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Abstract: The world's heavy oil reserves are very large. With the wide application of heavy oil cold recovery technology, the
problem of blockage in oil well caused by the deposition of sand in the wellbore is becoming more and more serious. Therefore,
it is very important to study the deposition and migration of sand in the wellbore. Based on indoor full-sized experimental
apparatus simulating multiphase complex flows, the sand-carrying capacity of heavy oil in pipes is determined using a
high-viscosity white oil and water mixture as the fluid medium, and by varying parameters such as the saturation, sand volume
concentration, viscosity of heavy oil, and flow. A complete investigation is performed to obtain the basis of the sand flow in pipes
and sand-bed development and migration. It is shown that the viscosity of heavy oil, main flow rate, and water content have a
significant effect on the sand-carrying capacity of heavy oil, while the effect of the wall inflow on the pressure drop of the
wellbore is relatively less. Based on the examination of the experimental flow pattern, an oil–water–sand-bed three-layer
pressure drop model with a variable-mass flow is established for the first time. The minimum energy method is used to calculate
the model. The model considers the diffusion of solid-phase particles and pressure drop by the fluid of the sand bed in heavy oil
and is verified against the pressure drop data obtained from the experiments. The results show that the model is within an average
relative error of 12.69%, which is satisfactory for practical engineering. Furthermore, the model provides a theoretical support
for reasonable sand production in heavy oil reservoirs.
Keywords: Solid/Liquid Two-Phase Flow, Reasonable Sand Production, Sand-Carrying, Variable-Mass Flow, Flow Pattern

1. Introduction
Approximately 40% of the oil production wells in the world
is affected by the problem of sanding production, one of the
major challenges in oil production. [1] Until now, sand control
techniques have been mainly applied for the exploitation of
heavy oil reservoirs. Although these have received some
success, they fail to eliminate sand production and have a
negative impact on the well productivity. Furthermore,
frequent sand control operations lead to a loss in production
time, and sand control tools are expensive. In contrast to the
problems mentioned above, according to the data obtained
from the Bohai oilfield, [2] reasonable sand production can
improve single well productivity. Thus, the optimal
production strategy can be chosen by establishing the trade-off

between sand control and sanding by optimizing the sand
production and well productivity. Briefly, reasonable sanding
is a technique that allows a reservoir to sand limitedly and
selectively. Specifically, sands with different grain sizes
migrate along with oil during the process of exploitation of
unconsolidated cemented reservoirs. Based on the
understanding of the variation in the particle size and its
distribution, grains with diameters larger than the threshold
value are prevented from migrating with the oil. These
blocked sands get accumulated and form sand filtration
barriers. Regarding the application to heavy oil cold
production, well blocking and even abandonment of a well
caused by sanding are becoming increasingly serious issues.
[3, 4] Thus, research on the sand-carrying capacity of oil and
water flow in pipes has become even more crucial.
The experimental research on this solid–liquid two-phase
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flow can be classified into three types: (1) Solid–liquid
two-phase flow in a pipe. [5-7] Several solid materials such as
pulverized coal and sand are transported by the water in pipes.
Water is usually used as the fluid medium during the
experimental simulation of this type of flowand has a high
displacement. [8–11] (2) Solid–liquid two-phase flow in an
annulus. [12-18] Rock cuttings are transported from the
bottom of a hole to the ground in an annulus between the wall
of a well and casing pipe during well drilling. Water, owing to
its high displacement in the experiment, is used to model the
drilling mud to simulate this type of flow. [18–21] (3) Open
channel flow. [22-25] Sediment movement in a river can be
regarded as an open channel flow. The Yellow River Water
Conservancy Committee conducted experimental research to
study the variation in the sediment water concentration in the
Yellow river. Water with its high pump displacement was also
used as the fluid material to simulate the flow in their
experiments.
In a word, water or light oil is usually used as the fluid
material in experiments to study the sand-carrying capacity in
a common pipe. [6-12] Since the viscosity of water and light
oil is more smaller than the viscosity of the heavy oil; besides
when the heavy oil and water mixed as a fluid medium in
pipes, the emulsification phenomenon will occur. When sand
added, the solid-liquid mixed flow, the tube appears in the
phenomenon is not the same, so the results cannot be used to
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determine the basis of the sand-carrying capacity of the heavy
oil flow in production pipes. So a detailed experimental
research simulating heavy oil and sand flow in production
pipes has been performed. However, limited by space and
equipment, this experiment did not take changing of
temperature into account.
In this work, a set of experimental equipment considering
the variable-mass flow in horizontal wells is designed to
simulate the production process of heavy oil in wells. The
sand-carrying laws are acquired by varying the parameters
that affect the sand-carrying capacity. This strategy is
combined with the theories of complex flow in a pipe to
develop a prediction model of the sand-carrying capacity of
the oil and water complex flow in a pipe. Experimental data is
used to verify the accuracy of the model, and the basis of the
sand-bed migration understood through the experiments is
also applied to achieve moderate sand production.

2. Experimental
2.1. Materials
Materials of this work, mainly including tap water, different
viscosity of white oil, different mesh of sand. The properties for
white oil and crude oil in experiments will be showed in part 2.3,
and other parameters involved are showed in table 1.

Table 1. Experimental materials and parameters.
operating parameters
dip angel
mainflow
inflow
pressure
temperature
water content
viscosity of white oil
sand volume concentration
diameters of sands

Experiment data
0
5, 10, 15, 20, 25, 30, 35, 40
0.4, 0.8, 1.2, 1.6, 2.0, 2.4, 2.8, 3.2, 4.0
1
15
10, 30, 50, 70, 90
37, 150, 320
0.01, 0.02, 0.03, 0.04, 0.05
20-50, 50-100, 100-150

2.2. Experimental Setup
This experiment is conducted on an indoor full-sized
equipment simulating the oil–gas–water multiphase complex
flow in the Wellbore Complex Flow and Well Completion
Laboratory of China University of Petroleum. [26-28] The
experimental setup included four parts: well simulation loop,
experimental flowing object supply and control system,
pressure acquisition and processing system, and solid–liquid
separation equipment.
(1) Well simulation loop
The experimental loop is composed of full sized pipes made
of plexiglass, and it includes three parts: 3.0-m long
developing flow pattern part, 2-m long stable flow pattern part,
and 2.5-m long viewing part, as shown in Figure 1. The screw
holding perforation is distributed on the stable flow pattern
part. The perforation density is 12 hole/m, perforation
diameter is 0.01 m, and perforation phase angle is 45°.

unit
m3/h
m3/h
Atm
ºC
%
mPa.s
%
mesh

Pressure taps are located at the entrance side and export sides
of the stable flow pattern part. The pressure taps are connected
to the pressure acquisition system, and the pressure drop can
be examined in real time. There are two sampling points at the
entrance and export sides of the stable flow pattern part. The
developing flow pattern and viewing parts are connected by
flanges. The reason plexiglass pipes are used is that it is easy
to observe the flow characteristics and flow pattern visually
and clearly. Furthermore, it is convenient to capture images of
the flow pattern by a high-speed camera during the
experiments.
(2) Experimental flowing object supply and control system
The experimental flowing object supply and control system
included two screw pumps, two control cabinets, a water
storage tank, and an oil storage tank. The functions of this
system were providing the fluid in the experimental loop,
applying pressure, and controlling the flow rate. The water
and oil storage tanks were used to generate fluid circulation.
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pressure gauges and a computer on which a pressure drop
acquisition and processing software is installed, as shown in
Figure 2. The pressures generated at the two ends of the stable
flow pattern part are applied consistently to the receiving end
via pressure sensors with a certain frequency and are
displayed on the computer visually. This data can be exported
and saved by the processing software directly.
(4) Solid–liquid separation equipment
Sands are filtered by the solid–liquid separation equipment
as the oil and water circulated. The equipment includes a sand
setting box, large column tank, screw pump, and centrifugal
pump.
2.3. Experimental Procedure

Figure 1. Horizontal variable-flow simulator.

Figure 2. Pressure acquisition and processing system.

(3) Pressure acquisition and processing system
The pressure acquisition and processing system includes

The experiment design mainly involved ascertaining the
experiment sensitive parameters, such as wellbore main flow
rate, wall flow rate, oil viscosity, particle size, and water
concentration. The sands setting, migration laws, and flow
pattern variation as a function of the flow rate were required to
be examined. Simultaneously, the height of the sand-bed and
pressure drop at the stable flow pattern part were needed to be
determined in real time.
1). 0.056 m3 of water was added to 0.5 m3 of white oil
having a viscosity of 37 mPa ⋅ s . The water volume
concentration of the liquid mixture was 10%. The main flow
rate was varied from 1 to 40 m3/h.
2). Silica sand of 20–50 mesh was selected, and different
quantities of sand were added so that the sand volume
concentration of the mixture varied from 0.01 to 0.05%. The
changes in the flow pattern and sand movement pattern were
observed during the process of adjustment.
The sand was injected into the pipe by a spiral injector,
controlled by a frequency convertor. The specific function
relationship between the sand-injection rate and rotation rate
of the electrical machine in the spiral injector is shown in
Figure 3.

Figure 3. Function relationship between the sand-injection rate and rotation rate of the electrical machine in the spiral injector.
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For a known mixture flow rate, the sand-injection rate was
varied to obtain the objective sand concentration. For example,
if a 1% sand concentration is required when the mixture flow
rate is 10 m 3 / h , the sand-injection rate is

10 ×1% = 0.1 m3 / h =

0.1×1000
L / min ≈ 1.6667 L / min
60

Then, the rotation rate of the electrical machine in the spiral
injector was calculated using the function in Figure 1. Based on
the above example, the rotation rate of the electrical machine is

1.6667 + 0.1823
= 97.83 r / min
0.0189
The rotation rate of the electrical machine was varied by
adjusting the frequency convertor.
The sand concentration was validated by measuring the
volume ratio of the sand acquired from the sampling valve at
the entrance section of the experimental loop.
3). The wall flow rate was adjusted so that it was in
proportion to the main flow rate. Variations in the flow pattern
and sand setting rules with the wall flow rate were observed.
The pressure drop was measured after the wellbore flow
tended toward stability. If a sand-bed was present, its height
was measured.
4). Steps 2–4 were repeated using 50–100 and 100–150
mesh sands.
5). Steps 2–4 were repeated using mixtures with 30, 50, 70,
and 90% water volume concentration.
For these experiments, white oil and water were mixed in a
4-m3 tank in which a mixer with blades, both in the center and
bottom, was used to promote homogeneity in the mixture. The
following is the detailed preparation process of 30% water
content mixture chosen as the representative example for a
white oil and water mixture using a specific water content.
2100 L white oil and 900 L water were poured successively
into the tank with the mixer.
The mixer was started, and the white oil and water were
mixed for approximately half an hour.
A 500-mL graduated cylinder with the mixture sample from
the sampling valve was placed at the test section of the
experimental loop.
The graduated cylinder containing the mixture was kept
placed for approximately 24 h so that the mixture stratified
into 2 layers with the white oil layer above the water layer.
If the volumetric content of water in the mixture was
approximately or exactly 30%, the corresponding mixture was
regarded as the objective mixture.
If the volumetric content of water in the mixture showed a
significant deviation from 30%, a longer time was required to
mix the white oil and water more homogeneously.
2.4. Comparison of Physical Properties of White Oil and
Heavy Oil
Heavy oil is a type of crude oil having a high content of
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asphaltene and resin and a high viscosity. Crude oil that has a
stock tank density > 943 kg/m3 and an underground viscosity >
0.5 P is usually called heavy oil. The density of heavy oil
usually exceeds 860 kg/m3 and its viscosity varies with
temperature; therefore, heavy oil is regarded as a
non-Newtonian fluid at a low temperature and a Newtonian
fluid at a high temperature. Heavy oil tends to emulsify
particularly when the flow velocity in a pipe is high.
White oil is a colorless and odorless liquid that is
chemically inert and has a good light stability. It mainly
consists of saturated hydrocarbons, and the aromatic
hydrocarbon, nitrogen, oxygen, and sulfur content is
extremely low. The density of white oil is 880 kg/m3, and its
viscosity varies from dozens of Pa·s to hundreds of thousands
of Pa·s with temperature changing. White oil can also
emulsify in some situations. In this experiment, white oil was
used to substitute heavy oil as the fluid material for
performing the experiments. Furthermore, it is convenient to
observe the flow in the pipe with the colorless white oil and to
clean the pipe. The viscosity of heavy oil required in the
experiment can be prepared by different viscosities of white
oil.

3. Experimental Phenomena and Data
Processing
Accuracy of test parameters: Pressure ±0.1 Pa
Flow speed ±0.001 m/s
Moisture content ±0.1
Main flow/inflow ±1 m3/h

Figure 4. Stratified flow when the velocity of main flow is low.

In the stratified flow, as shown in Figure 4, the oil, water,
and sand are divided into 3 layers when water saturation is 0.3
and main flow is 5 m3/h. The upper layer is oil, with water in
the middle layer, and sand in the bottom layer. The sand-bed is
not in a stable condition as the sand from the liquid continually
settles on the sand-bed. The sand-bed in the horizontal pipe is
usually continuous and homogeneous, and its interface with
water is smooth.

Figure 5. Sand-bed in a high velocity of main flow.
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The flow pattern in Figure 5 is a dispersed oil–water flow
that can be oil-in-water or water-in-oil. The sand-carrying
capacity is improved when the velocity of main flow is high.
The sand concentration in the sand suspension layer increases,
height of the sand-bed decreases, and the bed becomes a
discontinuous sand pile as can be seen in Figure 5. The sands
are carried forward and out of the pipe.
Red sand is used as traceable sand in the experiments to
illustrate the sand-carrying process in the pipe. The tracer sand
had the same physical properties as regular sand, and its size
was 50–100 mesh, matching the size of the experimental sand.
Using tracer sand allowed clear observation of the movement
of individual particles.

Figure 7. Experimental flow pattern maps for oil/water flow (inflow rate 0.4
m3/h).

Figure 6. Tracer method for characterization of the sand movement.

The red sand in Figure 6 is traceable sand. It can be seen
that the sand is carried as an entire sand pile when the flow
velocity is low, whereas only the surface sand is carried
forward with the bottom sand staying immobile when the flow
velocity is high. Thus, the amount of sand produced from a
reservoir should be controlled to be optimal to prevent the
sand-bed from moving to the bottom of a pipe.
Water saturation is increased gradually to study its
influence on the flow pattern. In the first case, the water
saturation is low. The experiments revealed that as the main
flow rate gradually increased, the flow pattern changed from
an absolute stratified flow to a pseudo-stratified flow with oil
and water dispersing in the upper layer. It becomes a
water-in-oil dispersed flow as the main flow rate is further
increased. In the second case, the water saturation is high.
With increasing of the main flow rate, the flow pattern
changes from an absolute stratified flow to a
pseudo-stratified flow with oil and water dispersing in the
bottom layer and pure oil in the upper layer. It becomes an
oil-in-water dispersed flow when the main flow rate is
further increased. In the third case, the water saturation is
moderate. With increasing of the main flow rate, the flow
pattern changes from an absolute stratified flow to a
pseudo-stratified flow with a water-in-oil dispersion in the
upper layer and oil-in-water dispersion in the bottom layer.
Figures 7–9 display these flow patterns.

Figure 8. Experimental flow pattern maps for oil/water flow (inflow rate 2
m3/h).

Figure 9. Experimental flow pattern maps for oil/water flow (inflow rate 4
m3/h).

The flow parameters are changed to examine their effect on
the pressure drop. Figure 10 shows, when the main flow rate is
kept constant, the pressure drop first increases and then
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decreases. The turning point is called critical water saturation
that is relevant for the viscosity of oil and water.
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When the water saturation and viscosity are kept constant,
the main flow rate has an obvious influence on the pressure
drop, and it increases as the main flow rate increases (see
Figure 12).
With increasing wall inflow, the pressure drop of the
wellbore increased slowly, and it shows that the wall inflow
has little effect on the pressure drop (see Figure 12).

4. Mathematical Formulations
4.1. Assumptions

Figure 10. Measured pressure drop vs. moisture content (inflow rate 0.8
m3/h).

It can be seen from Figure 11 that the viscosity of heavy oil
has a significant effect on the pressure drop; clearly, the
pressure drop increases when the viscosity of heavy oil
increases. It is also shown that the wall inflow has a lesser
effect on the pressure drop compared with viscosity. Thus, the
linear water head loss is the main part of the pressure drop in
long-distance pipeline transportation.

The minimum cell is chosen for analysis, and because of the
complex mechanism of the interaction between the solid and
liquid phases, the following assumptions are in the model:
(1) The liquid phase in the wellbore is an incompressible
Newton fluid, and its petrophysical properties are continuous.
(2) The flow in the target region is an isothermal steady
flow, and there is no thermal transmission between the fluid
and its environment.
(3) The movable sand-bed is a continuous phase. Based on
the experimental result in this study, the sand volume
concentration was assumed as 46%.
(4) The relative sliding between the liquid and solid phase
was not considered.
(5) The suspension phenomenon only occurs in the water
layer, and there are no sands in the oil layer.
4.2. Hierarchical Model

Figure 11. Viscosity of heavy oil vs. pressure drop.

Figure 13. Control body of stratified flow model of target segment.

List the mass conservation equations for three phases:

Figure 12. Variation of the pressure drop in the pipe with different wall
inflows.

dqw
= qsw
dx

(1)

dqo
= qso
dx

(2)

dqs
= qss
dx

(3)

Volume flow of oil phase, water phase and solid phase:
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qo = αo1 A1v1 + αo2 A2v2 + v3 A3 (1− cmb ) αo2

(4)

qw = αw1 A1ν1 + αw2 A2ν 2 +ν 3 A3 (1 − cmb ) αw2

(5)

qs = A3ν 3

Assuming a wall inflow angle of 90 degrees, the momentum
correction factor can take a value of 1, regardless of the fluid
flow in the sand bed:

(6)

−

d ( pA1 )
dx

− τ 1s1 (1 − φ ) − τ12 s12 =

(

d ρ1 A1ν 12

(7)

α o 2 + α w2 = 1

(8)

dx
−

Substituting (6) and (8) into (4) and (5),

(1 −αw1 ) A1v1 + αo2 A2v2 + (1− cmb ) αo2 A3v3 = qo

(9)

αw1 A1v1 + (1− αo2 ) A2v2 + (1 − cmb ) (1 − αo2 ) A3v3 = qw (10)
ν3 =

−

d ( pA2 )

cs Q
A3

− τ 2 s2 (1 − φ ) + τ 12 s12 − τ 23 s23 =

d ( pA3 )
dx

− τ 3 s3 (1 − φ ) + τ 23 s23 =

(12)

dx

Based to theory of fluid mechanics:

α o1 + α w1 = 1

)

(

d ρ 2 A2ν 22

)

(13)

dx

(

d ρ3 A3ν 32

)

(14)

dx

By combining the above three formulas, the constraint
equation for the stratified flow of oil-water two-phase carrying
sand can be obtained:

(11)

 τ1S1

(1 − φ ) 

 A1

−2

τ 2 S2
A2

+

τ 3 S3 

 2
 1
2 
1 
+
 − τ 23 S 23 
 + τ 12 s12  +

A3 
 A1 A2 
 A2 A3 
dυ
dυ
dυ 

= 2  − ρ1υ1 1 + 2 ρ 2υ2 2 − ρ3υ3 3 
dx
dx
dx 


(15)

Adding the formulas (12), (13), and (14), the pressure drop equation of the horizontal wellbore oil-water sand three-phase
stratified flow wellbore can be obtained:
−A

dυ 
dυ
dυ
dp

= (1 − φ ) (τ1 S1 + τ 2 S2 + τ 3 S3 ) + 2  ρ1υ1 A1 1 + ρ 2υ2 A2 2 + ρ3υ3 A3 3 
dx
dx
dx
dx 


The sand bed layer is not filled with solid phase sand. It has
been proved by experiments that the sand bed volume
concentration can be regarded as a macroporous medium, so
the additional pressure drop caused by the fluid flow in the
wellbore must be considered. [29-32]
Considered the sand bed as a macroporous medium, and the
additional pressure drop equation generated by fluid flow. [33]

 ρ c v 2
dp  17.3
=
+ 0.336  2 mb xd 4.8
dx  Re f
 d s (1 − cmb )

−A

Among them, the fluid Reynolds Number Re f =

ρ 2ν 2 d 2
,
µ2

Relative velocity ν xd = (1 − cmb )(ν 2 −ν 3 ) , d s - Diameter of
sand, m.
The pressure gradient differential equation can be
expressed as:

(17)

2
dv 
ρ 2 cmb vxd
dv
dv
dp

= (1 − φ ) (τ1s1 + τ 2 s2 + τ 3 s3 ) + 2  ρ1v1 A1 1 + ρ2 v2 A2 2 + ρ3v3 A3 3  + A3
4.8
dx
dx
dx
dx 

d s (1 − cmb )

ρ1 = ρ wα w1 + ρoα o1

(19)

ρ2 = ρ wα w2 + ρoα o 2

(20)

ρ3 = ρw (1− cmb ) αw2 + ρo (1 − cmb ) αo2 + ρs cmb

(16)

 17.3

+ 0.336

 Re f


(18)

friction coefficient:

τ1 =

1
f1ρ1ν12
8

(22)

τ2 =

1
f2 ρ2ν 22
8

(23)

(21)

The frictional stress is calculated using the concept of
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1
2

τ 3 = η ( ρ s − ρm ) gcmb d s

(24)

d1 =

The sliding friction coefficient can be calculated by the
following formula:

d2 =

0.6142
η = η0 (1 + 0.043Rewm
)

(25)
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4 A1
s1 + s12

(37)

4A2
s12 + s2 + s23

(38)

Mixing viscosity of oil-water two-phase:

The Reynolds number expression of the multiphase mixture
in the perforation is:

µ1 = µ o (1 − α w1 )

( qso ρo + qsw ρw )( qso + qsw )
Re wm =
π ( qso µo + qsw µw )

µ 2 = µ w (1 − α o 2 )

(26)

The wall friction coefficient and the flow are different in the
laminar and turbulent states. [34] When the flow is laminar,

(

)

(27)

(

)

(28)

f1 = f01 1 + 0.043Re0.6142
wm
f 2 = f02 1 + 0.043Re0.6142
wm

Calculation formula for laminar flow coefficient of
conventional circular tube flow:

f01 =

64
Re1

(29)

f02 =

64
Re2

(30)

When the flow in the wellbore is turbulent, the prediction
effect of the turbulent wall friction coefficient of the
perforated pipe given in the Ouyang pressure drop model has
higher accuracy than other models. [35]

f1 =

(

)

(31)

(

)

(32)

f01 1 − 0.0153Re0.3978
wn

f 2 = f02 1 − 0.0153Re0.3978
wn

−2.5

−2.5

(33)

f02 = 0.0184Re−20.2

(34)

Re1 =
Re2 =

ρ1ν 1d1
µ1

(35)

ρ2ν 2 d 2
µ2

(36)

(40)

Interfacial friction coefficient between two liquid layers.
[37]

 f1 (ν1 > ν 2 )

f i = 0 (ν1 = ν 2 )

 f 2 (ν 1 < ν 2 )

(41)

 ρ1 (ν1 > ν 2 )

ρi = 0 (ν1 = ν 2 )

 ρ2 (ν1 < ν 2 )

(42)

The expression of the frictional stress between the layered
flowing liquid layer and the sand bed:

τ 23 =

1
2
fi ρi ( v2 − v3 )
8

(43)

Since the liquid layer flow rate is definitely faster than the
sand bed layer:


d 
f 23 =  3.14 + 2 lg 2 
d3 


−2

4.3. Decentralized Flow

Calculation formula for friction coefficient of conventional
circular pipe turbulent flow wall: [36]

f01 = 0.0184Re1−0.2

(39)

The hydraulic diameter calculation formula is:
Figure 14. Control body of dispersed flow.

(44)
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dν s qss
=
dx
A1

The continuation equation for the stratification of the flow:

dqm
=q sm
dx

(45)

dqs
=q ss
dx

(46)

The liquid volume flow rate calculation formula is:

qm = qo + qw

(47)

(50)

Assuming that the sand bed has a moving speed, the
momentum conservation equation for the liquid phase mixed
layer and the sand bed layer is assumed, and assuming that the
wall wall injection angle is 90 degrees and the momentum
correction coefficient is 1, the following are:
−

d ( pA1 )
dx

− τ1 s1 (1 − φ ) − τ12 s12 =

(

d ρ m A1ν m2

(48)

−

d ( pA2 )
dx

− τ 2 s2 (1 − φ ) + τ12 s12 =

(51)

)

(52)

dx

Liquid phase flow rate:

q
νm = m
A1

)

(

d ρ s A2ν s2
dx

Equations (51) and (52) are subtracted from the constraint
equation of oil-water dispersion flow:

So:

dν m qsm
=
dx
A1

(49)

 τ 2 s2

(1 − φ ) 

 A2

−

τ1s1 

 1
dvm
dv 
1 

− ρs A2 s 
 − τ12 s12  +
 = 2  ρm A1
A1 
dx
dx 

 A1 A2 

(53)

Adding the above two formulas, the equation for calculating the pressure drop of the oil-water-carrying sand-dispersing flow
wellbore can be obtained:
−

dv
dv 
dp

A = 2  ρ m A1 m + ρ s A2 s  + (1 − φ )(τ 1s1 + τ 2 s2 )
dx
dx
dx 


(54)

Considering the additional pressure generated by the fluid flow in the sand bed, the above formula can be:

−

2
dv
dv 
ρl cmb vxds
dp

A = 2  ρ m A1 m + ρ s A2 s  + (1 − φ )(τ1 s1 + τ 2 s2 ) + A2
4.8
dx
dx
dx 

d s (1 − cmb )

ρl = ρo (1 − cw ) + ρwcw

(56)

ρm = ρs cs + ρl (1− cs )

(57)

τ12 =

4 A1
Hydraulic diameter of suspension layer d1 =
s1 + s12
Effective viscosity of suspension layer:

)

µm = µl 298.26cs3 − 45.098cs2 + 2.7484cs + 1

1
ρm vm vm f1
2

(60)

1
ρm vm − vs ( vm − vs ) f12
2

(61)

The coefficient of friction between the suspension layer and
the wall surface of the wellbore:
(58)

f1 = αh Reh−βh α h = 0.046 β h = 0.02

(62)

Reynolds number of layer suspension:

Relative velocity

vxds = (1 − cmb )( vm − vs )

(55)

Shear stress between the suspension layer and the sand bed:

ρmν m d1
The fluid Reynolds number Re f =
µm

(

τ1 =

 17.3

+ 0.336 

 Re f


(59)

Shear stress between the oil-water sand suspension layer
and the wellbore wall:

Re h =

ρ m vm d1
µm

(63)

The critical moisture content of the phase transition of the
oil-water two-phase mixture is calculated by the following
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formula.

ηcr =

1

1+ (

µo 0.4 ρ o 0.6
) ( )
µw
ρw

(64)

the core of the dispersion stability criterion. Among them, the
balance between the turbulent pulse dynamics and the
interfacial tension is the key factor determining the maximum
droplet diameter of the dispersed flow.
The dimensionless maximum droplet diameter:

d
dɶl max = l max
D

Coefficient of friction between the suspension layer and the
sand bed:

1
2 f12

 ds
d
2.51
= −0.86  1 +
 3.7 Reh 2 f12



d l max =

(65)

1
f12 ρ2 v2 v2
2

We =

(66)

1
f 2 ρ 2 v2 v2
2

f 2 = 0.046Re2−0.02

fc =

(68)

ρ2 v2 d 2
µ2

(69)

Rec =

4A2
d2 =
s12 + s2

(70)

Mixing viscosity of moving sand bed:

µm =

(

2
− 45.098cmb

)

+ 2.7484cmb + 1

(71)

Effective density of moving bed:

ρ2 = ρs cmb + ρl (1− cmb )

(72)

4.4. Programming Calculation
When programming, it is necessary to first determine the
flow state of the fluid, and then select the corresponding
calculation model according to the flow state to calculate the
pressure drop and related parameters.
The flow state is judged on the basis of the dispersion flow
stability criterion. According to the Torres-Monzon model,
[38] the calculation of the maximum droplet diameter and
critical spherical diameter of the oil-water dispersion flow is

(75)

0.046

(76)

Re0.2
c

ρc vm D
µc

(77)

If

the

dispersed

flow

system

is

water-in-oil

If

the

dispersed

flow

system

is

oil-in-water

ρ c = ρ o µc = µo ;

ρ c = ρ w µc = µ w .

Hydraulic equivalent diameter:

ρc vm2
D
σ ow

Reynolds number of continuous phase in liquid phase
mixed flow system

Reynolds number

3
µl 298.26cmb

(74)

We0.6 f c0.4

Wall friction coefficient of continuous phase in liquid phase
mixed flow system:

(67)

Coefficient of friction between the moving bed and the wall
of the wellbore:

Re2 =

0.55

The Weber number of the continuous phase in the liquid
phase mixed dispersion system, dimensionless. [39]

Shear force between the moving bed and the wall of the
wellbore:

τ2 =

(73)

Maximum droplet diameter:








Shear force between moving bed and sand bed:

τ 23 =

210

The dispersed phase in the liquid phase mixing system will
have a certain influence on the maximum droplet diameter, if
this effect is considered. [40]

 c 
dɶl max =  c 
 1 − cc 

0.6

2.22

We0.6 fc 0.4

(78)

If the water is a dispersed phase cc = cw ;
If the oil is a dispersed phase cc = 1 − cw .
Critical spherical diameter:

1.265
dɶcr = 0.5
Eo

(79)

Eotvos number of liquid mixed flow system, dimensionless:

Eo =

g ( ρ w − ρo ) D 2

σ ow

(80)

The liquid phase mixed dispersion flow stability criterion is
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expressed as:

dsm2 =

dɶl max ≤ dɶcr

(81)

The minimum energy method is explained below: Two
types of energy values are considered in the horizontal well
section, namely kinetic energy and surface energy. [41]
Kinetic energy: Ek =

(

1
A1ρ1v12 + A2 ρ2 v22
2

)

(82)

Surface energy:


 Aα
Aα
Es = σ ow  D sin γ 1 + 6  1 w1 + 2 o 2
d sm 2
 d sm1




 

(83)

Sauter mean diameter of oil-water two-phase stratified flow
oil layer or water-in-oil layer, water layer or oil-in-water layer
dispersed phase:

d sm1 =

2 ×10−8
v12 f 013.12

2 ×10−8
v22 f023.12

(85)

4.5. Error Analysis
In this study, the pressure drop predicted by the model is
compared with the measured pressure drop of the wellbore, as
shown in Figure 15, where the maximum relative error in the
model is 19.44% and the average relative error is 12.69%. The
above-mentioned error is because of three reasons. First, the
vibration of the instrument will introduce some measurement
errors. Second, the pressure drop measurement system is
suitable for a liquid system. Because the sealing of the
equipment is not very good, bubbles often appear in the
pressure tubes, and these will affect the accuracy of the
measurement results. Finally, the artificial observation of the
experimental phenomena also introduces errors, though
overall, the results satisfy the requirements of a practical
engineer.

(84)

Figure 15. Measured pressure drop vs. predicted pressure drop.

5. Conclusions
1). With the increase in the viscosity of heavy oil, the
sand-carrying capacity increases gradually. Specifically, under
the condition of a constant flow rate, the larger the heavy oil
viscosity, the lower the sand-bed height, but the wellbore
pressure drop gradually increases with the increase in the
viscosity of heavy oil.
2). With the increase in the water content, the speed of
particle sedimentation increases, leading to the development
of a sand-bed at the bottom of the wellbore. The moisture

content is present at the reverse phase point.
3). The influence of the wall inflow on the pressure drop of
the wellbore is relatively small. With the increase in the wall
inflow, the pressure drop of the wellbore increases slightly and
approximately linearly.
4). In this study, the pressure drop predicted by the model is
compared with the measured pressure drop of the wellbore.
The maximum relative error of the model is 19.44% and the
average relative error is 12.69%; these can satisfy the
requirements of practical engineering.
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