching rate of all zones is nearly 100%.

(3) The 3D distribution of hot water channeling channels is
shown based on the oil saturation reduction levels for all
zones. Hot water flooding is balanced in the weakly hetero-
geneous model (Exp. 4), and the channeling channel zones
account for 32.8% of the total zones. Severe fingering phe-
nomena lead to imbalanced hot water flooding in the
strongly heterogeneous model (Exp. 1), and the zones of
channeling channels only account for 12.2% of the total
zones. In theweakly heterogeneous model, zones with larger
average pore sizes have greater oil saturation reductions. In
the strongly heterogeneous model, the average pore size for
most zones within the channeling channels is greater than
the maximum average pore size of the weakly heteroge-
neous model.

(4) In the strongly heterogeneous model (Exp. 1), the volume
proportion of the network remaining oil inside the chan-
neling channels is lower than outside the flow channeling
channels. The hot water flooding transforms the network
g oil (red area is oil and gray area is rock).

channeling channels Outside channeling channels

7 8146.2
16.3
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remaining oil into several cluster, film, and droplet remaining
oil. The volume proportion of network remaining oil inside
the channeling channels is 62.9%, and that outside is 81.4%.
The average volume of the network remaining oil blocks and
average thickness of the film remaining oil blocks decrease
significantly during hot water flooding.
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