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Abstract. According to the 4 dimensionless parameters proposed by Djuro
Novakovic, which are the ratio of length to height along displacement direction,
the mobility ratio at endpoint, the gravity number and the capillary number, the
quantitative limits can be obtained of viscous force, gravity and capillary force,
respectively. With the typical models under different dominant driving forces,
the development rules of water flooding were studied. Based on the actual
formation attributes of the reservoir, the typical model was established, which
was three dimensions (350 m � 350 m � 15 m) and three phases (oil, gas and
water). And then, the influence of the dip angle, the aquifer and well pattern on
the development effect was studied. It was indicated that, when the gravity was
dominant, the degree of water flooding was relatively higher at the bottom of
reservoir, but at the top, the sweep coefficient was smaller and in the plane the
sweep efficiency was more uniform. While when the viscous force was domi-
nant, the sweep efficiency in vertical direction was better than that in gravity
case, but in the plane there appeared a more serious fingering phenomenon.
Under the control of the capillary force, the sweep efficiency in vertical direction
was the highest, and that in plane was also better than the viscous force case,
which was basically consistent with the gravity case. Through the analysis of
driving energy and driving mode, the rule of the water producing and its
influencing factors of the target reservoir were clarified, and the influence of the
loss of injected water on the reservoir development was summarized under the
condition of the existence of the edge and bottom water. In the following
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development and adjustment, in order to make the development scheme, we
should take gravity as the dominant factor, consider the interaction between the
injected water and the natural aquifer, and combine the optimized results of well
pattern for injection-production.

Keywords: Dimensionless � Driving force � Gravity dominant � Development
rules � Development scheme

1 Introduction

The strong natural water drive reservoir is a reservoir with large edge-bottom water.
When the water body is large, the water influx to the reservoir will also increase. It
provides more sufficient energy for the reservoir and slows down the degree of the
pressure drop of the reservoir. Because of the large water energy, the water energy is
lost in a short time of development, but the impact on its own can be ignored. When the
physical property of the water area is good, the oil reservoir with large edge-bottom
water can further strengthen the fluid exchange between water and reservoir, and then
form a strong natural water drive reservoir, which is widely distributed in domestic and
abroad at home and abroad [1–10].

A foreign reservoir is a strong natural water drive reservoir. After more than
30 years of development, it has entered the “double high” stage with high water cut
and high recovery. Because of the strong edge-bottom water energy and the devel-
opment strategy of side water injection, the production wells are water flooded seri-
ously in the edge wells, and the two or three line production wells have low level of
liquid production and even lack of fluid supply due to the lack of formation energy,
which makes the production decline faster and the stable production is difficult. In this
paper, through the analysis of driving energy and driving mode, the rule of the water
producing and its influencing factors of the target reservoir were clarified, and the
influence of the loss of injected water on the reservoir development was summarized
under the condition of the existence of the edge and bottom water. In the following
development and adjustment, in order to make the development scheme, we should
take gravity as the dominant factor, consider the interaction between the injected water
and the natural aquifer, and combine the optimized results of well pattern for
injection-production.

2 Main Driving Force Identification

Djuro Novakovic [11] studies the limit of the index of different driving forces, and puts
forward 4 dimensionless quantities, and the quantitative limits of the three driving
forces of viscous force, gravity and capillary force are obtained respectively. The four
dimensionless quantities are displacement height ratio, end point mobility ratio, gravity
number and capillary force number. The definition are listed in Table 1. Different
driving force dominant index limits are listed in Table 2 and Fig. 1.
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3 Analysis of Different Driving Forces

According to the research conclusions of Djuro Novakovic, based on the basic physical
parameters of the target reservoir, a typical model with different driving forces is
established to meet the limit of the index defined by Table 1 and to study the water
drive development law under the conditions of different driving forces.

Table 1. Dimensionless definition

Dimensionless Symbol Definition

Displacement direction and height ratio NRX L2
H2

kz
kx

Endpoint flow ratio M korw
koro

Gravity number Ng kzk
o
rwADqg cos a

m

Number of capillary force Nc Pck
o
rwkzA
mH

Table 2. Dimensionless index limit of dominant modes with different driving forces

Dimensionless index NRX
Ng

Mþ 1
Nc

Mþ 1

Viscous force dominance >100 <0.2 <0.2
Gravity dominance >2 >5 \5 Ng

Mþ 1

Capillary force dominance >2 \5 Nc
Mþ 1

>5

Fig. 1. Different driving force dominant index limits
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3.1 Gravity Dominance

In the process of displacement, the conditions of gravity dominant are: the vertical
permeability is larger, the thickness of the reservoir is larger, the density difference
between the two phases is larger, the capillary force is smaller, the viscosity of the fluid
is low, and the injection speed is low. In this case, the driving force is driven by a stable
“gravity tongue”, and the upward displacement effect is better than the downward
displacement.

A typical model is designed to change the ratio of vertical permeability to plane
permeability in the range of gravity dominant limits, and the influence rule of gravity
on development effect is studied.

As can be seen from Figs. 2 and 3, the greater the ratio of vertical permeability to
plane permeability, i.e., the stronger the gravitational force is, the faster the rising rate
of water cut is, the lower the oil recovery.

3.2 Viscous Force Dominance

The forming conditions of the driving mode of viscous force dominance are as follows:

(1) high permeability reservoir with gentle dip angle and small vertical channeling.

Fig. 2. Effect of gravity dominance on recovery

Fig. 3. Relationship between water cut and oil recovery under gravity dominated condition
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(2) the interfacial tension between injected media and crude oil is very low, and even
miscible.

Its characteristics are:

(1) it is similar to “piston type oil displacement”, and the oil-water interface promotes
steadily

(2) in homogeneous reservoir, oil recovery is not affected by water injection rate.
(3) in the heterogeneous reservoir, the high permeability section has a fast flow rate

and a low permeability section, and most of them are “small pore retention”
remaining oil, see Fig. 4.

In the range of viscous force dominant limits, the velocity of liquid production is
changed, and the influence law of viscous force on development effect is studied.

From Fig. 5, it can be seen that the greater the liquid rate is, the stronger the
viscosity strength is, the lower the ultimate oil recovery is. In the early stage of
development, the higher the liquid rate is, the higher the oil recovery is at the same
water cut, see Fig. 6. With the development of the water cut of 70%, the water cut of
the high liquid rate increases and the final recovery rate becomes lower.

3.3 Capillary Force Dominance

The forming conditions of capillary force dominance include: (1) low permeability
reservoir; (2) the wettability of the reservoir to displacement phase is good, even close
to complete wetting, but this situation is rare.

Fig. 4. Residual oil formed by “small pore retention” under viscous force dominance
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The displacement characteristics of the capillary force dominance are as follows:

(1) the flow velocity of fluid in the low permeability layer is greater than that in the
high permeability layer, and even the phenomenon of “re-penetrate” low perme-
ability layer in the high permeability layer.

(2) the formation of remaining oil is closely related to the wetting characteristics of
reservoirs.

(3) the recovery rate is closely related to the injection intensity of displacement phase.

The capillary force is changed within the dominant limit, and the influence rule of
development effect is studied.

As can be seen from Figs. 7 and 8, the greater the capillary force, the greater the
longitudinal oil and water transition zone, the superior force of the capillary, the faster
the rising of water cut and the lower the recovery.

3.4 Comparison of Different Driving Forces

The distribution of vertical oil saturation at the same time is obviously different from
the models with different driving forces, such as Fig. 9. In the gravity dominant mode,
the injected water is propelling to the production well with a stable “gravity tongue”,
which leads to the enrichment of the remaining oil at the top and the better bottom

Fig. 5. Influence of viscous force dominance on oil recovery

Fig. 6. Relationship between water cut and oil recovery degree of viscous force dominance
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displacement. In the dominant mode of viscous force, the obvious viscosity “fingering”
is caused by the high injection-production rate, and the rapid injection of water will
lead to the earlier producing water in the production well. Under the condition of
capillary force dominant, the vertical oil and water are too large, and the rate of water
cut increases slowly.

From the vertical distribution (Fig. 10) of the final oil saturation, it can be seen that
in gravity dominance, the top remaining oil is most enriched, the vertical displacement
effect is the worst, and it is better than viscous force dominance. The vertical dis-
placement effect is best in capillary force dominance.

The distribution of final remaining oil in different driving forces is also different,
shown in Fig. 11. When the viscous force is dominant, there are obvious fingering
phenomena, the distribution of oil saturation in plane is the most uneven, the capillary
force dominance is the second, and that in gravity dominance is the most unobvious.

It can be seen that in gravity dominance, the water flooding of bottom in reservoir is
high, but the top sweep coefficient is smaller and the plane sweep is more uniform.
Under the viscous force dominance, the vertical sweep in reservoir is relative better
than gravity dominance, but it will have a more serious fingering phenomenon in plane;
in capillary force dominance, the vertical sweep coefficient in reservoir is the highest,
and the sweep coefficient in plane is also better than the viscous force, which is
basically consistent with gravity dominance. The block belongs to the dominant type of

Fig. 7. Influence of capillary force dominance on oil recovery

Fig. 8. Relationship between water cut and oil recovery of capillary force dominance
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(a) Gravity dominance

(b) Viscous domincance

(c) Capillary pressure domincance

Fig. 9. Variation of oil saturation in different driving forces

(a) Gravity dominance

(b) Viscous force dominance

(c) Capillary dominance

Fig. 10. Distribution of final oil saturation in different driving forces dominance
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gravity. Therefore, in the adjustment of late development, it is necessary to make use of
the characteristic of gravity to make the bottom secondary water body even rise and
advance, and then achieve the purpose of uniform wave. At this time, the horizontal
well in the top side can be taken into consideration.

4 Conclusions

Based on the static and dynamic characteristics of the reservoir, the reservoir energy
and main driving force types are evaluated by comprehensive application of reservoir
engineering and numerical simulation, and the following aspects are summaried.

(a) Gravity dominance (b) Viscous force dominance

(c) Capillary dominance

Fig. 11. The distribution of final remaining oil in different driving forces
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(1) Through the study of typical models, the development rules of gravity, viscous
force and capillary force are obtained respectively, and the characteristics of the
development of different driving forces and the distribution of residual oil are
compared.

(2) According to the index boundaries of Djuro Novakovic, the main driving force of
the target reservoir is gravity dominance.

(3) Through the analysis of the driving energy and driving mode, the rule of the water
outlet of the target reservoir and its influencing factors are preliminarily clarified,
and the effect of the loss of water flow on the development law of the reservoir is
concluded under the condition of the existence of the edge-bottom water.

(4) In the process of subsequent development and adjustment, we should take gravity
dominant as the dominant factor, and consider the interaction between the injected
water and the water body, and combine the optimization results of injection and
production well network to make the scheme of reservoir digging potential.
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