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Abstract
After waterflooding, the distribution of the remaining oil in low-permeability porous reservoirs is quite complicated. Strong 
heterogeneity of formations makes the waterflooding performance more complex. Therefore, accurate prediction and evalu-
ation of the spatial distribution of the remaining oil and the waterflooding performance of low-permeability reservoirs are 
essential for understanding the waterflooding process and improving oil recovery. In the study, an empirical method is 
proposed to predict waterflooding performance combined with static and dynamic data for porous reservoirs. Static data, 
including logging curves, core porosity and permeability data, are adopted to classify the formation into three hydraulic 
flow units (HFUs). The proportions of the thicknesses of different HFUs (HFUp) are proposed to characterize the remaining 
oil distribution. In addition, a waterflooding performance prediction method based on the Koval method was built using 
dynamic production data. The results show that the HFUp plays the key role in predicting the distribution of the remaining 
oil in the research well group. The K-factor-based waterflooding prediction method is highly correlated with the history 
matching in low-permeability waterflooded layers. The study also found Type 3 HFUp shows a great effect in predicting the 
duration of the low water-cut oil production. Therefore, the empirical method can provide a quick and intuitive evaluation 
of waterflooding performance in space and time of low-permeability waterflooded reservoirs with the local average K-factor 
and the HFUp results. The empirical method is of great significance to evaluate the remaining oil, infilling of well pattern, 
and improving oil recovery.
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Introduction

Water injection can supply the formation pressure and 
achieve improved oil recovery, and has become the most 
common secondary development method (Kou et al. 2022; 
Rendel et al. 2022; Vledder et al. 2010). Now, many oil fields 
have developed by water injection, leading to the evaluation Edited by Dr. Liang Xiao (ASSOCIATE EDITOR) / Prof. 
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of waterflooding reservoirs more and more critical (Nasralla 
et al. 2018; Sari et al. 2020; Zhou et al. 2020). Therefore, 
prediction of the performance of the waterflooding process 
is significant to select the best candidates and implement of 
a successful oilfield development project.

After flooding, the injected water displaces the oil in the 
pore space, resulting in the reduction in oil saturation. The 
flooding process will be heterogeneous and unsynchronized 
due to the inherent inner heterogeneity of the reservoir rock 
(Al-Ibadi et al. 2020; Wang et al. 2021). The saturation and 
distribution of the remaining oil of the developing reservoir 
will continue to change during the waterflooding process 
(Jiang et al. 2022, 2021). Formation conditions, including 
the physical properties and fractures of the reservoir, will 
greatly influence the flooding process, also resulting in a 
complicated remaining oil distribution (Aljuboori et al. 
2020; Gu et al. 2014). When there are some fractures in res-
ervoirs, the injected water will advance preferentially along 
the fracture, so the remaining oil will generally distribute on 
both sides of the fractures (Belayneh et al. 2009; Chen et al. 
2020). While in low-permeability porous reservoirs, the 
strong heterogeneity of the reservoirs is the most significant 
factor determining the waterflooding performance, making 
it very difficult to evaluate the distribution of remaining oil 
after the waterflooding (Friesen et al. 2017; Li et al. 2018). 
Therefore, accurately characterizing reservoir heterogeneity 
and quantifying its impact on production performance is an 
important basis for establishing a waterflooding prediction 
model.

The main governing factors of heterogeneity within res-
ervoirs are mineralogy, lithology, and pore structure (Chen 
et al. 2021; Qiao et al. 2019; Wang et al. 2022). When the 
internal components of the reservoir rock are relatively sta-
ble, the heterogeneity of the reservoirs is chiefly determined 
by porosity, permeability, and pore structure. In order to 
better characterize and quantify the heterogeneity of the 
reservoir, Hearn et al. (1983) first proposed the concept of 
a hydraulic flow unit (HFU). A HFU refers to a reservoir 
with similar porosity, permeability, pore throat attributes and 
bedding characteristics, which is both connected horizon-
tally and vertically. Meanwhile, the seepage characteristics 
in the same HFU are analogous, and the seepage charac-
teristics between different HFUs are different. Amaefule 
et al. (1993) proposed the flow zone indicator (FZI) from 
the modified Kozeny–Carman equation and used it to predict 
the permeability of reservoirs. FZI refers to a well-defined 
reservoir parameter, incorporating the geological features 
of mineralogy and texture in distinguishing the different 
formation facies or HFUs. Therefore, FZI is usually used 
to quantify the heterogeneity and quality of the reservoirs. 
In general, a larger FZI value indicates the better physical 

properties and the lower degree of heterogeneity of reser-
voirs. Nooruddin and Hossain (2011) revised the tortuosity 
term of the Kozeny–Carman model and proposed the defini-
tion of enhanced hydraulic flow unit, which obtained good 
results in some high-permeability reservoirs. In recent years, 
the concept of HFU has gained increasing attention in the 
study of reservoir characterization, and many researchers 
(Abu-Hashish et al. 2022; Kassab et al. 2021; Kou et al. 
2022) have used HFU to characterize and classify different 
reservoirs.

The HFU is the macroscopic parameter that is determined 
by the pore structure of the rock (Chen et al. 2017; Khurpade 
et al. 2021). In addition to the porosity and permeability 
analyzed from core samples, many researchers also use other 
core physical experiments to descript and classify the pore 
structure, including mercury intrusion capillary pressure 
(MICP), nuclear magnetic resonance (NMR), N2 adsorp-
tion, and some imaging methods (Jiang et al. 2018; Ma et al. 
2019; Yan et al. 2018; Zhao et al. 2017). These studies are all 
based on rock sample experiments. However, core sampling 
is relatively rare in common producing wells, because of its 
high cost and time consumption. Well logs are measured in 
almost all production wells. They contain more information 
and have good vertical continuity. It will be more mean-
ingful to classify reservoirs through logging curves. So far, 
many scholars (Al-Mudhafar 2019; Mou et al. 2015) have 
used logging curves to classify reservoirs and lithofacies and 
achieved good results.

Static data such as core analysis and logging curves 
can only reflect the state of the reservoir at a specific time. 
Reservoir characterization and evaluation based on static 
data is still of relatively limited help in understanding the 
waterflooding performance of reservoirs. The oil cut data 
can calculate the oil saturation, oil/water ratio, recovery fac-
tor, and displacement efficiency, to further characterize the 
waterflooding performance. Therefore, it is very essential 
to predict the oil cut at different times after flooding in low-
permeability waterflooded layers based on dynamic produc-
tion data.

In 1963, Koval proposed the K-factor method for evalu-
ating and predicting the flooding performance of unstable 
miscible fluids in heterogeneous reservoirs and verified the 
reliability of the method through a series of experiments 
with a wide variety of sandstone core samples and viscosity 
ratios. Mollaei and Delshad (2019) parameterized the physi-
cal dimension and thickness of the Koval method with the 
K-factor to predict the behavior of waterflooding. History 
matching shows that the actual production data is in well-
agreement with the predicted results. Coupling the influence 
of the reservoir heterogeneity and the viscosity ratio, the 



1695Acta Geophysica (2023) 71:1693–1703	

1 3

K-factor can provide an efficient approach to analyze and 
predict the flooding process.

In this research, an empirical method for predicting 
waterflooding performance in low-permeability porous 
waterflooded reservoirs combining static and dynamic data 
was purposed. First, the low-permeability reservoirs in the 
study area were classified into three types of HFU according 
to core porosity and permeability. Next, an HFU classifica-
tion method based on well logging curves was established 
with results similar to those of the core-based HFU. Consid-
ering the actual reservoir and logging conditions of Jingan 
Oilfield, the acoustic (AC) curve and the natural gamma 
(GR) curve are selected for calculating the HFUs. The study 
found that the proportions of thicknesses of different HFUs 
(HFUp) in the development zone have a good control effect 
on the production water cut, which can indicate the remain-
ing oil distribution in the waterflooded zone. In order to 
accurately and quickly describe the waterflooding dynamics 
of low-permeability reservoirs, a rapid waterflooding perfor-
mance prediction method based on the K-factor method was 
established. The history matching showed good agreement 
between the actual cut oil data and the forecasting results. 
The study also found that Type 3 HFUp can well-predict the 
duration of low water-cut production and determine the time 
coefficient � . Combining with the local average K-factor and 

the time coefficient � , the waterflooding performance evalu-
ation method can be established to predict waterflooding 
behavior for wells in a low water-cut production period.

Methodology

Geological setting

The Ordos Basin, covering more than 320,000 square kilo-
meters in the shape of approximately rectangular (Fig. 1a), 
is the second-largest sedimentary basin with the most oil 
and gas production basin in China. Therefore, it makes the 
research on the Ordos Basin significant. Low permeability, 
coupled with strong heterogeneity, is the most critical feature 
of the sandstone reservoir in the studied Chang 6 member.

The study area is marked by a red dashed square in 
Fig. 1a. In well group L8-4 (shown in Fig. 1b), Chang 6 
member is the capital oil producing reservoir of the research 
area, with an average porosity of 11.62% and an average per-
meability of 4.4mD. The producing wells L7-4, L7-5, L9-3, 
L9-4, L9-5, L8-3, L8-5, L8-4 and injecting well L8-4 were 
all drilled and put into producing and injecting between 1997 
and 1998, marked with red and blue circles, respectively. 
The producing wells L7-31, L7-41, L9-31, L9-41, and L9-51 

Fig. 1   a Geological setting of the Ordos Basin (modified from Jiang et al. (2018)). The study area is marked with the red dashed box. b The 
location of well group L8-4
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were infilled in 2012, represented by orange diamonds. And 
the last infill wells LJ7-3, LJ7-5, LJ9-3, and LJ9-5 were 
designed and began to produce oil in 2016, marked with 
brown triangles.

HFU theory

A hydraulic flow unit (HFU) is an important evaluation 
method for reservoir quality, and refers to a collection of geo-
logical units with similar seepage characteristics. Core poros-
ity and permeability data are the most common basis for HFU 
classification of reservoirs. The porosity and permeability data 
from the core experiments are of strong objectivity and accu-
racy. The HFU parameters can be calculated according to the 
core physical property analysis data (Hearn et al. 1983), as 
shown in the following formula:

where the flow zone index FZI and the reservoir quality 
index RQI are useful evaluation parameters of the hydraulic 
flow unit system, μm. � and K are the porosity (fraction) 
and permeability (mD) data obtained through rock analysis, 
respectively. �z is the normalized porosity, fraction.

According to the principle of statistics, the results of 
repeated measurements or experimental observation of the 
same thing under the same conditions should obey the law of 
normal distribution. Therefore, the variable has a normal dis-
tribution in the linear coordinate system and an approximately 
straight line in the normal distribution coordinate system. Due 
to the unavoidable random errors, the FZI value of the same 
HFU will be the Gaussian distributed around its real mean. 
Different HFUs show different normal distribution functions 
reflecting different characteristics of pore throat. When exist-
ing multiple HFUs, the overall distribution of FZI is superim-
posed by several Gaussian distributions, and it is represented 
as a broken line with different slopes in the normal distribution 
coordinate system.

K‑factor method

Based on the 1-D Buckley–Leverett method, Koval (1963) 
presented the K-factor method to predict the solvent cut in 
immiscible displacement process as the function of injected 
pore volumes. There are two important relations developed 

(1)FZI =
RQI

�Z

(2)RQI = 0.0314 ×

√
K

�

(3)�Z =
�

1 − �
,

in Buckley–Leverett’s theory as follows. The frontal advance 
formula is:

where fs is the solvent cut, Ss is the solvent saturation, xD is 
the location of frontal advance at the time tD.

When gravity is not considered, the fractional flow equa-
tion is:

where kr and � represent the relative permeability and vis-
cosity, respectively. The subscript s and o stand for solvent 
and oil.

If this total lack of interaction between solvent and oil is 
assumed, there will be a good linear relationship for rela-
tive permeability as a function of saturation in immiscible 
displacement:

In the K-factor method, it is assumed that a single param-
eter can be used to represent heterogeneity. In order to explain 
heterogeneity and transverse mixing, Koval introduced the 
K-factor into the fractional flow equation:

where K is the K-factor; E is the effective viscosity ratio; and 
Hk is the heterogeneity factor calculated from the experiment 
data. The fractional flow equation proposed by the K-factor 
method is:

Taking the derivative of fs with respect to Ss , substituting 
Eq. (9) into Eq. (4) and eliminating the Ss , resulting in oil cut 
fo = 1 − fs as the function of K, for position xD and time tD:

Figure 2 shows the relationship between the oil cut and the 
injected pore volume with different K-factors. As shown in 
Fig. 2, when the K-factor of reservoirs is higher, indicating 
the heterogeneity or viscosity ratio is greater, the water break-
through will be earlier and the flooding process will be slower.

(4)
dfs

dSs
=

dxD

dtD
,
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Results and discussion

HFU classification results

The core porosity and permeability data can provide the 
most objective and reliable geological information. The 
flow zone index FZI from the core experiment data can 
well-reflect the heterogeneity of formation. Based on the 
probability accumulation function (PCF) of FZI, Chang 6 
reservoir in this research area was divided into three types 
of HFU. According to the quality of reservoirs from good 
to bad, there are Type 1, Type 2 and Type 3, respectively. 
When existing multiple HFUs, the overall distribution of FZI 
is superimposed by several Gaussian distributions. It can be 
represented as a broken line with three different slopes in the 
normal distribution coordinate system, as shown in Fig. 3.

Different types of HFUs show obvious characteristics 
in porosity and permeability, as shown in Table 1. Type 1 

HFU has the best physical properties and is the dominant 
flow channel in rock. The porosity and permeability of 
Type 3 HFU are relatively low. Therefore, these Type 3 
HFU are often the accumulation place of the remaining oil, 
and utilization degree of these reservoir is low. The HFU 
classification based on core data is the most reliable, but 
the rock core of formation is relatively expensive, making 
this method difficult to popularize. In this study, a HFU 
evaluation method from logging curves is established, 
referring to the HFU results based on the core data.

The acoustic (AC) curve and the natural gamma (GR) 
curve are selected for the calculation of the HFUs. Cal-
culate the shale content Vsh according to the GR curve, 
and then introduce the AC curve to calculate the effective 
porosity, as follows:

where GRmax , GRmin is the GR value of the ideal mudstone 
and sandstone; Pore is the effective porosity; Tm , Tf ,Tsh are 
the acoustic values of the rock matrix, fluid and shale, 
respectively.

The studied formation can be continuously divided into 
three types of HFUs by logging curves, according to the 
classification criteria in Table 2. Type 1 HFU reservoir has 
the largest porosity and permeability, is the dominant chan-
nel of flooding, and its effective porosity is greater than 9%. 
The porosity and permeability of Type 2 HFU are slightly 
smaller, and the effective porosity is between 5 and 9%. 
Type 3 HFU has the worst physical properties, and these 
reservoirs are relatively tight or have a high shale content.

As the logging interpretation results in Fig. 4 show, the 
HFU results from logging curves have a high consistency 
with the results based on the core analysis data. The results 

(11)Vsh =
GR − GRmin

GRmax − GRmin

(12)Pore =
AC − Tm

Tf − Tm
− Vsh ⋅

Tsh − Tm

Tf − Tm
,

Fig. 2   Relationship between the oil cut and the injected pore volume 
with different K-factors

Fig. 3   FZI probability accumulation function (PCF) of different 
HFUs

Table 1   Porosity and permeability in different HFUs

HFU Porosity (%) Permeability (mD)

Type 1 13–15  > 1.2
Type 2 11–15 0.4–1.2
Type 3 8–12  < 0.4

Table 2   Effective porosity Por
e
 

and AC in different HFUs
HFU Por

e
 AC

Type 1  > 9%  > 225 μs/m
Type 2 5% ~ 9%  > 225 μs/m
Type 3 Others Others
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allow those wells without coring can be classified the HFUs 
by well loggings.

The HFU classification results from the core analysis data 
and the logging curves in well LJ9-5 are shown in Fig. 4. 
Track 1–3 are the conventional logging curves. Track 4 and 
5 are calculated and core experimental permeability and 
porosity, respectively. Track 6 presents the HFU classifi-
cation results from logging curves and core analysis data. 
Track 7 presents the waterflooding results based on core 
observations. The calculated lithology section and interpre-
tation conclusion are shown in the last three tracks present, 
together with the depth data.

In the studied formation of well LJ9-5, most of the forma-
tion belongs to Type 3 HFU, and the degree of water wash-
ing is low (UF and WF). While the strongest washing traces 
were observed in the rock core of Layer 87. Coincidentally, 
the HFU results from core analysis and well logs both show 
this layer belongs to Type 1 HFU reservoir. The results show 
it is an excellent alternative method to calculate the HFUs 
by logging curves with no core data.

Remaining oil distribution prediction based 
on HFUp results

The thickness of the same studied layer will be different in 
various parts of the underground, and it will be inappropriate 
in evaluating the fluid distribution only by the thickness of 
reservoirs in HFUs. In this paper, the proportions of thick-
nesses of different HFUs (HFUp) are proposed to character-
ize and evaluate the waterflooding performance. Figures 5 
and 6 are the distribution of Type 3 HFUp (Figs. 5a and 6a) 
and the distribution of water cut (Figs. 5b and 6b) at different 
times in well group L8-4 well. In 2014, there were 13 wells 
in the researched well group. It was in the middle stage of 
flooding, with an average water cut of approximately 60%, 
as shown in Fig. 5. In 2016, well group L8-4 included 17 
wells, and in the late stage of displacement, with the water 
cut of the most wells above 90%, shown in Fig. 6.

The result shows that Type 3 HFUp from the logging 
curves is an excellent index for the distribution of water cut 
in different stages of waterflooding. When Type 3 HFUp is 

Fig. 4   HFU results from core analysis data and logging curves in well LJ9-5
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Fig. 5   a Distribution of Type 3 HFUp in well group L8-4 (2014). b The distribution of water cut in well group L8-4 (2014–12)

Fig. 6   a Distribution of Type3 HFUp in well group L8-4 (2016). b The distribution of water cut in well group L8-4 (2016–12)
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relatively lower (blue area), the average physical properties 
will be better. Therefore, it is easy to form the dominant 
channel of waterflooding and corresponds to the higher 
water content. On the contrary, the higher Type 3 HFUp (red 
area) should indicate the enrichment area of the remaining 
oil, within the control range of the well group. This study 
is of great significance for indicating the distribution of 
remaining oil in porous reservoirs.

An empirical evaluation method of waterflooding 
performance based on the K‑factor method

Type3 HFUp can indicate the spatial enrichment of the 
remaining oil. However, this method in Session 3.2 lacks 
the characterization of time-dependent waterflooding per-
formance. According to the K-factor method, the dynamic 
evaluation method of waterflooding performance can be 
established by fitting the production oil content data in the 
process of water injection development, as follows:

(13)fo =

�
1 tD < tlw√

k∕(tD+𝛼)−1

k−1
tD ≥ tlw,

where fo is the average monthly oil content; � is the time 
coefficient, which is a function of the duration of low water-
cut oil production; k is the K-factor, which can characterize 
the seepage capacity of the reservoir. In the same develop-
ment layer of the same oilfield, the same K-factor can be 
chosen. k and � can be determined by fitting the production 
data. tD is the dimensionless time:

where qin is the injection rate, Vp is the injection volume, tT is 
the production time, month. In this study, qin

/
Vp is assumed 

to be 0.008 for the convenience of calculation. tlw is the 
dimensionless low water cut ( fw < 20%) production duration. 
Figure 7 is the oil content fitting situation of well L8-5. The 
blue point is the actual production data, and the red dotted 
line is the value calculated by this method. The calculated 
data of oil cut are in good agreement with the actual values, 
and the correlation coefficient R2 = 0.973.

The other wells in the study well group were also fitted 
and analyzed. Their water cut gradually increased from less 
than 5%, during the development process. The fitting results 
are listed in Table 3. The results show that the oil content 

(14)tD =
qin

Vp

tT ,

Fig. 7   Oil content fitting situation of well L8-5

Table 3   Oil content fitting 
situation of well group L8-4

No Well Type3 HFUp (%) t
Tlw

α k R2 Local k

1 L7-4 32.56 72 0 2.3 0.951 2.2
2 L7-5 38.31 66 0.1 2.1 0.964
3 L8-3 63.05 193 − 1.05 2.2 0.894
4 L8-5 37.39 78 − 0.14 2.1 0.973
5 L9-3 52.17 160 − 0.7 2.3 0.789
6 L9-4 36.93 110 − 0.3 2.2 0.945
7 L9-5 66.54 142 − 0.8 2.2 0.725
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predicted by this method is generally consistent with the 
actual value in well group L8-4. When the production time 
of low water-cut tTlw is relatively short, the accuracy of the 
fitting results of this method is high, such as well L7-4, L7-5, 
L8-5 and L9-4.

Local k is the average K-factor in the study area. The 
production time of low water-cut tTlw is the production 
time with water content less than 20%, month. As shown 
in Fig. 8, the time coefficient α and the production time of 
low water cut tTlw have a good linear relationship. In case 
of lack of sufficient production data from low water cut to 
high water cut, Type3 HFUp can also be used to estimate 
the time coefficient α.

Conclusions

In this study, first, based on the porosity and permeability 
data of rock analysis, the low-permeability porous water-
flooded reservoir was divided into three types of HFUs. 
Then, in order to popularize the HFU method, a HFU clas-
sification method with logging curves was established. The 
HFU classification results were used to indicate the distri-
bution of the remaining oil. Lastly, based on the K-factor 
method, the dynamic evaluation method of waterflooding 
performance was established with historical fitting. The fol-
lowing conclusions are drawn:

(1)	 When the rock data are insufficient, the HFU can also 
be well-divided with the logging curves.

(2)	 The proportion of HFU thickness (HFUp) of Type 3 
from logging curves is a good index for the distribution 
of water cut in different stages of waterflooding.

(3)	 The empirical evaluation method of waterflooding per-
formance based on the K-factor method is established 
in this study. With a local average k and Type 3 HFUp, 
the method can predict the waterflooding performance 
in newly drilled wells.

(4)	 This method is only applicable to reservoirs with con-
nected pores and few fractures. When the fractures and 
cracks existing, the injected water will form a dominant 
channel along with them. Moreover, this method can-
not be appropriately applied in wells with a high water 
production rate before production.
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