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Abstract
The Ming Huazhen group of Gang Dong Oilfield is a medium–high permeability reservoir of meandering stream deposits. 
It has a high areal and vertical heterogeneity and has entered the stage of extra-high water-cut. Point bar is an important 
development area for oil sands in meandering stream deposits and the development of a lateral layer is an important factor 
controlling the distribution of residual oil. The change rule of water displacement in medium–high permeability reservoirs 
was clearly determined by laboratory experiments. A numerical simulation method was used to determine the time-varying 
physical properties of the reservoir. Based on the internal configuration of the meandering river point bar, the horizontal 
well excavation method for residual oil development of point bars during the ultra-high water-cut stage is employed on the 
basis of the evaluation of flow field intensity. The results show that this method can well reflect the distribution of the flow 
field in a point bar sand body. The degree of extraction increases by 3.2% if horizontal wells are drilled in the weak flow 
field rather than in other places.

Keywords Medium high permeability reservoir · Ultra-high water-cut stage · Point bar deposit · Internal configuration · 
Strength of flow field

Introduction

With the development of oilfields and research on the inter-
nal configurations of mean-flow river point bar deposits, 
exploration of the remaining oil at the ultra-high water-cut 
stage has become a hot topic. The point bar is affected by 
the meandering fluvial deposits, and the reservoir is usu-
ally distributed in the positive rhythm. In the extra-high 
water-bearing period, due to the high permeability, high 

heterogeneity and low degree of consolation, it is easy to 
form a predominant channel under long-term water flood, 
which is unfavorable to the production of the site (Sun et al. 
2004). Many scholars have studied the laws relating to physi-
cal changes in the reservoir during the ultra-high water-cut 
stage. The development of the superiority channel of the 
Guan Tao group is 34.7% in the Gu Dao oil field, as deter-
mined by an interwell tracer test of 39 Wells (Cui and Zhao 
2004).

Because of the long-term erosion due to the injected 
water, the reservoir properties change, as becomes obvious 
during the ultra-high water-cut stage (Felsenthal and Gangle 
1975). By means of logging interpretation and laboratory 
core experiments, the change of porosity after water flood-
ing is found to be relatively small, while the variations in 
the permeability and the phase permeability curve are obvi-
ous (Jiang 1997; Jin and Lin 2004). Currently, numerical 
simulation methods that consider variations in the reservoirs 
physical properties suffer from defects in terms of reservoir 
continuity characterization, directional characterization and 
the stability of the calculation results, and do not take into 
account the differences between middle porosity middle 

 * Guo Qi 
 qqqqguoqi@163.com

 Wang Xihong 
 294886756@qq.com

 Meng Lixin 
 294481525@qq.com

1 Exploration and Development Research Institute, 
Petro China Da Gang Oilfield, Tianjin 300280, 
People’s Republic of China

2 Sinopec Shengli Oilfield High Training Center, 
Shandong 257000, People’s Republic of China

http://crossmark.crossref.org/dialog/?doi=10.1007/s13202-018-0488-6&domain=pdf


52 Journal of Petroleum Exploration and Production Technology (2019) 9:51–60

1 3

permeability reservoirs and high porosity high permeabil-
ity reservoirs after long-term water flood (Abbaszadeh-
Dehghani and Brigham 1983; Dou 2005; Maier and Kocabas 
2013). To solve these problems, it is necessary to develop 
a numerical simulation technique based on experimental 
research in order to consider the time-varying parameters 
of the different physical properties.

Many scholars have studied the configuration and residual 
oil distribution patterns of point bar. Leeder (1973) carried 
out a study on the relationship between full bank width and 
full bank depth and deduced the formula for calculating the 
dip angle of the inner side of the dam. For the first time 
in river sediments, Allen (1983) clearly defined the three-
level interface, which is widely used by many geologists. 
Jordan and Pryor (1992) found in the study of the modern 
deposits of the Mississippi compound meander belt that the 
abandoned channel deposition of the mud fill is the main 
barrier to the lateral movement of the inner fluid of the 
river. Zhao (1995), among others, used aerial photographs 
to describe abandoned channels. The numerical simulation 
of the conceptual model built by Yue et al. (2007) suggests 
that the residual oil reserves in the upper part of the river 
and middle-upper part of the lateral accretionary body are 
abundant. Combined with the results of modern sedimenta-
tion and outcrops, the laterally shales are believed by Zhou 
et al. (2009) to extend from the upper point to the lower 
point of the dam and to reach from one-half to two-thirds of 
the thickness of the reservoir. On the basis of the analysis 
of the interlayer of the point bar in the Xing Bei area, it 
is believed by Yan et al. (2014) that the water flood in the 
lower part of the point bar is serious and the remaining oil 
is mainly concentrated in the middle-upper part. However, 
modeling methods for the internal configuration of the point 
bar and the determination of the horizontal well location in 
the remaining oil enriched area located in the upper part of 
point bar during the ultra-high water-cut stage are still in the 
exploration stage of research.

This study is based on laboratory experiments of 
medium–high permeability reservoirs that are used to deter-
mine the variation rules of the reservoir parameters at dif-
ferent levels during the ultra-high water-cut stage. A three-
dimensional geological model of the internal configuration 
of a point bar is established using interface constraint and 
multipoint geostatistics. A countermeasure of a horizon-
tal well based on the intensity of the flow field in the high 
water-cut phase is formed, and this method has been shown 
to achieve good results in the residual oil excavation of the 
NmIV-6-3 dam point single sand layer in the second area of 
the Gang Dong oilfield.

The law and characterization method of high 
water displacement of medium–high permeability 
reservoirs

The macroscopic properties, microscopic properties and 
fluid distribution characteristics of a medium–high perme-
ability reservoir in the phase of high water content will 
change. In order to accurately describe the influence of 
reservoir parameters on the flow field, a water injection 
simulation experiment was carried out on a core from the 
sealing coring well in the Gang Dong block of the Da 
Gang oilfield and the variation of reservoir parameters was 
compared at different physical levels.

The physical properties of 58 core samples before and 
after water flooding were compared and analyzed. Figure 1 
shows for the middle permeability of the reservoir. Where 
the permeability of a core sample is below 500 mD, the 
correlation of permeability decreases in different degrees 
and decrease extent decreases in the later development 
period. However, for high permeability samples with a 
permeability greater than 1000 mD, with an increase of the 
injection wash out multiple, the core permeability gradu-
ally increases and tends to be stable in the later period, as 
shown in Fig. 2. The changing trend of water flushing with 
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Fig. 1  Permeability variation with the injection wash out multiple in 
a middle porosity and middle permeability reservoir
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the relative permeability of the oil and water in the middle 
permeability and high permeability reservoirs is such that 
with an increase of the injection wash out multiple, the 
residual oil saturation decreases, irreducible water satura-
tion increases (Fig. 3).

For a high permeability reservoir, as the water flood time 
increases, when the output of the migration particles reach a 
certain extent, the permeability begin to increase rapidly with 
the increase of particle output.

The function of the permeability change multiple and the 
injection wash out multiple are obtained by curve regression.

For a high permeability reservoir:

For a middle permeability reservoir:

 where Mk is the permeability change multiple and Vp is the 
injection wash out multiple.

The function of grid injection wash out multiple and the 
reservoir properties are used to characterize the variability of 
the parameters in the ultra-high water-cut stage of a high per-
meability reservoir. Firstly, the water injection ratio of each 
grid was deduced according to the Darcy equation. The rela-
tionship between the absolute permeability, the relative perme-
ability and the injection wash out multiple was then obtained 
by analyzing the experimental data. Substituting this relation-
ship into the parametric time-varying mathematical model, the 

(1)Mk = 0.9966Vp
0.0195,

(2)Mk = 3 × 10−7Vp
2 − 0.0007Vp + 1.0821,

expression for the injection wash out multiple was obtained 
as follows:

 where Rw(i) is the injection wash out multiple, i is the grid 
number, tD is the cumulative injection time, s. Qin is grid 
water injection rate,  m3/s, Vi is the volume of grid i,  m3, ∅i 
is the porosity of grid i.

A parametric time-varying mathematical model can be 
established to reflect the characteristic properties of the 
Gang Dong oil field. In this model, the absolute perme-
ability and relative permeability curves of the reservoir 
change with the water injection multiple, and the continu-
ity equations of the three phases of oil, water and gas are 
as follows,

 where k is the absolute permeability of reservoir; vo, vg, 
vw are the flow velocities of the oil phase, gas phase and 
water phase; kro, krg, krw are the relative permeabilities of 
the oil phase, gas phase and water phase; uo, ug, uw are the 
viscosities of the oil phase, gas phase and water phase; po, 
pg, pw are the pressures of oil phase, gas phase and water 
phase; So, Sg, Sw are the saturations of oil phase, gas phase 
and water phase; �o, �g, �w are the densities of oil phase, gas 
phase and water phase; g is the gravitational acceleration; 
D is the depth calculated from a base surface; Bo, Bg, Bw are 
the volumetric factors of the oil phase, gas phase and water 
phase; qo, qg, qw are the flow rates in unit volume of rock and 
unit time of the oil phase, gas phase and water phase; ∅ is 
the rock porosity; Rso is the solution gas–oil ratio; qvo, qvg, 

(3)Rw(i) =
∫
tD
0
Qindt

Vi�i
,

(4)
Oil component:∇

[

k
(

fw
)

kro
(

fw, Sw
)

Bo�o

∇
(

po − �ogD
)

]

+ qvo =
�

�t

(

�
So

Bo

)

,

(5)

Water component ∶ ∇

[

k
(

fw
)

krw
(

fw, Sw
)

Bw�w

∇
(

pw − �wgD
)

]

+ qvw =
�

�t

(

�
Sw

Bw

)

,

(6)
Gas component ∶ ∇

[

k
(

fw
)

krg
(

fw, Sw
)

Bg�g

∇
(

pg − �ggD
)

]

+ ∇

[

Rsok
(

fw
)

kro
(

fw, Sw
)

Bo�o

∇
(

po − �ogD
)

]

+ ∇

[

Rswk
(

fw
)

krw
(

fw, Sw
)

Bw�w

∇
(

pw − �wgD
)

]

+ qvg =
�

�t

[

�

(

Sg

Bg

+
RsoSO

Bo

+
RswSw

Bw

)]

,

0

0.2

0.4

0.6

0.8

1

1.2

0 0.2 0.4 0.6 0.8 1

re
la

tiv
e 

pe
rm

ea
bi

lit
y 

water saturation 

Rela�ve permeability of aqueous
phase before water injec�on
Rela�ve permeability of oil phase
before water injec�on
Rela�ve permeability of aqueous
phase a�er water flooding
Rela�ve permeability of oil phase
a�er water flooding

Fig. 3  Relative permeability curve variation with the injection wash 
out multiple



54 Journal of Petroleum Exploration and Production Technology (2019) 9:51–60

1 3

qvw are the volume flows rate under standard conditions of 
the oil phase, gas phase and water phase; Rsw is the solution 
gas–water ratio.

The calculation process is based on the solution of the 
numerical model whose parameters are time varied based on 
the IMPES method. In the iteration of each time step the pore 
volume multiple of the injected water is calculated. Then, on 
the basis of permeability and relative permeability changing 
with the injected water flushing pore volume ratio, each grid 
block permeability and oil water relative permeability value at 
this time step can be calculated using an interpolation method.

Determination of the strength evaluation 
parameters of the flow field during ultra‑high 
water‑cut

The main concepts relating to flow field strength assessment 
are the application of an analytical hierarchy process to deter-
mine the parameters which can greatly influence the flow field 
strength during the ultra-high water-cut stage followed by the 
formation of unified representation parameters describing the 
flow field intensity quantitatively. At the same time, economic 
factors should be considered in order to determine the range 
of economically recoverable reserves of new wells. Through 
these two parameters, we can determine the location of the 
horizontal well of the point bar with the development of the 
lateral product layer during the ultra-high water-cut stage.

Static factors such as permeability and porosity that affect 
the intensity of the flow field during the ultra-high water-cut 
stage in the sedimentary point bar of a meandering river with 
medium–high permeability are reflected in the geological model 
and the dynamic parameter changes. For the dynamic param-
eters of accumulated injection wash out multiple, water satura-
tion, fluid velocity and pressure gradient, the flow velocity can 
be characterized by the pressure gradient. The injection wash 
out multiple has a relationship with the water saturation and the 
fluid flow rate is a reflection of the accumulated injection wash 
out multiple derivative over time, so the accumulated injection 
wash out multiple is selected as the index of flow field strength.

Due to the difference between the accumulative injections 
water multiple in different areas in the late stage of water 
flooding development, a log function is selected to define the 
coefficient of flow field strength. After normalizing Eq. (3) 
results, its expression is,

 where L is the flow field intensity value; Rw(i)1 is the mini-
mum value of the accumulated injection wash out multiple; 
Rw(i)2 is the maximum value of the accumulated injection 
wash out multiple.

(7)L =
LnRw(i) − LnRw(i)1

LnRw(i)2 − LnRw(i)1
,

According to the normalized results, the level of flow field 
intensity is determined (e.g., Table 1 is about here).

According to the breakeven point method, the remaining 
economically recoverable reserves of a single well can be 
determined for which the expression is,

 where Ipe is the remaining economically recoverable 
reserves of a single well, 104t/km2; Npe is the remaining 
economically recoverable reserves, 104t; A is a single well 
controlled area, m2.

The remaining economically recoverable reserves of 
a single well in Eq. (8) can be calculated according to the 
following:

 where �0 is the oil or gas commodity rate; Po is oil and gas 
sale price; RT is taxies of per ton oil, Yuan/t; Cf is the cost of 
oil and gas production and operation, t is an evaluation term, 
years; CG is the fixed cost of a single well, tens of thousands 
of Yuan per year; I is the single well development invest-
ment, Yuan; Co is the variable cost per ton of oil, Yuan/t; � 
is the coefficient of the well.

The expression for the recoverable reserves of a point 
bar reservoir is

 where Io is the reservoir recoverable reserves,  104t/km2; h 
is reservoir thickness, m; � is porosity; So is oil saturation; 
Sor is residual oil saturation; �o is oil density t/m3; Bo is oil 
volume factor; A’ is the numerical simulation grid area,  km2.

When Io is bigger than Ipe , it is believed that horizontal 
well excavation is economical and effective. In combination 
with the flow field strength, horizontal wells can be deployed 
in the weak point of the flow field during the high water-
bearing period, which can result in the effective excavation 
of the residual oil rich areas caused by the lateral accretion 
shield of the high water-bearing period.

(8)Ipe =
Npe

A
,

(9)Npe =
I × (1 + �) + t × CG

�0 × (Po − RT − Cf−Co
)
,

(10)Io = 100h�(So − Sor)�o∕Bo ⋅ A
�,

Table 1  Standard of flow field intensity division

Flow field level Flow intensity value Name

1 0.7–1 Dominant flow zone
2 0.4–0.7 Weak flow zone
3 0–0.4 Non-dominant flow zone
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Study of the method of horizontal well 
excavation in the ultra‑high water‑cut stage 
OG point bar

A model of a meandering river point bar in the Da Gang 
oilfield is used to illustrate the method of horizontal well 
excavation. In this model, the horizontal width of a single 
lateral accretion body is 70 m and the thickness of the sand 
body is 10 m, as shown in Fig. 4. Figure 5 shows that the 
average inclination of the lateral accretion layer is 8 ◦.the 
average thickness of the lateral accretion inter-bed is 1 m 
and the developed depth of the lateral accretion mudstone 
accounts for two-thirds of the thickness of the sand body. 
Based on the interface constraint method (Luchi et al. 2012), 
a numerical simulation model of the block is established. 

Fig. 4  Conceptual model of 
point bar

Fig. 5  The lateral accretion model of point bar

Fig. 6  Flow field strength dis-
tribution at the reservoir bottom 
without considering parameters 
as time-varying

Fig. 7  Flow field strength 
distribution at the reservoir bot-
tom considering parameters as 
time-varying
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The permeability of the lateral accretion layer is 1000 mD, 
porosity is 25%, the longitudinal grid is divided into 10 
parts, the fluid and high pressure physical property param-
eters are derived from the actual data of the reservoir and a 
four-injection-6 striated pattern is used to produce until the 
water-bearing rate reaches 98%.

By contrast, the flow field strength distribution at the 
reservoir bottom shown in Figs. 6 and 7, which represent 

the cases without and with time-varying parameters, respec-
tively, indicates that the high-intensity flow field in the 
extra-high water content period is more concentrated in the 
area between the main line of the oil wells and water wells. 
Also, the intensity of the flow field at the reservoir bottom 
is differentiated by the influence of the flow field intensity 
after long-term water flooding in the bottom of the reservoir 
because of the influence on of the long-term water flush. 

Fig. 8  The distribution of 
residual oil in the high water 
content period in point bar row 
well pattern

Fig. 9  Strong flow intensity 
region

Fig. 10  Economically recover-
able area



57Journal of Petroleum Exploration and Production Technology (2019) 9:51–60 

1 3

Both simulation results show the influence of the lateral 
accretion shale interlayer and oil accumulation on top of the 
reservoir, as shown in Fig. 8.

On the basis of considering the changes to the reservoir 
parameters, the strength of the reservoir (Fig. 9) and the 
abundance of economically recoverable reserves (Fig. 10) 
are analyzed. The weak flow field intensity area is shown in 
the non-well-controlled area in the middle of the reservoir, 
and the recoverable reserves in the top area of the reservoir 
are greater than the economic limit of recoverable reserves. 
Thus the reservoir is suitable for the deployment of hori-
zontal wells.

Considering the strength of the flow field and the evalu-
ation results of the economically recoverable reserves, a 
reasonable horizontal well spacing should be in the upper 
part of the weak flow field intensity area. Horizontal wells 
are deployed in the weak flow field and near the reservoir 
boundary, and are shown in Fig. 11. In the position of weak 
flow field strength, the horizontal well was deployed to 
increase the oil production by 43,000 tons and to decrease 
the water content by 5.2%. Thus, the effect on development 
was significantly improved (Fig. 12).

Due to the influence of fluid, formation, well pattern 
and other factors, the displacement energy imbalance of oil 
reservoirs can affect their development. The residual oil of 
point bar during ultra-high water-cut stage is enriched in the 
upper part and highly dispersed in the lower part. The devel-
opment effect is obviously better than the development effect 
of an unbalanced flow field if the well network is adjusted 
based on the oil reservoir overall flow field strength equi-
librium during excavating of the remaining oil enrichment 
zone located in the upper part of point bar.

Application example

Taking the sand layer fault of the second zone of Gang Dong 
as an example, the actual reservoir geologic model of the 
internal configuration of a point bar is established using mul-
tipoint geostatistics. The block is a typical medium–high 
permeability reservoir, and the group of Ming Hua town is 
a meandering river deposit with strong heterogeneity. The 
oil–water relationship is complicated in the high water con-
tent development stage and the water consumption per ton 
of oil is high with a non-uniform water injection wash out 
for each area of the oil reservoir.

The internal interlayer of the point bar shows obvious nat-
ural potential returns on the logging curve, lower microelec-
trode log values and the micropotential log is basically coin-
cident with the microgradient curve, as shown in Fig. 13. 
The method of determining the dip angle of the mudstone 
interlayer is mainly based on the height difference of the lat-
eral accreted mudstone top of the adjacent wells G7-31 and 

Fig. 11  Optimal location map 
of horizontal well excavation in 
weak flow field
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G7-31K. The line distance between two wells determines the 
apparent dip angle of the lateral accretion mudstone. Based 
on the angle between the direction of the two wells and the 

true inclination of the lateral mudstone, the tilt angle of the 
lateral accretion mudstone is estimated to be 3.47° after the 
coordinate transformation, as shown in Fig. 14.

Fig. 13  Well log response curve of lateral accumulation mudstone in well Gang225

Fig. 14  Calculation chart of lateral mudstone formation in wells G7-31 and G7-31K

Fig. 15  The internal configuration of the point bar sand body of Well GH2
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In the study of the internal configuration of the point 
bar, the well point with obvious interlayers inside the 
point bar is the control point. According to the configu-
ration of the channel (abandoned river channel) and point 
bar, the occurrence, number and size of lateral accretion 
mudstones are predicted. As shown in Fig. 15, the inter-
nal study of the NmIII-6-3 single sand reservoir of GH2 
well was studied. According to the assumption of a single 
sand body structure in the point bar and knowledge of 
the scale and occurrence of lateral accretion mudstones 

established in the previous study, the lateral accretion 
mudstone interlayer identification of well GH2 is carried 
out to analyze the scale of the body. This study shows that 
the single sand body is composed of ten imbricate lateral 
accretion layers with the scale of lateral accretion layers 
being about 70 m and the development depth of the lateral 
accrete mudstone is about two-thirds of the thickness of 
the sand body.

According to the above results, the spatial structure of 
the geological variables expressed by the variable difference 

Fig. 16  Simulated result of the 
NmIII-3-6-1 point bar interlayer 
of Gang 3-37 well zone

Fig. 17  Diagram of a new hori-
zontal well based on flow field 
evaluation
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function is replaced by the use of training images in the mul-
tipoint geostatistics, which can overcome the problem of the 
traditional geological statistics not being able to reproduce 
the deficiencies of the target geometry. The Single Normal 
Equation Simulation—SNESIM is used to be faithful to the 
sampling data, with a speed that is better than the random 
simulation algorithm based on the target. Based on this, the 
geological model for the internal configuration of the point 
bar of the Gang Dong oilfield is completed, as shown in 
Fig. 16.

As shown in Fig. 17, the numerical simulation of the 
time-varying parameters of a single point bar in the Gang 
3-37 well zone was studied, and the intensity of the flow 
field and economic zone were evaluated. Finally, the location 
of rational horizontal well excavation is determined. The 
output of the new horizontal wells is predicted, the output 
of production is 164,000 tons at the end of the fifteenth year, 
and the development effect is obviously improved.

Conclusions

After long-term water injection wash out, the pore throat 
decreases and the physical properties become worse in mid-
dle porosity and middle permeability reservoirs, while the 
pore throat increases and the physical properties become 
better in high porosity and high-permeability reservoirs. In 
the later stage of the extra-high water content development 
of point bar, the flow field intensity in each region of the 
reservoir is differentiated because of the influence of the 
well pattern and relationship between injection and produc-
tion. The remaining oil shows enrichment in the upper part 
and dilution in the lower part. The equilibrium of the flow 
field strength should be considered to adjust the well net-
work when excavating the residual oil enrichment area at 
the top of the point bar. Based on the flow field strength and 
the evaluation of the economic limit of residual recoverable 
reserves, the point bar during ultra-high water-cut stage was 
evaluated and the position of horizontal well was determined 
that can guide the remaining oil excavations.
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