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ABSTRACT

The purpose of this paper is to study the critical sand starting velocity and transformation law of flow
pattern based on gas—water—sand three-phase flow in an inclined pipe. Firstly, the indoor simulation
experiment system of gas—water—sand three-phase flow was used to test the conversion law of flow
pattern based upon the different gas void fraction. Secondly, the influence of slug bubbles on sand
migration was investigated according to distinctive hole deviation angles, gas void fraction and sand
concentration. Finally, the critical sand starting velocity was tested based on dissimilar hole deviation
angles, gas void fraction, sand concentration and sand particle size, and then the influence of the above-
mentioned key parameters on the sand starting velocity was debated based on the force analysis of the
sand particles. The experimental results illustrated that when the gas void fraction was less than 5%, it
was bubbly flow. When it increased from 5% to 30%, the bubbly flow and slug flow coexisted. When it was
between 30% and 50%, the slug flow and agitated flow coexisted. When it reached 50%, it was agitated
flow. Providing that the hole deviation angle was 90°, the phenomenon of overall migration and wave-
like migration on the surface of sand bed was observed. On the contrary, the phenomenon of rolling and
jumping migration was recognized. The critical sand starting velocity was positively correlated with the
hole deviation angle and sand particle size, but negatively associated with the gas void fraction and sand
concentration. This research can provide a certain reference for sand-starting production in the field of
petroleum engineering.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

Subsequently, a gas—liquid—solid three-phase flow will form in the
inner pipe of the double-layer pipe. If the gas hydrate initiates a

Due to weak cementation, easy collapse and narrow safety
density window of shallow layers in deep water, in order to develop
gas hydrate resources more efficiently in deep water, a new dual-
gradient drilling technology base on double-layer pipe equipped
with simpler equipment and lower cost is innovatively proposed
(Khan and May 2016; Li et al., 2020; Xin et al., 2020). When this
new technology is applied for natural gas hydrate production, the
hydrate particles will generate phase change as the variation of
wellbore temperature and pressure during the return process
(Bhandari et al, 2015; Lin et al, 2013; Sun et al, 2018).
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phase transition, hydrate particles of different sizes appear in the
wellbore (Chen et al., 2012; Ma et al., 2014; Wang et al., 2019). The
successful migration of particles to the surface ground plays a
crucial role in the success of hydrate extraction process. Therefore,
it is necessary to carry out relevant indoor simulation experiments
to study the particle migration and the flow laws of multiphase
flow in inner pipe based on the double-layer pipe.

As shown in Fig. 1, the principle of this new drilling technology is
to replace the traditional drilling pipe by a double-layer one
(including a outer pipe and a inner pipe). What's more, a lift pump
is installed on the drill pipe close to the drill bit. Firstly, the drilling
fluid is injected into the annulus between inner and outer drill pipe.
Secondly, the drilling fluid mixing with the hydrate particles near
the downhole enters the annulus between the outer pipe and the
borehole. When the mixture reaches the lift pump inlet, they will
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Fig. 1. Schematic diagram of dual-gradient drilling system with a double-layer pipe.

be sucked into the inner pipe due to the negative pressure gener-
ated at the inlet of the lift pump and then return to the ground.
Meanwhile, the pressure difference can be adjusted by changing
the pump rate to realize the control of the wellbore pressure. As the
static column of low-density fluid is in the upper annulus above the
lift pump, while the high-density fluid is in the lower annulus. It is
called dual-gradient drilling technology based on double-layer
pipe.

The natural gas hydrate will alter from the solid particle to the
gas state while the wellbore temperature and pressure meet the
requirements. At this moment, a three-phase flow of gas, water and
sand will form in the inner pipe. However, whether the sand can
migrate successfully or not will directly determine the safety and
efficiency of drilling and production (GhasemiKafrudi and
Hashemabadi, 2016; Elgaddafi et al., 2012; Guo et al., 2010;
Mutahar, 2006; Davies, 1987). Therefore, it is necessary to perform
the experimental research on the sand migration rule based on
gas—water—sand three-phase flow.

Many scholars have carried out related studies of the sand
migration at present. Scott and Rao (1971) gave the definition of the
critical sand starting velocity in the horizontal tube by the experi-
ment of gas—liquid—solid three-phase flow. It was the flow velocity
when sand particles didn't deposit in the pipe. Shen et al. (1999)
separately established the model of the critical sand starting ve-
locity by calculating the relationship between the minimum water
velocity of critical sand starting of millimeter-level solid particles in
the vertical pipe. Zhang et al. (2001) ignored the Basset force and
Saffman force, and only considered the gravity and buoyancy of
solid particles to calculate the water velocity of critical sand start-
ing. Li (2000) conducted the experiment of sand starting based on
the single-phase liquid and solid—liquid two-phase flow in a ver-
tical tube. The experimental results shed light on that when the
water velocity exceeded 2.9 times as much as the final settlement
velocity of the solid particles, the effective migration of the solid
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particles can be achieved. Stevenson and Thorpe (2003) investi-
gated sand starting process of the three-phase flow of gas, water
and sand in the horizontal or near-horizontal pipe. Under the low
sand concentration condition, the mathematical models of critical
sand starting velocity was established according to state of the
intermittent and laminar flow. Keskin and Zhang (2007) carried out
large quantity of experiments to gain the different empirical re-
lationships of critical sand starting velocity based on the experi-
mental results. Gillies et al. (1997) and Goharzadeh and Rodgers
(2009) investigated the influence of gas void fraction and flow
pattern on sand migration based on the experiment of
gas—water—sand three-phase flow in horizontal pipe. The final
results clarified that gas void fraction made little effect on sand
migration, however, the opposite effect was produced by the plug
flow. Liu and Deng (2007) and Jiao et al. (2010) mainly employed
laboratory experiments of solid—liquid two-phase flow to have a
good knowledge of the sand migration at different inclination an-
gles. The results showed that the capacity of sand starting was the
weakest when the inclined angle was at 60°, and was the best at
90°. Zhang (2013) regarded the gas-water two phases as a pseudo-
homogeneous phase to establish the mathematical equation of the
critical sand starting velocity for the water-bearing gas wells and
obtained the variation rule of critical sand starting velocity. Dong
et al. (2007, 2014) mainly studied the sedimentation of solid par-
ticles in still water and moving water to establish mathematical
relationship between the sand starting velocity and the final-
settlement velocity. Dabirian et al. (2016), Bello and Oyeneyin
(2016), and Sui et al. (2016) separately investigated the critical
flow velocity taking into account the impact of the sedimentation
or sand migration based upon the gas-liquid two phase flow,
solid—liquid two-phase flow and the three-phase flow of oil-water-
sand.

In summary, the current research mainly focuses on the study of
a single factor or two factors. It is necessary to conduct the exper-
iment of gas—water—sand three-phase flow to better know the rule
of sand migration and flow pattern transformation based on mul-
tiple factors, such as the hole deviation angle, gas void fraction,
sand concentration and sand particle size. The conclusions can
provide important technical reference for hydrate exploitation in
dual-gradient drilling based on double-layer pipe.

2. Critical sand start-up speed experiment
2.1. Experimental system

From the above description, the hydrate particles in the inner
tube will change from solid phase to gas phase while the wellbore
temperature and pressure meet the requirement. The hydrate
particles of different sizes, gas and drilling fluid form a multiphase
flow of gas—water—sand in the inner pipe. Therefore, the object of
this experiment is to simulate the migration state of hydrate par-
ticles in multiphase flow. Due to the limitation of experimental
conditions, it is difficult to simulate the real wellbore temperature
and pressure for the phase transition of natural gas hydrate. Hence,
three different sizes of sand particles were used to represent hy-
drate particles with different degrees of decomposition in this
experiment.

The experimental system mainly consists of several key com-
ponents, such as the experimental bench, test tube, mud pump,
automatic sander, air compressor, high pressure gas tank, mud
pool, flow meter, high-speed camera, center console (including
control cabinet), circulating pipelines, valves, etc. The part of the
experimental equipment is shown in Fig. 2.

The transparent test tube was installed coaxially with the test
bench, as shown in Fig. 2a. By lifting and lowering the left side of
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Fig. 2. The experimental system (experimental bench (a), center console (b), and control cabinet (c)) and sand grains of different sizes (d).

the test bench, the inclination of test tube can be adjusted from
0° to 90°. The main function of the center console in Fig. 2b is to
control and monitor the gas flow rate, liquid flow rate, and sanding
rate. Besides, it can also be applied to monitor real-time flow status
in the test tube. The control cabinet in Fig. 2c is used to adjust the
inclination angle of the test tube, capture the flow rate of the
injected liquid and gas and then transmit them to the center con-
sole. In Fig. 2d, it is the sand particle of different sizes (average
diameter). Among them, the composition of sand particles with a
diameter of 10, 20, and 40 pm is the argillaceous silt or quartz silt
separately.

2.2. Experimental parameters and procedures

Fig. 3 shows the sketch of experimental system. Table 1 lists the
experimental test parameters and the performance parameters of
the experimental equipment. The specific experimental procedures
are as follows:

(1) After checking the normal operation of all instruments, turn
on control and monitoring equipment and air compressors in
turn.

(2) Use the control cabinet to adjust the experimental test
pipeline to the predetermined angle, then open the valves 1,
2,4, and 5 in turn, and further start up the pump with the
small flow rate to clean the circulation pipe.

(3) The automatic sand and gas injection rates are calculated
based on the concentration ratio of the sand and gas set by
the experimental parameter, then turn on the valves 3 and 4
and set the parameter of concentration ratio through the
control cabinet.

(4) When the three phases of the gas, liquid and sand in the test
tube are observed to reach a relatively stable flow state, the
openness of the valve 1 or 2 is reduced, so that the gravel
gradually returns to the static state.
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(5) Gradually turn on the openness of valve 1 or 2, so that the
traffic in the test pipeline gradually increases. At this time,
the motion of gravel is observed by monitoring the system.
When the gravel is transformed from the original static state
to the stable migration state in the direction of the fluid flow,
the liquid flow rate recorded at this time is the critical flow
rate for start velocity of the sand.

(6) The center console is used to adjust the injection rate of sand,
the liquid flow rate while keeps the gas void fraction con-
stant. When the ratio of the above three phase reaches the
predetermined value, repeat steps (4) and (5), the critical
sand starting velocity can be obtained under different sand
concentration conditions. In the same way, maintain a
certain sand concentration unchanged, measure the critical
flow rate under different gas void fraction conditions.

(7) After the test of one certain diameter size is completed, the
control cabinet is used to turn off the automatic sanding
equipment and air compressor, and then start up the pump
to clean the circulating pipeline.

(8) After the circulating pipeline is cleaned, repeat the experi-
mental steps (5) and (6) to test the critical flow rate of the
liquid under different gas void fraction or sand concentration
based on the different diameter of the sand.

(9) When the critical flow rate of the liquid at a certain deviation
angle is tested, the angle is set to the other hole deviation
angle by the control cabinet. Then repeat steps (5)—(8) to
critical flow rate of the liquid under the condition of different
diameter of the gravel.

(10) When the parameters are completely tested, turn off the
automatic sanding equipment and air compressor, and then
turn on the pump to circulate the experimental pipeline.
After the pipeline is cleaned, stop the pump and turn off all
instruments and power supply.
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Fig. 3. Sketch of experimental system.

Table 1

Experimental parameters.
Parameter Value
Hole deviation angle, degree 30, 60, 70, 80, 85, 90
Sand concentration, % 1,5, 10, 30, 50
Gas void fraction, % 5, 10, 20, 30, 50
Sand diameter, pm 10, 20, 40
Pump rate, L/s 0-30
Injection speed of sand particle, kg/s 0-30
Flow rate of air compressor, m>/min 0-32.5
Length of the test pipe, m 6
Inner diameter of the test pipe, mm 100
Angle range of the test pipe, degree 0-90

3. Experimental results
3.1. Conversion of flow pattern

3.1.1. Flow pattern at the hole deviation angle of 90°

In Fig. 4a, the gas void fraction gradually increased from zero to
5%, the flow pattern was mainly bubbly flow. When the gas void
fraction steadily elevated from 5% to 10%, the critical starting ve-
locity was altered from 0.26 to 0.21 m/s. The flow pattern pro-
gressively transited from bubbly flow to a coexistence state
including bubbly flow and small slug flow. What's more, there was
an obvious stratified flow state of gas, water, and sand as shown in
Fig. 4b.

In Fig. 4c, the gas void fraction was further raised to 30%, there
was the obvious stratified flow. But the cross-sectional width and
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length of the slug gradually expanded. The critical starting velocity
was changed from 0.21 to 0.17 m/s. When the gas void fraction was
further improved close to 50%, the flow pattern was coexistence
state of local agitated flow and large slug flow, which also repre-
sented the state of transition from slug flow to agitated flow. When
the gas void fraction reached 50%, the pulsating effect of the liquid
increased obviously. In Fig. 4d, the liquid flew forward in a “wave-
like” shape, and the flow pattern was transformed as the agitated
flow.

3.1.2. Flow pattern at the hole deviation angle of 60°

In Fig. 5a, the gas void fraction was 5%, the flow pattern in the
tube was mainly bubbly flow, the critical starting velocity was
0.28 m/s. As the gas void fraction gradually improved 20%, in Fig. 5b,
there was no stratified flow. However, the flow pattern transited
from bubbly flow to a coexistence state including the bubbly flow
and small slug flow. the critical sand starting velocity was changed
from 0.28 to 0.25 m/s.

In Fig. 5c, the gas void fraction was 30%, the length of the slug
bubble and the cross-sectional width enlarged, the critical starting
velocity reduced from 0.25 to 0.21 m/s. If the gas void fraction
reached close to 40%, the sand particles rolled and jumped
intensely. It was the coexistence state of the local agitated flow and
large slug flow. Providing that the gas void fraction was more than
40%, the pulsating effect was more significant. Besides, in Fig. 5d,
the liquid flew upward in a “spiral” shape, the sand rolled and
jumped, and the flow pattern was agitated flow at this time.

It can be found that the concentration or the size of sand par-
ticles exerted little effect on the flow pattern through the
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Stratified flow

Fig. 4. Flow patterns at different gas void fractions: (a) 5%; (b) 20%; (c) 30%; (d) 50%. Other experiential conditions are as follows: hole deviation angle, 90°; sand particle diameter,

10 pm; sand concentration, 10%.

Bubbly flow

Fig. 5. Flow patterns at different gas void fractions: (a) 5%; (b) 20%; (c) 30%; (d) 50%. Other experiential conditions are as follows: hole deviation angle, 60°; sand particle diameter,

40 um; sand concentration, 50%.

comprehensive analysis of the test results, while the gas void
fraction and hole deviation angle made a great impact on it.
Consequently, the pie chart of flow pattern based on different gas
void fraction was drawn, as shown in Fig. 6.

When the gas void fraction was lower than 5%, the flow pattern
was mainly bubbly flow. When it was between 5% and 10%, the
bubbly flow was transformed as a coexistence state including
bubbly flow and small slug flow. Under this circumstance, if the
hole deviation angle was 90°, there was obvious stratified flow.
Otherwise, there was no this kind of phenomenon. This is because
the density of the gas, water and sand was different and the drag
force of the fluid made little effect on the movement of sand
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particles under this condition.

When the gas void fraction increased from 10% to 30%, the small
slug flow was transformed into a large slug flow, but there was still
bubbly flow locally. When the gas void fraction was improved close
to 50%, the large slug flow began to transform into agitated flow.
When the gas void fraction was more than 50%, the flow pattern
was altered to the agitated flow. Under this circumstance, if the
hole deviation angle was 90° or less than 90°, the liquid flowed
forward in a “wave shape” or in a “spiral shape”. This is because the
drag force exerted on the sand particles was relatively small at 90°,
so the stratified flow was main phenomenon. However, there were
certain fluctuations due to the high gas void fraction, so the sand
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Fig. 6. Flow pattern of gas—water—sand three-phase flow based upon different gas
void fractions.

bed appeared a wave-shaped. While the hole deviation angle was
less than 90°, the drag force of the fluid exerted on the sand par-
ticles enlarged, which made the sand particles move forward more
violently.

3.2. The phenomenon of sand migration

3.2.1. The effect of large slug flow on sand migration

Due to the similar rule of sand migration at other hole deviation
angles, the analysis of the experimental results at hole deviation
angles of 85° and 60° were taken as examples.

(1) Sand migration at the hole deviation angle of 85°

Before the large slug bubble passed through the pipe, the flow
state was relatively stable and the surface sand bed moved forward
as a whole (Fig. 7a1). Because the hole deviation angle was close to
90°, there was a layering phenomenon in the pipe. Moreover, the
bubbles were mainly distributed in the upper layer of the pipe and
the gas phase made limited influence on the flow state. The
migration of sand particles mainly relied on the drag force of the
liquid to achieve stable migration. Eventually, the phenomenon of
overall migration of surface sand bed was observed.

In Fig. 7a2, the large slug bubble was just passing through.
Because of the stratification phenomenon, the large slug bubble
was distributed in the upper layer of the pipe and the surface sand
bed slide down severely in the opposite direction of the fluid flow.
The main reason was that a larger space in the pipe was occupied by
the large slug bubble, which reduced the liquid content in the pipe.
As a result, the drag force of the liquid exerted on the sand particles
significantly reduced.

After the large slug bubble passed through the pipe, the fluid
flow returned to a relatively stable state, as shown in Fig. 7a3.
Similar to the situation in Fig. 7al, the surface sand bed began to
move stably along the direction of fluid flow.

(2) Sand migration at the hole deviation angle of 60°

Fig. 7b1 shows the sand migration before the large slug bubble
passed. As the hole deviation angle reduced, the state of stratified
flow weakened, the drag force of the gas exerted on the liquid
enhanced. Once a bubbly flow occurred in the pipe, the surface
sand bed migrated as a whole. When a small slug flow appeared,
part of the sand particles moved forward in the form of tumbling
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and jumping. If it was the small slug flow, the drag force exerted on
the liquid by the gas phase increased evidently. As a result, the gas
carried the liquid and then the liquid also carried the sand particles,
which made the sand particles move forward in the form of
jumping and tumbling.

Fig. 7b2 shows the sand migration when the large slug bubble
was passing through. Once the large slug flow appeared, the surface
sand bed slid down in the opposite direction relative to fluid flow.
As the gas void fraction was improved, a larger space in the pipe
was occupied by the gas. On that account, the effect of the liquid
made on the sand migration significantly weakened. Due to the
decrease in hole deviation angle, the gravity exerted on the sand
particles raised. Combining the above two effects, as the hole de-
viation angle and gas void fraction lifted, the phenomenon of sand
falling was more conspicuous.

After the large slug bubble passed through the original area in
the pipe, the falling sand particles at this area would violently
collide with the fluid along the flow direction, as shown in Fig. 7b3.
The obvious local turbulence and greater jumping migration
appeared.

In summary, it was the phenomenon of overall migration of
surface sand bed before a large slug bubble passed this space in an
inclined pipe. When a large slug bubble has passed, the surface
sand bed slid down in the opposite direction of the flow direction.
As the hole deviation angle reduced, the sand bed was falling more
evidently. After a large slug bubble passed, the surface sand bed
reached the state of stable migration. Consequently, the large slug
bubble was not conducive to sand migration.

3.2.2. The effects of gas void fraction on sand migration at different
hole deviation angles

In Fig. 8a, the hole deviation angle was 90°, sand concentration
was 20%, and gas void fraction was 5%. Because the test pipe was
horizontal, the three phases of gas, water, and sand exhibited a very
obvious phenomenon of stratified flow in the pipe. The gas, liquid,
and sand separately distributed in the upper, middle and lower
areas in the pipe. Under this circumstance, the gas void fraction was
relatively small and the gas phase exerted rather small drag force
on the liquid and sand bed. Therefore, the sand particles mainly
moved forward by the drag force of the liquid. Finally, the overall
migration of the surface sand bed was observed.

When the gas void fraction reached 10%, the drag force of the gas
phase exerted on the liquid phase increased. In Fig. 8b, the hole
deviation angle was 90°, sand concentration was still 20%, the
pulsation of the gas phase of the upper area appeared in the pipe
due to the increase in the gas void fraction and the flow of the liquid
presented the “wave shape”. What's more, the gas void fraction was
low and the liquid content was high at the peak position of the
wave flow, resulting in local accumulation of sand particles. At the
trough position of the wave flow, the flow rate of the liquid was fast
and the sand transport was easier due to the higher gas void frac-
tion and lower liquid content. As a result, the sand bed showed a
distribution of the wave-shaped.

Fig. 8c shows the state of steady flow after the wave distribution
disappeared at the hole deviation angle of 90°, the sand concen-
tration of 20%, and the gas void fraction of 20%. As the flow state
was restored to stability, the similar phenomenon of stratified flow
was shown in Fig. 8a. The regular wave-shaped distribution
appeared due to the wave flow.

In Fig. 8b1, when the hole deviation angle was 85°, sand con-
centration was 20% and gas void fraction was 10%, the stratified
flow disappeared due to the reduce of hole deviation angle.
Furthermore, the flow pattern mainly consisted of small slug flow
and bubbly flow. Because the gas void fraction was small (10%), the
drag force exerted on the liquid and the sand particles was limited.
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Fig. 7. The effect of large slug bubble on sand migration at different hole deviation angles: (a1, a2, a3) 85°; (b1, b2, b3) 60°.

The sand particles mainly relied on the drag force of the liquid to
attain stable migration as well as the overall migration of the sur-
face sand bed.

In Fig. 8b2, the hole deviation angle was 85°, sand concentration
was 20%, and the gas void fraction was 20%. Compared with that in
Fig. 8d, the turbulence state was more obvious because the due to
the increase in the gas void fraction (from 10% to 20%). In addition,
the higher gas void fraction improved the drag force of the gas
phase on the sand particles, which made the surface sand bed roll
and jump.

In Fig. 8c1, the hole deviation angle was 80°, the sand concen-
tration was 30%, and the gas void fraction was 10%. Under this
condition, the phenomenon of stratified flow disappeared. The flow
pattern was mainly bubbly flow and small slug flow, which was
similar to that in Fig. 8d.

In Fig. 8c2, the hole deviation angle was 80°, the sand concen-
tration was 30%, and the gas void fraction was 20%. Because the gas
void fraction was higher, the drag force of the gas phase exerted on
the liquid and the sand particles was greater. As a result, the gas
carried the liquid, and then the liquid further carried the sand, the
occasion of the jumping and rolling of surface sand bed presented.

In Fig. 8d1, the hole deviation angle was 70°, the sand concen-
tration was 30%, and the gas void fraction was 10%. As the incli-
nation angle of the pipe was greater than that in Fig. 8f, the negative
influence of gravity on sand migration was greater. The sand
migration mainly relied on the drag force of the liquid to move
forward, which was manifested as the overall migration of surface
sand bed. Under this condition, the flow velocity of the liquid
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became obviously higher than that in former.

In Fig. 8d2, the hole deviation angle was 70°, sand concentration
was 30% and gas void fraction was 20%. Because the gas void frac-
tion was higher than that in Fig. 8h, the turbulence state in the pipe
was more obvious. The sand particles were easier to be carried by
the liquid due to the increase in the drag force of the gas exerted on
the liquid. Therefore, the phenomenon of rolling and jumping of
sand particles presented.

In Fig. 8d3, the hole deviation angle was 70°, the sand concen-
tration was 30% and the gas void fraction was 30%. The turbulence
in the pipe was more prominent than that in Fig. 8i due to the in-
crease in gas void fraction. Consequently, the drag of the gas
exerted on the liquid was further improved, which made it easier to
carry sand particles. Finally, the violent spiral tumbling and
jumping migration appeared.

In summary, when the hole deviation angle was 90° and the gas
void fraction was lower than 5%, the flow pattern was mainly the
stable stratified flow and the surface sand bed migrated as a whole.
When the gas void fraction reached 10%, it was a wave flow and the
sand particles migrated forward by the drag force of the liquid.
Once the wave flow disappeared, a wavy sand bed formed. As the
increase in the gas void fraction, the gas pulsation became more
obvious, the small and large slug flow formed simultaneously.
Finally, the overall migration of the surface sand bed formed based
on the combined action of gas and liquid phases. When the hole
deviation angle was less than 90°, the stratified flow in the pipe
disappeared. Under this circumstance, the gas void fraction was less
than 10%, it was mainly the overall migration of surface sand bed.
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Gas void fraction 5% Gas void fraction 10%

Gas void fraction 10% Gas void fraction 20%

Gas void fraction 20% Gas void fraction 10%

Gas void fraction 20%

Gas void fraction 20% Gas void fraction 30%

Fig. 8. The effects of gas void fraction on sand migration at different hole deviation angles and sand concentrations: (a1, a2, a3) hole deviation angle 90°, sand concentration 20%;
(b1, b2) hole deviation angle of 85°, sand concentration 20%; (c1, ¢2) hole deviation angle 80°, sand concentration 30%; (d1, d2, d3) hole deviation angle 70°, sand concentration
30%.
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Fig. 9. Mechanical analysis of a single sand particle.
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The gas void fraction reached 20%, the sand particles rolled and
jumped. Once the gas void fraction reached 30%, the sand particles
exhibited violent spiral tumbling and jumping migration.

3.3. Critical sand starting velocity

The forces on the sand particles during transport are mainly the
drag force of the gas or liquid phase and the turbulence force of the
fluid. The force analysis for a single sand in the tube is shown in
Fig. 9. During sand migration, the driving force for forward
migration is provided by the turbulent force and traction force, and
gravity is the resistance. The drag force can be decomposed into
vertical lift and horizontal radial force. The lift provided source of
power for the upward migration of sand particles, while the radial
force made the sand particles move along the inner wall of the pipe.
Under gas—water—sand three-phase flow conditions, sand particles
are transported forward by the combined action of the gas and
liquid phases. The surface sand is instantaneously transformed
from a completely stationary state to a forward migration state
when the liquid flow velocity gradually increases. At this time, the
liquid flow velocity is the critical sand starting velocity.

(b)

0.28 A

—— Gas void fraction 5%
—@— Gas void fraction 10%
A Gas void fraction 20%
—W— Gas void fraction 30%
—4@— Gas void fraction 50%

Critical sand starting velocity, m/s

30 40 50 60 70 80 90

Deviation angle, degree

—— Gas void fraction 5%
—@— Gas void fraction 10%

A Gas void fraction 20%
—W— Gas void fraction 30%
—@— Gas void fraction 50%

Critical sand starting velocity, m/s

40 50 60 70 80 20

Deviation angle, degree

Fig. 10. The effect of hole deviation angle on the critical sand starting velocity at different sand concentrations: (a) 1%; (b) 10%; (c) 30%; (d) 50%.
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Fig. 11. The effect of gas void fraction on the critical sand starting velocity at different deviation angles: (a) 30°; (b) 60°; (c) 85°; (d) 90°.

3.3.1. The influence of hole deviation angle

When the sand concentration and gas void fraction kept con-
stant, the critical sand starting velocity generally presented an
increasing trend with the rise of hole deviation angle, as shown in
Fig. 10. As the hole deviation angle raised, the reduce of lifting force
and the increase of the radial force made it more difficult to carry
sand particles. Deposition in the pipe was easier to form. During
conventional drilling, it is the most difficult for sand particles to
migrate effectively at the hole deviation angle of 45°—60° rather
than the other deviation angle, which results in forming the most
serious sand bed deposition. The micron-scale sand used for dual-
gradient drilling based on double-layer pipe is easier to deposit on
the wellbore. The smaller the sand particle size is, the larger the
specific surface area and the stronger adhesion between the sand
and the wellbore will be. The larger the hole deviation angle was,
the greater adhesion between the sand and the wellbore will be,
and the critical sand starting velocity was higher. When the hole
deviation angle reached 80° or more, the three phases of gas, water,
and sand began to show obvious stratified flow. The gas, liquid and
sand were separately located in the uppermost layer, the middle
layer and the lower layer in the pipe. Providing that the hole de-
viation angle further raised, the turbulence state in the pipe
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weakened and the turbulence force decreased, which made the
critical sand starting velocity increase.

3.3.2. The effect of gas void fraction

It can be seen from Fig. 11, when the hole deviation angle and
sand concentration was constant, the critical sand starting velocity
generally presented a decreasing trend with the increase in gas
void fraction. On the one hand, the turbulence state was more
obvious due to the increase in gas void fraction, which resulted in
the turbulent force augmenting. As the turbulence intensity
increased, the flow rate and the lift force of the liquid phase relative
to the sand particles also increased. The pressure difference be-
tween the upper and lower space of the sand bed increased with
the growth of liquid flow rate, so the lifting force became greater.
On the other hand, the drag force of the gas exerted on the liquid
was greater due to the higher gas void fraction. The greater drag
force made it easier for sand particles to migrate, resulting in the
gradual reduce of the critical sand starting velocity.

3.3.3. The effect of sand concentration
It can be seen from Fig. 12, the critical sand starting velocity
generally showed a decreasing trend with the increase in sand
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Fig. 12. The effect of sand concentration on the critical sand starting velocity at different deviation angles: (a) 30°; (b) 60°; (c) 85°; (d) 90°.

concentration when the hole deviation angle and the gas void
fraction kept constant. Because the sand concentration became
higher, the cross-sectional area occupied by the fluid was smaller
and the flow rate of the fluid will be greater. Providing that the gas
void fraction and fluid flow rate were constant, the drag force
exerted on the sand particles enhanced dramatically as the sand
concentration increased. Therefore, it was more conducive to the
sand particles to migrate, which further made the critical sand
starting velocity decrease.

3.3.4. The effect of sand diameter

It can be seen from Fig. 13, the critical sand starting velocity was
positive correlation with the particle size. When the gas void
fraction and sand concentration remained constant, the drag force
exerted on the sand particle was basically the same. On the one
hand, the gravity exerted on the sand particle enhanced signifi-
cantly due to the larger particle size and the greater difficulty of
sand migration. On the other hand, its specific surface area became
smaller as the particle size was larger. So, the sand particle was
difficult to suspend or carried by the liquid phase. Hence the critical
sand starting velocity increased along with the growth of sand
particle size.

2991

3.3.5. Dimensionless analysis

According to the above experimental results, it can be seen that
the critical sand starting velocity is comprehensively affected by
multiple factors, such as the hole deviation angle, gas void fraction,
sand particle size, and sand concentration. It is not possible to
directly compare the influence degree made by different factors on
the critical sand starting velocity. Consequently, it is necessary to
utilize the dimensionless analysis method to carry out dimen-
sionless processing of the four influencing factors. Finally, the in-
fluence degree of each factor can be compared based on the
dimensionless results.

Weighting method of the coefficient of variance was introduced
in this paper to deal with the different influencing factors. Then the
comprehensive index of different influencing factors was compared
to judge the degree of influence. The larger the comprehensive
index is, the greater the degree of influence will be.

Firstly, the influencing factors in the experiment, such as devi-
ation angle, gas void fraction, sand concentration and diameter of
the sand were defined as different indexes. Then the data matrix of
the critical sand starting velocity based upon different indexes were
non-dimensionalized. Therefore, the standardized matrix

I' = (Rjj)1y,, under the corresponding conditions was obtained, as
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Fig. 13. The effect of sand particle diameter on the critical sand starting velocity at different sand concentrations: (a) 1%; (b) 10%; (c) 30%; (d) 50%.

shown in Eq. (1).

Xjj
R, ="Y 1
i~x (M
wherej is the deviation angle, gas void fraction, sand concentration
and diameter of sand.

The standard deviation and the average value under the above-
mentioned different index conditions from the standardized matrix
I' = (Rjj) ., can be obtained. Further, the coefficient of variation of
different indexes was calculated according to the standard devia-
tion and the average value, as shown in Eq. (2).

%

" (2)

Xj

where ¥; is the coefficient of variance of the index j, also known as
the standard deviation coefficient; g; is the standard deviation of
the index j; y; is the average of the index j.

The coefficients of variance of different indexes can be obtained
by Eq. (2), and then the weights of different indexes can be calcu-
lated by Eq. (3).
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3)

where W; is the weight for the index j.

The above calculations only get the weighting results under
different index conditions, but the impact on the evaluation results
caused by the difference in dimensions between different index has
not been eliminated.

Therefore, in order to eliminate the influence of the dimension
between the index, the normalization formula of root mean square
error was utilized in this paper, as shown in Eq. (4), to normalize the
different indexes, and unified their values in the interval [0, 1]. The
normalized value was closer to 1, the greater the degree of influ-
ence will be, and vice versa, the smaller the degree of influence will
be.

. A] — H'llI'l(A])
~ max(4;) — min(4;)

(4)

where ¢ is the normalized value of the root mean square error of
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different indexes; J; is the root mean square error of the index j.

Finally, Egs. (3) and (4) were combined to obtain the compre-
hensive evaluation index I that eliminated the influence of di-
mensions. The closer the value of the comprehensive evaluation
index was to 1, the greater the degree of influence of the index will
be.

Aj — mm(lj)

Y
1= Wie=> (5 — ) — min(Aj)) ©)
2 X

j=1

where I is a dimensionless comprehensive evaluation index.

According to Eq. (5), the values of comprehensive evaluation
indexes under different well deviation angle, gas void fraction, sand
concentration and sand diameter were calculated, as shown in
Fig. 14. It can be seen that the values of the comprehensive evalu-
ation indexes of sand diameter, deviation angle, gas void fraction
and sand concentration decreased successively, so the degree of
their influence on the critical sand starting velocity gradually
decreased in order.

4. Conclusions

The transformation rule of flow pattern based on different gas
void fractions, and the critical sand starting velocity of
gas—water—sand three-phase flow under the conditions of
different hole deviation angle, gas void fraction, sand particle size
and sand concentration in the inclined pipe were studied by lab-
oratory experiment. In a addition, the influence of large slug bubble
on the migration of sand bed was studied. Finally, weighting
method of the coefficient of variance was utilized to compare and
analyze the degree of influence of the deviation angle, gas void
fraction, sand concentration and sand particles size on the critical
sand starting velocity. Then the following conclusions were
obtained.

(1) During the gas—water—sand three-phase flow, when the gas
volume fraction is 5%, 5%—30%, or 30%—50%, the flow pat-
terns are separately the bubbly flow, the transition of bubbly
flow to slug flow and the transition of slug flow to agitated
flow, respectively. During the transition state from bubbly
flow to the slug flow, if the hole deviation angle is 90°, there
will be obvious stratified flow.
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(2) When the hole deviation angle is 90°, the gas void fraction is
lower than 5%, the surface sand bed will migrate as a whole.
If the gas void fraction is between 5% and 10%, the wavy sand
bed appears in the pipe. Providing that the gas void fraction
is greater than 10%, a small or large slug flow will appear, and
the surface sand bed will migrate forward as a whole.

(3) When the hole deviation angle is less than 90°, the gas void
fraction is less than 10%, the surface sand bed migrates for-
ward as a whole. As the gas void fraction increases, rolling
and jumping migration will be observed. The greater the gas
void fraction is, the more significant the phenomenon will
be. If the gas void fraction is more than 10%, it is beneficial for
smooth migration. Nevertheless, the large slug bubble
appearing intermittently exerts a negative impact on the
effective migration of the sand bed in the inclined pipe.

(4) The critical sand starting velocity was positively related with
the hole deviation angle and sand particle size, and nega-
tively related with gas void fraction and sand concentration
in inclined pipe. In addition, the influence degree of sand
particle size, deviation angle, gas void fraction and sand
concentration on the critical sand starting velocity decreases
in order.
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