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Abstract: This paper carried out experimental studies on the influence of vertical heterogeneity of reservoir on the steam
drive effect after multiple-round steam stimulations. Taking the actual productive process of a heavy oil reservoir as an
example, a physical model for the vertical heterogeneity was established. First, under the initial reservoir conditions, conduct multiple rounds of steam stimulations to obtain the initial reservoir conditions of steam drive, and then carry out
physical simulation of steam drive, including the simulation of the horizontal reservoir and the tilted one. The development of temperature field and the oil-water output changes indicate that when the steam drive is conducted after the steam
stimulations, the steam advances along the high permeability layer with better steam stimulation effect, once it gets a
breakthrough, the swept volume will not change. For the tilted reservoir, due to the beneficial effects of the gravity drainage, its displacement effect is better than the horizontal one, which provides an important basis for the adjustment of layers and the section of methods of gas injection when the steam simulation is converted into steam drive.
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1. INTRODUCTION
The current experimental studies of indoor thermal recovery are mostly carried out for a particular development
process, such as the steam stimulation, steam drive and
SAGD (steam assisted gravity drainage), etc. [1-5], that is to
conduct an experiment under the initial conditions of the
reservoir. However, in China, to develop the heavy oil reservoirs, first we conduct the multi-cycle steam stimulation, and
then turn to steam drive, and the reservoir conditions at this
time are very different from the initial conditions [6-8]. In
this process, the heterogeneity of the reservoir has an obvious influence on the steam drive effect. Therefore, it is necessary to make an organic combination of the steam stimulation and steam drive and establish a proportional physical
simulation model. Then, on the basis of this model, conduct
the experimental study of the influence of the reservoir heterogeneity on the steam drive effect and that of the development rule of steam chamber on the displacement effect under
the vertical homogeneous conditions of the reservoir.
2. EXPERIMENT PRINCIPLE

Conduct investigation and demonstration of the simulation experiment of steam stimulation and steam drive and
then study their similarity theory [11, 12] to establish the
two-dimensional physical simulation model for the whole
process of the heavy oil reservoir that the steam stimulation
turns to the steam with the model parameters as shown in
Table 1.
Table 1.

Physical model parameters of steam drive.

Parameters

Unit

Prototype value

Model
value

Well spacing

m

70

0.7

Permeability

µm2

1.49

149

Porosity

％

25

Thermal diffusivity

2

m /s

9.87×10

Oil viscosity

mPa·s

1535

1535

kg/m

3

881.5

912.3

Steam density

kg/m

3

2.548

2.548

Gas injection temperature

℃

280

150

Oil density

In the proportional physical simulation model, the experimental model and the prototype are required to be consistent
in geometrical conditions, physical conditions, boundary conditions and time conditions. Besides, the similarity criteria
comprised by these conditions are numerically equal [9, 10].
The establishment and selection of the similarity criteria are
the basis of the proportional physical simulation.
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37.6
-5

6.54×10-5

Similarity ratio

0.01

Time

a

1

1.51E-04

Pressure difference

MPa

2.4

0.02483

Injection volume

m3/d

135

Mobility
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9.70684×10

2.0304
-5

9.37913×10-6

416

The Open Petroleum Engineering Journal, 2015, Volume 8

Jin et al.

Based on the actual geometrical and physical properties
of the reservoir, use the similarity criteria to establish the
vertical heterogeneity model. It has a system of an injection
well and a production well and simulates the profile between
injection and production wells, as shown in Fig. (1). The
model size is 70cm×30cm×3.5cm; simulation layers include
5 oil layers and 2 interlayers, a total of 7 layers, and the simulation parameters of each layer are as shown in Table 2. In
the high-pressure physical model system, respectively conduct steam drive experiment for the horizontal vertical heterogeneous reservoir and the tilted vertical heterogeneous reservoir.
Steam injection well

Production well

The constant temperature system consists of temperature
control instrument, heater and insulation sleeve. It is used to
heat the model and simulate the temperature of reservoir
formation. The controllable room temperature range of highpressure plane model is ~ 150 ℃.
The data acquisition and processing system consists of a
computer, data acquisition modules and data acquisition
card, and it is used for the acquisition and storage of the
temperature and pressure signal of the model, including the
real-time monitoring of the changes in the temperature and
pressure of each measuring point, and the processing of the
temperature field diagram and pressure curve at each moment.
4. THE EXPERIMENTAL PROCEDURES
(1) The processing of the inner wall of the model
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Install the pressure-proof insulating board at the bottom
of and around the model for heat insulation.

m2

(2) The installation of well pipe and thermocouple

m2

For the shaft, adopt the stainless steel pipeline with a diameter of 6mm and slot at the position of the oil layer to
simulate the perforated interval of the site well.

m2

m2

Fig. (1). Diagram of vertical heterogeneous reservoir model.
Table 2.

Parameters of vertical heterogeneous reservoir model.
Reservoir

Layer
Thickness (m)

Model

Permeability
Permeability
Thickness (m)
(10-3µm2)
(10-3µm2)

The vertical heterogeneous model has 7 simulation layers
and each layer has 15 thermocouples, a total of 105.
(3) Model filling
Before the model filling, it is necessary to develop the
model sand with different particle sizes according to a certain ratio, aiming to make its permeability and the calculated
permeability equal. Use the water injection settlement to fill
the model, and then tighten the lid to conduct the leak test
with the pressure of 0.70MPa. If the pressure will not decrease in 1h, it passes the test.
(4) Saturated water

K1

3.5

1500

3.5

150

K2

2.4

3000

2.4

300

Barrier

1.9

3.2

1.9

0

K3

5.6

800

5.6

80

Discharge the water in the model, inject the ethanol with
the doubled volume, and dry it with nitrogen. Then access it
to the evacuation procedure, and when the vacuum reaches
133.3Pa, continue the evacuation for 5h. Saturate the experimental water and calculate the pore volume and porosity of
the model according to the volume of the saturated water.

K4

2.1

1500

2.1

150

(5) Saturated oil

Barrier

3.0

38

3.0

0

K5

4.6

300

4.6

30

3. THE EXPERIMENTAL DEVICE
The experiment was conducted in a high-pressure plane
physics model with the experiment process shown in Fig.
(2). The physical simulation system consists of the injection
system, model system, constant temperature system, signal
detection system, recovery system, data acquisition and processing system.
The injection system is used for fluid injection, consisting of high-pressure constant speed pump, steam generators,
intermediate container, pipe valves and other components.

Adjust the model to be horizontal and access it to the saturated oil procedure. Inject the oil used in the experiment
into the model at a constant low speed to conduct displacement of water with oil and then calculate the volume of the
water at each outlet to make the oil be fully and evenly saturated. Calculate the total volume of the water, coupled with
the saturation degree of the initial oil and bound water after
there is no more water at the outlet and the pressure becomes
stable.
(6) Steam stimulation
According to the site production, simulate the steam
stimulation process, and when the degree of recovery reaches
24% and the formation pressure drops to 4.0MPa, stop simulation. Carry out a total of 8 cycles of stimulation.
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Fig. (2). Experimental flowchart.

(7) Steam drive simulation
After the steam stimulation, conduct the steam drive simulation. The experimental parameters calculated by the similar proportions of steam drive are as shown in Table 3. In
this process, record the temperature at each temperature
measurement point at different moment and the water production and oil production of each simulated production
wells.
The experiment is divided into two parts: the steam drive
of horizontal reservoir, and then clean the reservoir model
and tilt it by 18°. Repeat step (4) to (7) and then conduct
steam drive experiment for the tilted reservoir.
Table 3.

Prototype and model parameters of steam drive.
Parameters

Reservoir

Model

Reservoir pressure when the steam
drive begins

4.0MPa

0.475MPa

Well temperature

40℃

18℃

Steam injection temperature

280℃

150℃

3

Steam injection speed

135m /d

3.42L/h

Steam dryness

50％

50％

Producing pressure drop

3.0MPa

0.03MPa

5. RESULTS
(1) The steam drive of horizontal vertical heterogeneous reservoir
In the horizontal vertical heterogeneous reservoir model,
the producing degree between layers in steam stimulations
are vastly different. High permeability layers on the top have
good producing and those in the middle are also involved in
producing, but the low permeability layers on the bottom
barely have no producing, displaying significant steam overlaying feature. There are also some slight differences of producing degree within layers, as shown in Fig. (3). Different

fluid distribution areas including the steam zone, hot water
zone, and reservoir fluid zone are formed from around the
wellbore to the deep area of reservoir between two wells.
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Fig. (3). Temperature field distribution of vertical heterogeneous
model at the end of steam stimulation.

After converting to steam drive, steam first advances
along the high permeability layer at the top that has good
producing in steam simulation phase. With the injection of
steam, oil temperature gradually increases and the high permeability layer in the middle gradually gets better utilized.
However, the low permeability layer in the lower part does
not get well used until the end of steam drive, as shown in
Fig. (4). This indicates that small layers have significantly
different steam absorption in the steam drive process of vertical heterogeneous reservoir. Layers with better producing
effects in steam simulation still have the same performance
in the steam drive phase, and it is easy for the steam to make
a breakthrough, thus leading to low displacement volume.
The recovery degree at the steam stimulation stage is
16.60% recovery, that at the steam drive stage is 30.07%,
and the final recovery degree is 46.67%. Judging from moisture curve, there is a decline when the steam drive stage begins, but the time is short. Then it rises to more than 90%
and keeps stable for a long period. When the steam gets a
breakthrough, the moisture content is up to 99% until the end
of steam flooding, as shown in Fig. (5). Compared with the
site conditions, there may be some differences in the laws.
When the steam drive begins, as there is a lot of water at the
bottom of the well after steam simulation, the moisture content first rises and then falls, and then maintains at a relative-
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ly stable level. The analysis indicates that the indoor experimental model is small and the water rise does not last long,
so it is difficult to conduct measurement. In addition, under
condition of vertical heterogeneous reservoir, the steam first
gets the breakthrough at the high-permeability layer, which
leads to the slow expansion of the steam chamber and the
moisture content keeps at 90% for a long time.
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When the reservoir has a tilt angle of 18º, in the steam
drive process, the steam first advances along with the highpermeability layer at the upper layer with better production.
With the injection of steam, the oil temperature gradually
increases and the one at the middle layer begins to get better
utilized. In the late period, as the temperature of the lowpermeability layer increases, it is used gradually and finally
gets better production, as shown in Fig. (7).
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Fig. (4). Development of the temperature field of the steam drive of
vertical heterogeneous model.
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Fig. (6). Temperature field at the steam stimulation stage when the
vertical heterogeneous reservoir has a tilt angle of 18º.
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Fig. (5). The production curve of vertical heterogeneous reservoir at
the steam drive stage.

(2) The steam drive of the tilted vertical heterogeneous reservoir
When the tilted vertical heterogeneous reservoir has a tilt
angle of 18º, the situation at the steam stimulation stage is
basically the same to that when its tilt angle is 0º. The top
high-permeability layer has better production, followed by
the one at the middle layer; while for the one at the bottom,
there is almost no production, as shown in Fig. (6).
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Fig. (7). Temperature field at the steam drive stage when the vertical heterogeneous reservoir has a tilt angle of 18º.

When the reservoir has a tilt angle of 18º, the recovery
degree at the steam simulation stage is 17.62%, while that at
the steam drive stage is 36.1%, and the final recovery degree
is 53.72%. Compared with the horizontal strata, the recovery
degree when the reservoir has a tilt angle of 18º is higher by
7.05%. At the steam drive stage, the recovery degree is higher by 6.03%, as shown in Fig. (8).
The comparison of the steam drive results when the tilt
angle is 0º and 18º indicates that when the reservoir has vertical heterogeneity, the tilt angle is conducive to the lowerpermeability layer. The reason is that the long-time steam
injection could heat the low-permeability layer, so its temperature rises, and then the oil viscosity decreases. Due to
the big tilt angle, the location of production well is lower
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than the steam injection well, the oil’s flowing ability increases due to the gravity, and it is recovered by the recovery
well under the repeated effect of injected steam.
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