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ABSTRACT: To investigate the multiphase coupled flow characteristics and apparent
wall slip phenomenon in horizontal pipes, air−hydraulic oil−solid mixtures flowing in
50 mm-diameter and 32 mm-diameter pipes are tested. The results show that the
critical liquid velocity corresponding to the transformation of the flow structure is
between 0.75 and 1 m/s. Compared to the liquid−solid flow, the injection of gas has a
drag reduction effect, to a certain extent. However, with an increase in the superficial
gas velocity, the relative slip contribution first increased and then decreased. Moreover,
the pressure gradient and wall slip velocity of the gas−liquid−solid coupling flow were
sensitive to the superficial velocity of the gas and liquid phase and the phase volume
fraction, as well as pipe conditions, including the diameter and roughness. Finally, on
the basis of theoretical and experimental data, a wall slip model is proposed to predict
the apparent wall slip velocity and pressure gradient in gas−liquid−solid coupled flow.
The model shows that the apparent wall slip effect is promoted under the condition of a
low volume fraction of the dispersed phase. Compared with the experimental data, the prediction results of the model are acceptable.

1. INTRODUCTION

Multiphase pipe flows are common in many fields, such as
medical science, civil engineering, and fluid mechanics.1,2

Especially in the field of petroleum engineering, oil and natural
gas mixed transportation technology has received extensive
attention, and there have been many studies on gas−liquid pipe
flows, including pressure pulsation, flow pattern transition, and
liquid holdup.3−6 However, little attention has been given to the
apparent wall slip effect of the gas−liquid two-phase flow.
Because of the complexity of themultiphase flow system, there is
no theoretical support for a comprehensive system thus far.
Therefore, existing studies have put more effort into the flow
characteristics and paid more attention to the flow domain itself,
thus ignoring the interaction between the multiphase fluid and
the boundary, which leads to exploration of the wall slip
phenomenon in multiphase flow. The phenomenon of wall slip
is essentially the apparent relative velocity between the wall and
the wall fluid. In fact, “apparent slip” is created by the high-
velocity gradient region close to the wall.7 Evaluating the wall
slip effect of a multiphase flow can deeply explore the influence
of each phase medium on the flow, the contribution of the wall
conditions, and the interaction between the phase and the wall,
which could provide ideas for explaining the characteristics of
multiphase flow in principle.
Studies have been conducted on the influence of pipe

roughness on a two-phase flow. However, no systematic
approach considering wall slip phenomena in a gas/liquid two-
phase flow has been proposed yet. In addition, sand-bearing
crude oil often occurs in the exploitation of sandstone and other

reservoirs, and the produced liquid presents a liquid−solid
mixed flow in the pipeline. Currently, pipeline flow based on the
basic principle of a solid−liquid mixed flow has become an
important transportation method in engineering systems. It is of
great significance to study the rheological characteristics, flow
structure and pressure fluctuation of liquid−solid mixtures for
the design and maintenance of transmission pipelines.8,9 Some
scholars have studied the rheological properties of solid−liquid
mixtures through experiments and discussed the influence of the
solid particle content.10−13 In contrast to the single-phase flow,
the multiphase flow will form different flow patterns and phase
distribution structures due to the changes in the phase velocity
and fraction, which will lead to a change in the pressure gradient
and interphase resistance. With the change in the mixed liquid
velocity, the pipe flow of the liquid−solid mixture presents the
following flow patterns: a homogeneous flow, a heterogeneous
flow, a heterogeneous flow with a sliding bed at the bottom, and
a heterogeneous flow with a fixed bed at the bottom. It has been
found that when the liquid−solid flow is homogeneous, there are
two types of constitutive models for Newtonian and non-
Newtonian fluids under different solid volume fractions.14−16
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Currently, the measurements of multiphase flows mainly
focus on process parameters, such as liquid velocity, volume flow
rate, and phase fraction. Accurate monitoring of flow parameters
in pipelines is very important for automatic operation and low
energy consumption.17,18 Researchers have studied the flow
characteristics of liquid−solid mixtures in pipelines through
experiments and established a flow model based on the
experimental data of solid particles. Most existing research
focuses on the shape, average size, and other parameters of solid
particles, and also discusses their influence on the flow
characteristics of solid−liquid mixtures while ignoring the
effects of flow velocity, pipe size, and wall roughness.19−22

Moreover, oil exploitation is often accompanied by the
production of natural gases. Research on gas−liquid two-phase
pipe flow based on this background is quite mature, and a variety
of flow parameter testing technologies have been developed to
study the conventional gas−liquid two-phase flow pattern
conversion, pressure fluctuation, and phase distribution.23−26

With the development of unconventional resources in the
petroleum industry, research on the flow law of multiphase in
pipelines has gradually become an important research topic. It is
therefore very important to study the critical parameters of the
flow pattern transition under different flow conditions. In the
study of transport critical conditions, there have been many
research results for different media properties. One of the
important research results is the predictive model of particle
transport velocity under different liquid viscosities in horizontal
and inclined pipes given by Archibong Archibong-Eso et al.27 In
gas−liquid flow, significant progress has been made in the study
of solid particle transport.28,29 Previous studies have focused on
the influencing factors of solid transport, established the particle
transport velocity model, and determined the critical conditions
of continuous transport.30,31

However, unlike common gas−solid and liquid−solid flows,
the gas−liquid−solid coupling flow is more complicated. The
change in the flow velocity of each phase affects the flow pattern,
especially the behavior of the solid particles. Because the flow
characteristics of the three-phase mixture are still uncertain, it is
necessary to obtain useful experimental data and establish a
general model in order to describe this type of flow.32 When the
influence of pipeline conditions and flow conditions on medium
transportation are considered, the liquid−solid mixture could be
regarded as a liquid phase. The analysis of pressure loss and
influencing factors of the coupling flow in pipelines has received
an increasing amount of attention after gas was introduced.
Meanwhile, to better explore the theory of multiphase flow,
some studies have adopted experimental means to measure the
pressure gradient combined with rheometer testing and have
determined that there is an apparent wall slip in the process of
pipe flow. The flow behavior characteristics and apparent wall
slip/depletion phenomenon have been extensively studied for
the single liquid phase, gas−liquid two phase, and liquid−solid
mixed circular pipe flows.18,33−35 Studies have determined that
the pipe roughness has a significant impact on the apparent wall
slip,36−42 but the influence of the phase fraction and velocity on
the apparent wall slip cannot be ignored. Notably, relevant
research on the apparent wall slip of gas/liquid−solidmixed pipe
flows is still rare. Gas and solid particles exist simultaneously in
the pipeline, and the law of the apparent wall slip effect under
different flow conditions needs to be further explored.
Thus, the main objective of this study was to evaluate the flow

behavior and apparent wall slip (wall depletion) phenomenon
for a gas/liquid−solid mixture piping flow based on the gas−

liquid and liquid−solid two-phase treatment analogy, and to
consider the influence of each phase coupling and pipeline
condition on the flow characteristics in a comprehensive
manner. It can also provide theoretical guidance for adjusting
the driving force and safety monitoring of multiphase-flow
pipeline transportation in the petroleum industry.

2. THEORETICAL BACKGROUND
For any flow in the pipe, the apparent shear rate can be estimated
by using superficial liquid velocity. Following an analogy with a
single-phase treatment, it must be noted that the wall shear
stress, τw, in these equations must be considered as an overall
average value for the liquid−solid mixture flow pressure
gradient. Equation 1 can reflect the effective shear rate of the
pipe flow of friction loss in the laminar flow process of
Newtonian fluids.

V D8 /SLγ ̇ = (1)

PD L/ 4wτ = Δ (2)

where VSL is the liquid superficial velocity, γ̇ is the shear rate,
ΔP/L is the pressure gradient, D is the pipe diameter, and τw is
the wall shear stress.
For the steady-state laminar flow of a non-Newtonian fluid in

a circular tube, when there is a wall slip phenomenon, the
volume flow rate can be written as follows

Q V R r f ( )d
R

S
2

0

2∫π π τ τ= +
(3)

whereQ is the volume flow rate, R is the pipe radius, f(τ) =−du/
dr is the constitutive relationship of the time-independent fluid,
and VS is the apparent slip velocity.
Substituting r = Rτ/τw into Equation 3, the following

relational expression is obtained:

Q V R R f ( )d /S
2 3

0

2
w

3w∫π π τ τ τ τ= +
τi

k
jjj

y
{
zzz (4)

In the study of wall slip flow characteristics, researchers
usually measure the apparent wall slip coefficient by changing
the size of the test tool. The apparent wall slip coefficient model
was derived based on experimental test data, and the slip velocity
was obtained. This method was mainly developed based on the
Mooney equation.43 The continuous equation is expressed as
follows

V D V D8 / 8 / 4 d /rx rxSL S
0

2
w

3w∫ τ γ τ τ= + ̇
τi

k
jjj

y
{
zzz (5)

In this study, it is assumed that the liquid−solid mixture is
uniformly mixed in the main flow area of the pipeline, and that
the flow characteristics of the mixture can be expressed as a
single-valued function of the shear stress and shear rate. In the
process of multiphase flow, the apparent wall slip is mainly due
to liquid wetting of the pipe wall. The liquid phase velocity was
used instead of the average velocity of the single-phase flow.
Therefore, Equation 5 can be applied to this study.
Delgado et al. found in their study of the slip characteristics of

grease on the wall surface that the relative roughness of the pipe
has a significant influence on the slip velocity.33 The apparent
slip velocity calculation formula is expressed as follows

V
C

D/S
D wτ

ε
=

(6)
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where ε is the absolute roughness of the pipe, ε/D represents the
relative roughness of the pipe and CD is the apparent wall slip
coefficient. Substituting Equation 6 into the continuous
equation, we can obtain Equation 7, and the apparent wall slip
coefficient CD can be estimated at each wall stress value from the
slope of these plots.

V D C d(8 / ) / 8 / 4 /rx rxSL w D
0

2
w

4w∫τ ε τ γ τ τ= + ̇
τi

k
jjj

y
{
zzz (7)

The modified mixing velocity expression was then used to
analyze the apparent wall slip effect in a multiphase flow. In a
horizontal pipeline, due to the high density of solid particles, the
following performance near the wall is relatively poor, which
shows that the direction of the slip velocity is opposite that of the
mixed flow velocity. Therefore, assuming no apparent wall slip,
the modified apparent velocity of the mixture is expressed as
follows33

V V V( )SL C SL S= − (8)

And the corresponding corrected shear rate is as follows

V D V V D(8 / ) 8( ) /SL C SL S= − (9)

where (VSL)C and (8VSL/D)C represent the corrected slip
velocity and corrected shear rate, respectively.
In theoretical research, the Lockhart−Martenelli parameter

applicable to any flow pattern is generally used to compare the
pressure gradient of multiphase flow and single liquid phase flow
in a pipeline. The expression is as follows

P L
P L

/
/L

2

L
Φ = Δ

Δ (10)

whereΦL represents the Lockhart−Martenelli parameter,ΔP/L
is the multiphase flow pressure gradient, and ΔPL/L is the
pressure gradient for a liquid flowing alone at the same

superficial velocity as in the multiphase mixture. The pressure
gradient can be written as follows

P L f V D/ 2 /M M
2

MρΔ = (11)

P L f V D/ 2 /L L SL
2

LρΔ = (12)

where V represents the superficial velocity, ρ is the density, and f
is the Fanning friction factor. The subscripts M and L denote the
mixed fluid and separate liquid phases, respectively. The mixture
velocity can be calculated by the sum of the superficial liquid
velocity and the superficial gas velocity, VM = VSL + VSG. The
liquid friction factor can be expressed as follows

f C Re n
L L L= −

(13)

where CL = 16, n = 1 for a laminar flow, CL = 0.046, n = 0.2 for a
turbulent flow, and ReL represents the liquid Reynolds number.
For the liquid phase of a Newtonian fluid, the Reynolds number
expression is given as follows

Re
V D

L
L SL

L

ρ
μ

=
(14)

In addition, with the generalized Reynolds number definition
in a multiphase flow system, the mixture Reynolds number can
be expressed as follows

Re
V D

M
M M

M

ρ
μ

=
(15)

where ρM and μM represent the mixture density and mixture
viscosity of the multiphase flow system, respectively, which can
be calculated by the volume fraction of each phase and used to
determine the flow state in the pipeline.
For gas−liquid−solid multiphase flow, the volume content of

the solid phase in this study is less than 3%, and the particle size
is between 125 and 178 μm. When the liquid and solid are fully

Figure 1. Schematic of the test loop.
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mixed and developed into a homogeneous flow, the mixture
liquid can be regarded as a non-Newtonian fluid phase. For gas/
non-Newtonian fluid two-phase pipe flow, the generalized
Reynolds number is widely used in the research.44,45

The density of the multiphase flowing mixture is calculated
according to the volume fraction of the dispersed phase. For
gas−liquid two-phase flow, the mixture density is calculated as
follows

(1 )M G G L Gρ ρ α ρ α= + − (16)

where αG is the volume fraction of the gas phase, which can be
calculated according to the proportion of the superficial gas
velocity, and ρG, ρL represent the densities of the gas phase and
liquid phase, respectively. In addition, when there is gas/liquid−
solid mixed multiphase flow in the pipeline, the density of the
liquid−solid mixture ρLM can be used to replace the liquid
density ρL.
For gas−liquid two-phase flow, the calculation of the mixture

viscosity adopts themodel proposed by Bankoff, and the formula
is as follows

(1 )M L G G Gμ μ α μ α= − + (17)

where μL is the liquid viscosity. When there is gas/liquid−solid
mixed multiphase flow in the pipeline, the viscosity of the
liquid−solid mixture μLM can be used to replace the liquid
viscosity μL.
Combining Equations 2, 6, and 11, the functional relationship

between the mixed friction coefficient and slip velocity can be
obtained as follows

f
V D

C V
2 /

M
S

D M
2

M

ε
ρ

=
(18)

The relationship between the Lockhart−Martenelli parame-
ter and the slip velocity can be obtained as

V D
C V f

2 /
L

2 S

D SL
2

L L

ε
ρ

Φ =
(19)

3. EXPERIMENTAL PROCEDURE
3.1. Experimental Setup and Materials. A multiphase

flow test loop system was established to simulate the multiphase
flow in a pipeline, and a schematic of the test loop is shown in
Figure 1. The system can be used to simulate a gas−liquid flow, a
liquid−solid flow, and a gas−liquid−solid mixed flow. The test
platform consists of power, mixing, pipeline, data testing, and
data acquisition systems. The power system provides a stable
medium flow for the experimental simulation, which mainly
includes two parts: an air compressor and a mortar pump.
During the experiment, in order to mix the liquid−solid mixture
fully and avoid deposition of solid particles in the mixing tank, a
two-stage mixing system was installed in the experimental test
system, and a double-layer mixing blade was set inside.
The objective of this work is to investigate the flow behavior of

liquid−solidmixtures in pipes with varying roughness values and
the effect of gas on the flow. The pipe flow experiment was
performed using industrial hydraulic oil, sand particles, and air.
The density of the selected hydraulic oil was 828 kg/m3, and the
zero shear rate viscosity was 100.5mPa·s at 20 °C. A sand sample
with a density of 2391 kg/m3 and a particle size of 125−178 μm
was used to prepare the mixture with different volume fractions.
The sand fractions in the oil−sand mixture were 0%, 0.7%, 2.0%,

and 3.0%, respectively. In addition, the density of air at 20 °C is
1.205 kg/m3, and the viscosity is 0.0176 mPa·s. To study the
relationship between the flow characteristics and pipe
conditions, experiments on the horizontal pipe flow were
performed with 32 mm and 50 mm pipe diameters and three
different materials: polymethyl methacrylate (PMMA), stainless
steel, and gray cast iron. The corresponding wall absolute
roughness values were 0.01, 0.30, and 1.00mm, respectively, and
the distance between the two pressure taps was 1.0 m. The
length of each section was 1.0 m, as shown in Figure 1.
The parameters measured in the pipe flow experiment include

the superficial gas velocity, superficial liquid velocity, flow
pressure gradient, flow pattern, and liquid phase rheological
parameters. Table 1 gives a list of instruments. The measure-

ment parameters correspond to a complete set of data
acquisition and control systems, in which the superficial liquid
velocity is measured by controlling the electromagnetic
flowmeter, and the gas is controlled by adjusting the control
valve of the rotameter. In addition, the pressure value in the pipe
flow was measured using Honeywell 40PC100G2A pressure
sensors. The rheological properties of the liquid phase were
measured using a HAAKE RS6000 rotary rheometer. Three
repeated experiments were performed under each working
condition, and the data used in this work are the average value.

3.2. Test Matrices. Most existing research focuses on gas−
liquid mixture flows. In this work, the liquid−solid mixed flow
and gas/liquid−solid mixed horizontal pipe flow were also
tested. The experiment covers a variety of experimental
conditions, such as varying pipeline diameters, wall surface
roughness, and solid phase volume fractions. Thus, the
influencing factors of multiphase flow characteristics in the
pipeline can be discussed more comprehensively. Through
Reynolds number calculations, it is obvious that the gas−liquid,
liquid−solid and gas−liquid−solid mixed flows formed by the
flow conditions involved in this work are laminar flows. Table 2
presents the experimental test matrix for the tests conducted on
the multiphase flow system, and lists the flow parameters of
multiphase flow. According to the generalized Reynolds number
calculation formula, the value range of the Reynolds number is
estimated, and the results show that the multiphase flow in this
work is in a laminar state.

4. RESULTS AND DISCUSSION
In a multiphase flow system, gas−liquid−solid phases are
coupled in the pipeline, and the property parameters of the gas,
liquid, and solid particles will lead to the formation of unique
flow behavior characteristics. The pressure loss and apparent
wall slip effect in the pipe flow are important factors that affect
the change in the liquid holdup of the multiphase flow, and they
are also important for explaining the flow structures.

Table 1. List of Instruments

measurement
parameters measuring equipment

measurement
range uncertainty

superficial
liquid
velocity, VSL

electromagnetic flowmeter
(KROHN OPTIFLUX4300C)

0−12 m/s 0.2%

superficial gas
velocity,
VSG

rotameter 0−5 m/s 1.5%

pressure
gradient,
ΔP

pressure sensor (Honeywell
40PC100G2A) data acquisition
equipment (NI6210)

0−689 kPa 0.15%
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During data analysis, themeasurement error of the parameters
and the error propagation of the derived function are
comprehensively evaluated. According to error propagation
proposed by Bevington and Roinson,46 an error transfer analysis
is performed on the indirect measurement parameters derived
from the direct measurement parameters in the study.
Suppose the indirect measurement parameter is f = f(x,y, ...,

n); the error propagation formula is then defined as follows

f
x

f
y

f
n

...f x y n
2

2
2

2
2

2

σ σ σ σ=
∂
∂

+
∂
∂

+ +
∂
∂

i
k
jjj

y
{
zzz

i
k
jjjjj

y
{
zzzzz

i
k
jjj

y
{
zzz

(20)

where σf is the error of the indirectly measured parameter, and
σx,σy,···, σn represent the error of the direct measurement
parameters x and y of the component parameter f, respectively. It
should be noted that the error of the direct measurement
parameters is calculated by the standard error of the average
value:

x x

N N

( )

( 1)x y n
i
N

i
, ,...,

1
2

σ =
∑ − ̅

−
=

(21)

where N represents the number of standard repeated experi-
ments.
4.1. Flow Behavior of Gas−Liquid Two-Phase Flow.

4.1.1. Experimental Pressure Gradient. The air/hydraulic oil
mixture flows along pipes with diameters of 32 and 50 mm at
different liquid phase velocities. The inner surface of the pipe has
three roughness conditions. The original data of the two-phase
flow pressure gradient measured in the experiment are shown in
Figure 2.
This indicates that the pressure gradient of the gas−liquid

two-phase flow increases with an increase in the superficial liquid
velocity. However, air injection significantly increases the
pressure gradient reduction. As can be observed, for the same
superficial velocity of gas and liquid, the flow pressure gradients
in the pipeline with a high relative roughness are higher than
those in the smooth pipeline. In addition, the effect of the pipe
wall roughness on the gas−liquid flow is obvious under the
condition of a high superficial liquid velocity, while the flow
difference caused by roughness is not obvious at low liquid
velocities. It should be noted that by comparing the pressure
gradient difference between the two pipe diameters in Figure
2a,b, the pressure loss of the small-diameter pipe is obviously
higher than that of the large pipe at the same gas and liquid
velocities. This is because the flow structure with a small
diameter is more likely to form a strong turbulence flow or
transition flow, resulting in a larger pressure gradient.
In the gas−liquid pipe flow experiment, the maximum

superficial liquid velocity is 3.76 m/s, and the superficial gas
velocity is controlled at 0−0.82 m/s. By calculating the mixture
Reynolds number corresponding to different pipe diameters, we

identify themaximum value as 2254, and it is considered that the
gas/liquid two-phase flow is still laminar under the experimental
conditions of this study. Therefore, this work uses the basic
assumption of laminar flow to calculate the effective shear rate
and wall shear stress and further discusses the phenomenon of
the apparent wall slip. Figure 3 shows the changing trend of the
pressure gradient of the two-phase flow with the mixture’s
Reynolds number. When the superficial gas velocity is constant,
the increase in the superficial liquid velocity leads to an increase
in the velocity of the two-phase mixture, and the volume fraction
ratio of the liquid phase to the gas phase increases, resulting in an
increase in the Reynolds number of the mixture. The figure

Table 2. Experimental Test Matrix

flow
composition

superficial liquid
velocity, VSL

(m/s)

superficial liquid
velocity, VSG

(m/s)

solid volume
fraction, CV

(%)

gas volume
fraction, α

(%)

mixture
density, ρM
(kg/m3)

mixture
velocity, VM

(m/s)

mixture
viscosity, μM

(Pa·s)

generalized
Reynolds

number, ReM flow type

gas−liquid
two-phase
flow

0.07−3.76 0−0.82 0 1.9−13 ≤828 ≤4.47 0.017−0.1005 ≤2254 laminar
flow

liquid−solid
flow

0.16−1.98 0 0.7, 2, 3 0 ≤875 ≤3.93 0.085−0.109 ≤1019 laminar
flow

gas/liquid−
solid flow

0.16−1.84 0−0.34 0.7, 2, 3 2.0−18 <875 ≤3.93 0.085−0.109 ≤2087 laminar
flow

Figure 2. Pressure gradient variation in a gas−liquid two-phase pipe
flow: (a) pipe diameter of 32 mm; (b) pipe diameter of 50 mm.
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shows that with an increasing Reynolds number, the pressure
gradient tends to increase significantly, and the superficial gas
velocity has a significant influence on the Reynolds number,
which in turn affects the pressure gradient.
4.1.2. Apparent Wall Slip in Gas/Liquid Two-Phase Flow.

Under the same pipe diameter and flow conditions, the different
pipe roughness values have a significant impact on the flow
curve, as shown in Figure 4. The pressure gradient of gas−liquid
flow in the rough pipeline is obviously higher than that in the
smooth pipeline, and the difference is more obvious at higher
shear rates.
In the experimental study, the influence of the pipe scale effect

on the gas−liquid flow was explored. Figure 5 shows the
variation law of shear stress with the shear rate obtained from the
test of PMMA pipes (the absolute roughness value is 0.30 mm)
with different diameters. The inner diameters of the
corresponding pipes were 32 and 50 mm, respectively. It can
be observed from the figure that the flow curves obtained from
the test of two pipes with different pipe diameters are almost the
same; that is, the slip velocity is not affected by the pipe
diameter, which is mainly related to the relative roughness of the
pipe wall. This result is in good agreement with that of Delgado
et al.33

The apparent wall slip velocity can be obtained by combining
the theoretical research formula and pressure gradient data. The
experimental data show that there is a linear relationship
between (8VSL/D)/τw and 1/ε, and its slope is an integral
multiple of the wall slip coefficient (Equation 7). Then, the wall
slip coefficient is introduced into Equation 6 to solve the
apparent wall slip velocity.
As shown in Figure 6, the gas velocity has a significant effect

on the wall slip in the gas−liquid two-phase flow. As the
apparent velocity of the gas phase increased, the slip velocity
showed an increasing trend. The increase in the gas superficial
velocity then leads to an increase in the linear velocity of the
gas−liquid mixture and an increase in the slip effect, which
weakens the effect of gas occupying the pipe wall. Therefore, the
slip velocity is positively correlated with the gas velocity. This
finding is valid under different wall shear stress conditions. With
an increase in the wall shear stress, the slip speed increased
significantly. Figure 7 shows the variation in the relative slip

contribution with the apparent gas velocity. Under the same
pipeline conditions, in the gas−liquid two-phase flow, the
increase in the apparent gas velocity leads to an increase in the

Figure 3. Pressure gradient of gas−liquid two-phase flow varies with the
mixture’s Reynolds number.

Figure 4. Flow curves of gas−liquid two-phase pipe flow: (a) pipe
diameter of 32 mm, (b) pipe diameter of 50 mm.

Figure 5. Relationship between the wall shear stress and shear rate
under different pipe diameters in gas−liquid pipe flow.
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relative slip contribution, indicating that the gas promotes
slippage in the pipeline. However, when the pipeline forms a
steady flow under a high shear stress, there is little difference in
the slip contribution rate under different wall shear stresses.
4.2. Flow Behavior of the Liquid−Solid Mixture. In the

rheological test of the oil−sand mixture, a stirrer was used to
ensure that the liquid and solid were fully mixed, and the
apparent viscosity of the mixture was measured to determine the
constitutive type of the mixed fluid. Rheological tests of oil−
sand mixtures with different solid contents were performed (0%,
0.7%, 2%, and 3%). Figure 8 shows that the oil−sandmixture is a
shear-thinning fluid, and its apparent viscosity is lower than that
of pure hydraulic oil when the volume fraction is less than 3.0%.
At a constant shear rate, as the solid volume fraction increased,
the apparent viscosity first decreased and then increased. This
shows that adding a small amount of sand to pure hydraulic oil
can have a certain drag reduction effect, but if the volume
fraction of the sand continues to increase, the apparent viscosity
of the mixture increases.

In the actual transportation process of a liquid−solid mixture,
if the transportation speed is low, then solid deposition can easily
occur at the bottom of the pipeline. However, with an increase in
the transport velocity, the solid deposition at the bottom
decreases gradually, and the corresponding velocity is the critical
transport velocity when the sediment disappears. To ensure
conveying efficiency, it is necessary to ensure that the conveying
speed is higher than the critical speed. However, if the conveying
speed is too high, a greater energy dissipation will occur, which
will reduce the conveying efficiency. Next, by analyzing the
results of the liquid−solidmixed liquid pipeline flow experiment,
we discuss the variation in the pressure gradient and the critical
velocity range of themixed fluid flowing in pipelines with varying
wall roughness values, and the influence of pipeline conditions
and solid particles on the flow is further studied in this work.

4.2.1. Pressure Gradient and Flow Structure. The selected
experimental liquid−solid mixture pressure gradient raw data
are shown in Figure 9. Under the same pipe roughness, the
concentration of solid particles had a significant effect on the
pressure gradient. When there are no solid particles in a single oil
flow, the pressure gradient has a good positive proportional
relationship with the liquid velocity. However, the addition of

Figure 6. Relationship between the wall slip velocity and gas superficial
velocity in gas−liquid pipe flow.

Figure 7. Relationship between the relative slip contribution and gas
volume fraction in gas−liquid pipe flow.

Figure 8. Viscosity curve of oil−sand mixtures under different volume
concentrations.

Figure 9. Effect of the solid volume fraction on the pressure gradient in
liquid/solid flow.
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solid particles changed the above linear relationship. The
pressure gradient of the mixed liquid was almost constant at a
small superficial velocity of the mixed liquid. This is because
under the condition of a low superficial velocity, the liquid−solid
mixture has not yet reached the full start-up state, resulting in the
deposition of sand particles at the bottom of the pipeline, and
the sediment particles at the bottom of the pipeline interact with
one another. At this time, the solid particles deposited at the
bottom of the pipeline only transfer in a small range and cannot
be fully mixed with the upper oil phase. However, when the
mixing liquid velocity exceeds 1 m/s, the hydraulic pressure
gradient of the liquid−solid mixture is similar to that of the pure
liquid flow; that is, with an increase in the liquid velocity, the
pressure gradient increases gradually. The liquid velocity
corresponding to the pressure gradient transition point can be
regarded as the critical liquid velocity for stable flow, and the
critical velocity for homogeneous liquid−solid flow is between
0.75 and 1 m/s.
The difference in the flow velocity leads to different flow

structures, and the transition of the flow regime is often divided
by the critical liquid phase. Figure 10 shows the change process

of the liquid−solid mixed flow structure in a horizontal pipe
under different liquid velocities. Combined with the above
diagram and the pressure gradient curves shown in Figure 9, the
following analysis can be performed: when the flow velocity is
lower than the critical flow velocity, the pressure gradient is not
obviously affected by the solid volume fraction. However, when
it is higher than the critical flow velocity, the solid volume
fraction has a significant effect on the flow. This is because when
the velocity is lower than the critical velocity, the solid particles
are mainly deposited at the bottom of the pipe, while the
concentration of suspended particles in the upper liquid is small;
therefore, the overall flow pressure gradient is less affected by the
solid concentration. However, when the flow rate of the mixture
exceeds the critical value, the larger the solid volume fraction is,
the greater the friction and collision loss between the solid
particles in the flow, which causes the pressure gradient to
gradually increase as the solid fraction increases.
In addition, the pressure gradient curve of the 0.7% solid

fraction is similar to that of pure oil (solid phase content of 0%)
but is significantly different from that of high solid fractions
(solid phase content of 2% or 3%) when the liquid flow rate
exceeds the critical velocity (as shown in Figure 8). This is
because the viscosity of the mixed liquid is smaller than that of

pure oil with a small concentration of sand, and the sand
particles have a certain filling effect on the rough wall surface,
thus forming an oil−sand mixture containing fine sand particles.
Figure 11 shows a diagram of a low-viscosity mixed liquid slip

layer near a rough wall. This low-viscosity liquid layer plays a role
in lubrication. However, when the solid volume fraction is large,
the solid sand grains also play a role in filling the rough pipe wall,
but the viscosity of the mixed liquid gradually increases, which
results in an interaction between the sand grains and the wall
surface. Therefore, there are significant pressure gradients in the
pipe flow with high solid volume fractions.
It is worth noting that the pipe conditions are also important

factors in studying the flow characteristics of liquid−solid mixed
flows. As shown in Figure 12, in the fully developed pipe flow,
the pressure gradients in the rough pipes are higher than those in
the smooth pipes for the same liquid velocity and solid fraction.
In the liquid−solid mixed flow, the volume content of solid

particles is 0.7%, 2%, and 3%. The apparent viscosity range of the
liquid−solid mixture is 85.3−109.2 mPa·s, which is obtained
from the rheometer test results. The superficial liquid velocity
range is 0.16−1.98 m/s, and the maximum mixture Reynolds
number is 1019. Therefore, the flow of the liquid−solid mixture
in the pipeline can be judged as a laminar flow. The change trend
of the pressure gradient with the mixture Reynolds number at
different solid phase holdups is shown in Figure 13. When the
Reynolds number is small, the pressure gradient does not change
significantly, and the macroscopic appearance shows particles
deposited at the bottom of the pipeline that have not been
completely suspended. However, when the Reynolds number
increases to approximately 300, the pressure gradient curve has a
breakpoint. With a further increase in the mixture’s Reynolds
number, the pressure gradient increases significantly. Under the
condition of a high solid phase holdup, the pressure gradient
increases faster.
Figure 14 shows the influence of the pipe diameter on the flow

with and without sand particles. The data points of the single oil
phase and oil−sand mixture are represented by hollow data
points and semisolid data points, respectively. The influence of
the pipe diameter on the flow is not obvious in the single-phase
hydraulic oil experiment. In contrast to the single-liquid phase
pipe flow, the effect of the pipe size on the flow characteristics
cannot be ignored in liquid−solid mixed flows.
At a high solid concentration, different pipe diameters lead to

different degrees of deposition of solid particles. The increase in
the pipe size makes it easier for sand particles to be deposited at
the bottom. Therefore, the interaction between the solid
particles and the wall surface is enhanced during the flow
process, which results in a higher shear stress and pressure
gradient.

Figure 10. Schematic of the flow structure of the oil−sand mixture.

Figure 11. Schematic of the low-viscosity slip layer in the pipeline.
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4.2.2. Apparent Wall Slip. The shear stress−shear rate
relationship curves with different wall surface roughness
conditions not only reflect the flow characteristics in the pipe,
but also determine whether there is an apparent wall slip. Figure
15 shows the variation in the wall shear stress with the shear rate
when the liquid−solid mixture flows in the pipe with a fixed solid
volume fraction and pipe diameter. For the same liquid
conditions, the rheological characteristic curve should be
unique. However, as shown in Figure 13, in a liquid−solid
mixed flow, the difference in the pipe roughness leads to
different viscosity curves, especially at high shear rates, which
also shows that the wall slip phenomenon does exist in the
liquid−solid mixture during the flow process.
Figure 15 shows a comparison between the modified flow

characteristic data of the liquid−solid mixture and the flow

characteristic curve in pipes with varying roughness values. The
hollow data points reflect the real mixed flow, while the solid
points are the modified flow data without a wall slip, which is
calculated based on Equation 9. The results show that the
modified data are similar to the pipe flow characteristics under
the condition of a large roughness, and it also reflects that the
roughness can reduce the apparent wall slip effect in a pipe flow,
to a certain extent.
According to Equations 6 and 7, the wall slip velocity of the

liquid−solid mixture flow is closely related to the wall relative
roughness, solid volume fraction, and wall shear stress. On the
basis of the experimental data and equations, the apparent wall
slip velocity of the mixed flow of the liquid−solid mixture in a
horizontal pipe was calculated. As shown in Figure 16, under the
same pipe roughness, the slip velocity was positively correlated
with the wall shear stress. When the solid volume fraction in the

Figure 12. Relationship between superficial liquid velocity and pressure gradient in liquid/solid flow: (a) CV = 0.7%, (b) CV = 2.0%, (c) CV = 3.0%.

Figure 13. Relationship between the pressure gradient of the liquid/
solid mixture and the Reynolds number of the mixture.

Figure 14. Flow curves of different pipe diameters of the liquid/solid
mixture.
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mixture liquid was small, the slip velocity was slightly higher than
that of the pure oil flow because the lower solid volume fraction
filled the inner wall of the pipe to avoid the roughness and form a
thinner lubrication layer, which increased the apparent wall slip
effect; however, when the solid content continued to increase,
the slip velocity gradually decreased and finally stabilized. This
occurs because as the volume fraction of solid particles
continues to increase, the viscosity of the mixture increases,
and the friction loss between the mixture and the pipe wall and
between the solid particles themselves increases, so the slip effect
will be reduced, which can be easily understood through the
collision diagram in Figure 17. Figure 17 shows the collision
between solid particles and the pipe wall and the collision
between solid particles in the pipe flow, which results in a friction

loss. These collisions are random, and the lines show the
movement of the particles bouncing off the wall. The enlarged
view is a schematic diagram of the collision between solid
particles, indicating that the direction of the particle movement
is different. Among them, v1 and v2 represent the velocity
directions of the two particles, but the directions are not fixed. In
addition, comparing the slip velocity under the different relative
roughness conditions in Figure 16, the results show that with an
increase in the pipe roughness, the apparent wall slip velocity of
the liquid−solid mixture flow gradually decreases. This
conclusion also confirms that the apparent wall slip effect can
be weakened by increasing the pipe roughness.
In general, the relative slip contribution is used to express the

effect of the apparent wall slip on the flow in pipes,47 which is
expressed as the ratio of the apparent wall slip velocity to the
superficial liquid velocity, VS/VSL. The relationship between the
relative slip contribution and the solid volume fraction is shown
in Figure 18, which includes four wall shear stresses: 40, 60, 80,
and 100 Pa. With an increase in the solid volume fraction, the
relative slip contribution first increased to a certain extent and
then gradually decreased. When the solid content exceeded 2%,
the relative slip contribution increased again with an increase in
the solid content. In the studied solid volume fraction, the
relative slip contribution of the oil−sand mixture flowing in the
PMMA tube was approximately 5%−20%. Therefore, for the
flow of the oil−sand mixture in a smooth pipe, the apparent wall
slip plays a greater role in the pressure gradient. Under different
wall shear stress conditions, the variation trend of the relative
slip contribution with the solid content is the same. It can be
seen that the wall shear stress has little effect on the relative slip
contribution, and when the solid content increases to 3%, the
effect of wall shear on the slip contribution ratio can be ignored.

4.3. Flow Characteristics of the Gas/Liquid−Solid
Mixture. 4.3.1. Experimental Pressure Gradient. Gas partic-

Figure 15. Viscous flow curve of the liquid/solid mixture under
different roughness conditions.

Figure 16. Influence of the solid fraction on the apparent wall slip velocity in liquid/solid pipe flow.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.1c04797
Ind. Eng. Chem. Res. 2022, 61, 4951−4970

4960

https://pubs.acs.org/doi/10.1021/acs.iecr.1c04797?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04797?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04797?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04797?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04797?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04797?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04797?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04797?fig=fig16&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.1c04797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ipation has a significant influence on the flow of the liquid−solid
mixture in a horizontal pipeline. Figure 19 shows the

relationship between the superficial gas velocity and the flow
pressure gradient under the condition of a solid fraction of 0.7%.
With an increase in the superficial gas velocity, the experimental
pressure gradient decreases, which is more obvious as the liquid
flow rate increases. This is because the gas helps form a low-
viscosity mixture in the flow and plays a lubricating role. Air
injection can dampen the friction loss and significantly reduce
the pressure gradient. In addition, similar to liquid−solid flow,
mixed flow with gas also has two flow structures. As shown in
Figure 19, due to gravity the gas is close to the upper wall of the
pipeline. The solid particle deposition at the bottom of the
pipeline decreases with an increase in the liquid velocity. The
experimental results show that the flow structure from the
bottom deposition to uniform development is mainly affected by
the superficial liquid velocity, but it is almost independent of the
gas (Figure 20). As shown in Figure 19a,b,c, the pressure
gradients in a flow in rough pipes are higher than those in
smooth pipes for the same gas and liquid flow rates.
When the gas is injected into the liquid−solid mixture, the

mixing density and mixing viscosity will change. Estimated with
the help of the gas content and incorporated into the generalized
Reynolds number definition, the Reynolds number of the gas/

Figure 17. Schematic of the collision between particles and between the particles and the pipe wall.

Figure 18. Effect of the solid fraction on the relative slip contribution.

Figure 19. Effect of gas superficial velocity on the flow pressure gradient in gas/liquid−solid flow: (a) ε/D = 0.0002, (b) ε/D = 0.006, (c) ε/D = 0.02.
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liquid−solid mixed flow can be solved to be 87-2087. Therefore,
the gas/liquid−solid mixed flow can be regarded as a laminar
flow in horizontal pipes. Figure 21 presents the effect of the

mixture Reynolds number on the pressure gradient under the
conditions of a solid phase content of 0.7% and different gas
phase velocities. Compared with Figure 13, the gas injection has
a significant effect on the flow: on the one hand, it can reduce the
viscosity of the mixed liquid, while on the other hand, it can
increase the mixture velocity. The increase in the gas velocity
leads to an increase in the ratio of the inertial force to the viscous
force of the mixture and has a greater impact on the deposition
of solid particles.
Figure 22 exhibits the characteristic flow curve of a gas/

liquid−solid mixture. Under the condition of a low shear rate,
the effects of both the gas and solid fraction on the flow are not
obvious. The reason is that the flow is in the start-up stage at this
time, and it has not yet reached a steady state, so there is a small
difference in the flow characteristics. As the shear rate increases,
the pressure gradient increases proportionally. The experimental
results show that the critical shear rate of the flow state transition
is approximately 150 s−1.When the shear rate exceeds the critical
value, a uniform flow is formed in the pipe. As shown in Figure

22, the increase in the superficial gas velocity can reduce the wall
shear stress.
Moreover, an increase in the solid concentration leads to an

increase in the apparent viscosity of the mixture, which indicates
an increase in the slope of the stress−strain relationship. Under
the condition of a high shear rate, the collision of solid particles
and walls as well as particles increases, which causes a loss of
energy. Therefore, at the same shear rate, an increase in the solid
volume fraction leads to an increase in the shear stress.
These results are also presented in the form of the Lockhart−

Martenelli parameter and superficial gas velocity (Figures 23 and

24). The resistance ratio is a dimensionless parameter that
facilitates the evaluation of the pressure gradient reduction
caused by air or small particle injection in a multiphase flow
compared to pure hydraulic oil that flows by itself at the same
volume rate. When there is gas−liquid flow in the pipeline and
the solid volume fraction is 0, under the condition of a constant
gas-phase superficial velocity, the resistance ratio gradually
increases with an increase in the liquid superficial velocity. This

Figure 20.Variation in the pressure gradient with the Reynolds number
in the flow of the gas/liquid−solid mixture (CV = 0.7%).

Figure 21. Schematic of the gas/liquid−solid mixed flow structure
under fixed gas conditions.

Figure 22. Relationship between the shear stress and shear rate at
different superficial gas velocities.

Figure 23. Lockhart−Martenelli parameter as a function of the
superficial liquid velocity in gas/liquid−solid flow.
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rule behaves similarly with different gas velocities. In addition,
the Lockhart−Martenelli parameter is negatively correlated with
the superficial gas velocity.
The influence of the presence of solid particles on the flow is

shown in Figure 24. When the volume fraction of the solid phase
is small, the change trend of the Lockhart−Martenelli parameter
values with the superficial gas velocity is similar to that of the
gas−liquid two-phase flow; that is, when the gas velocity is 0, the
value of the Lockhart−Martenelli parameter approaches 1, while
when the gas velocity increases, the Lockhart−Martenelli
parameter gradually decreases, and the pressure gradient
decreases. However, when the solid volume fraction is large, as
the superficial gas velocity increases, the Lockhart−Martenelli
parameter coefficient value first increases and then decreases. At
this time, the injection of gas starts to promote the uniform
dispersion of solid particles in the mixed liquid, resulting in a
higher mixture density than that of hydraulic oil alone and an
increase in the pressure gradient. When the liquid−solid flow is

Figure 24. Lockhart−Martenelli parameter for the gas/liquid−solid
studied as a function of the superficial gas velocity.

Figure 25.Relationship between (8 VSL/D)/τw and 1/ε: (a)CV = 0.7%,
(b) CV = 3.0%.

Figure 26. Effect of the wall shear stress on the slip coefficient at a fixed
superficial gas velocity in gas/liquid−solid flow.

Figure 27. Relationship between the apparent wall slip velocity and
superficial gas velocity of gas/liquid−solid flow under different shear
stress conditions.
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uniform, the gas velocity increases, and the Lockhart−Martenelli
parameter value gradually decreases. The flow structure in the
pipeline can thus be preliminarily determined by the change in
the Lockhart−Martenelli parameter value.
4.3.2. Effect of Gas on the Apparent Wall Slip. According to

Equation 5, the relationship between (8 VSL/D)/τw and 1/ε
under the given shear stress is shown in Figure 25. It shows that
the slope of the straight line is the corresponding 8CD value, and
the apparent wall slip coefficient CD under the current working
condition is obtained. The wall slip coefficient increases slightly
with an increase in the superficial gas velocity under a small solid
volume fraction; when the solid fraction is large, the influence of
gas on the slip coefficient is negligible. This is because under the
condition of a low solid content, the increase in the gas velocity
is conducive to the formation and development of a uniform
flow in the pipeline, and the effect of the increase in viscosity
caused by the high solid content is much greater than that of gas.
When the superficial gas velocity is a constant value, as the solid
phase volume fraction increases, the overall curve in the figure
shifts significantly, indicating that the ratio of the shear rate to

Figure 28. Schematic of mixed liquid flow structures at different gas
velocities.

Figure 29. Relationship between the apparent wall slip velocity and the
mixture velocity of gas/liquid−solid flow under different solid volume
fractions

Figure 30. Relationship between the relative slip contribution and the
gas volume fraction in gas/liquid−solid flow.

Figure 31. Variation in parameters a and b as a function of the gas
volume fraction.
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the wall shear force shows a decreasing trend; that is, the mixture
viscosity of the fluid increases in the pipe.
Figure 26 shows the changing law of the sliding coefficient for

different wall shear stresses. When the superficial gas velocity is
constant, the sliding coefficient is positively related to the wall
shear stress.
The pipe flow characteristics of the oil−sand mixture are

similar to those of the oil and gas two-phase pipe flow, and the
apparent wall slip velocity can also be expressed as a power law
relationship with the wall shear stress. However, the
participation of gas has a significant impact on the apparent
wall−slip effect. Figure 27 shows the variation in the apparent
wall slip velocity over a wide range of superficial gas velocities
with different wall shear stresses. Under the condition of a fixed
solid fraction, the apparent slip velocity first increases and then
decreases with an increase in the superficial gas velocity. At the
beginning, the gas velocity is at a low level, and the gas dispersed
in the liquid promotes an increase in the mixture velocity,
resulting in an increase in the slip velocity; when the gas phase

velocity increases to a higher level, bubbles coalesce. Under the
action of gravity, large bubbles float onto the upper wall of the
pipeline, and the gas occupies the wall area, which reduces the

Figure 33. Comparison between the calculated and measured pressure
gradient of the liquid−solid mixture in a horizontal pipe flow.

Figure 32. Comparison between the calculated and measured pressure
gradient of the gas−liquid horizontal flow.

Figure 34. Comparison between the calculated and measured pressure
gradients of the gas−liquid−solid mixture in a horizontal pipe flow: (a)
CV = 0.7%, (b) CV = 2%, (c) CV = 3%.
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apparent slip velocity. This can be better understood in Figure
28.
In addition, in the gas−liquid−solid coupling flow system, the

influence of the solid volume fraction cannot be ignored. As
shown in Figure 29, with an increasing solid volume fraction, the
apparent slip velocity decreases significantly. Notably, the wall
slip phenomenon is more obvious at a lower solid fraction (CV =
0.7%), which confirms that a small amount of solid particles in
the mixture will fill the rough inner wall of the pipeline to form a
lubricating layer, thus increasing the wall slip effect.
Figure 30 shows the variation in the relative slip contribution

rate with superficial gas velocity when the gas/liquid−solid
mixture flows in a PMMA pipe. As can be observed, the relative
slip contribution first increases with an increase in the superficial
gas velocity, but when the gas velocity exceeds 0.175 m/s, the
relative slip contribution decreases. The main reason for this is
that when the gas velocity is small, the increase in gas fraction
promotes movement of the solid particles deposited at the
bottom of the mixture along the pipe wall and increases the
mixture velocity, which will cause an increase in the slip effect.
However, in the fully developed pipe flow, the increase in gas

Figure 35. Comparison of the predictive model of this work with
published the experimental data of Delgado et al.33

Table A-1. Experimental Data of Gas−Liquid Horizontal Pipe Flow

gas−liquid flow

D (mm) ε (mm) VSG(m/s) VSL(m/s) ΔP/L (kPa) D (mm) ε (mm) VSG(m/s) VSL(m/s) ΔP/L (kPa)

50.00 0.01 0.00 3.75 9.03 50.00 0.30 0.42 2.67 7.20
50.00 0.01 0.00 2.63 6.92 50.00 0.30 0.42 2.05 5.69
50.00 0.01 0.00 2.09 5.34 50.00 0.30 0.42 1.24 3.80
50.00 0.01 0.00 1.51 3.69 50.00 0.30 0.42 0.60 2.06
50.00 0.01 0.00 0.90 2.01 50.00 0.30 0.42 0.40 1.39
50.00 0.01 0.00 0.60 1.40 50.00 0.30 0.82 3.65 8.87
50.00 0.01 0.21 3.76 8.53 50.00 0.30 0.82 2.58 6.75
50.00 0.01 0.21 2.52 6.62 50.00 0.30 0.82 1.98 5.54
50.00 0.01 0.21 1.87 5.08 50.00 0.30 0.82 1.54 3.72
50.00 0.01 0.21 1.22 3.65 50.00 0.30 0.82 1.01 1.97
50.00 0.01 0.21 0.66 1.92 50.00 0.30 0.82 0.65 1.38
50.00 0.01 0.21 0.36 1.32 50.00 0.30 0.82 0.34 1.21
50.00 0.01 0.42 3.61 8.71 50.00 1.00 0.00 3.75 10.61
50.00 0.01 0.42 2.67 6.77 50.00 1.00 0.00 2.63 7.64
50.00 0.01 0.42 2.05 5.08 50.00 1.00 0.00 2.09 6.06
50.00 0.01 0.42 1.24 3.66 50.00 1.00 0.00 1.51 4.12
50.00 0.01 0.42 0.60 1.90 50.00 1.00 0.00 0.90 2.24
50.00 0.01 0.42 0.40 1.32 50.00 1.00 0.00 0.60 1.50
50.00 0.01 0.82 3.65 8.09 50.00 1.00 0.21 3.76 10.02
50.00 0.01 0.82 2.58 6.45 50.00 1.00 0.21 2.52 7.31
50.00 0.01 0.82 1.98 4.82 50.00 1.00 0.21 1.87 5.76
50.00 0.01 0.82 1.54 3.57 50.00 1.00 0.21 1.22 4.08
50.00 0.01 0.82 1.01 1.89 50.00 1.00 0.21 0.66 2.14
50.00 0.01 0.82 0.65 1.23 50.00 1.00 0.21 0.36 1.41
50.00 0.01 0.82 0.34 1.04 50.00 1.00 0.42 3.61 9.86
50.00 0.30 0.00 3.75 9.41 50.00 1.00 0.42 2.67 7.56
50.00 0.30 0.00 2.63 7.42 50.00 1.00 0.42 2.05 5.82
50.00 0.30 0.00 2.09 5.70 50.00 1.00 0.42 1.24 3.96
50.00 0.30 0.00 1.51 3.81 50.00 1.00 0.42 0.60 2.11
50.00 0.30 0.00 0.90 2.08 50.00 1.00 0.42 0.40 1.41
50.00 0.30 0.00 0.60 1.45 50.00 1.00 0.82 3.65 9.75
50.00 0.30 0.21 3.76 8.89 50.00 1.00 0.82 2.58 7.45
50.00 0.30 0.21 2.52 7.10 50.00 1.00 0.82 1.98 5.76
50.00 0.30 0.21 1.87 5.42 50.00 1.00 0.82 1.54 3.89
50.00 0.30 0.21 1.22 3.76 50.00 1.00 0.82 1.01 2.06
50.00 0.30 0.21 0.66 1.99 50.00 1.00 0.82 0.65 1.39
50.00 0.30 0.21 0.36 1.37 50.00 1.00 0.82 0.34 1.17

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.1c04797
Ind. Eng. Chem. Res. 2022, 61, 4951−4970

4966

https://pubs.acs.org/doi/10.1021/acs.iecr.1c04797?fig=fig35&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04797?fig=fig35&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04797?fig=fig35&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04797?fig=fig35&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.1c04797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


fraction leads to a decrease in the contact area between the
mixture and the pipe wall. Therefore, the relative slip
contribution decreases with an increasing gas fraction.
4.4. Simplified Model of Apparent Wall Slip. 4.4.1. Ap-

parent Wall Slip Effects in Gas/Liquid Two-Phase Pipe Flow.
Some researchers have studied the relationship between the slip
velocity and wall shear stress of a suspension and gas lubricant
two-phase flow in pipelines and found that the relationship
between the slip velocity and wall shear stress can be expressed
by a power law function:48−50

V a b
S wτ= (22)

where a and b are the coefficient and power-law exponent in the
power-law function relationship, respectively. By connecting
Equations 6 and 22, we obtain Equation 23. It should be noted
that parameters a and b are obtained from a linear regression (R2

> 0.99).

a
C

D/

b
D w

1τ
ε

=
−

(23)

The results in Figure 31a show that parameter a does not
change with the gas phase volume fraction, but essentially
fluctuates around a constant value of 0.02. The relationship
between parameter b and the gas volume fraction is a power
function. In the experimental study of M. J. Ruiz-Viera et al.,34

when the gas volume fraction is low, with an increase in the gas
fraction, parameter b first decreases and then tends to be
constant at 1. The experimental study of this work was
performed under the condition that the gas fraction is greater
than 1%. Within the range of the gas fraction, parameter b
essentially fluctuates around a constant value of 1, which is
consistent with previous research results. Therefore, this work
further puts forward a slip velocity model, which will expand the
research scope. Parameter b and the gas volume fraction meet
the following requirements:

b 1.33 10 0.995
G

1.48α= × +− −
(24)

Here, the range of the gas fraction ranges from 0% to 20%,
excluding the case in which the gas volume fraction is 0. By
introducing the expression of parameter b into Equation 18, the
prediction model of the wall slip of gas−liquid two-phase
horizontal flow can be obtained as follows

V 0.02S w
(1.33 10 0.99)5

G
1.48

τ= α× +− −

(25)

The pressure gradient is calculated by using the above-
mentioned apparent slip velocity model of gas−liquid pipeline
flow and the calculated value is compared with the measured
value (as shown in Figure 32). The results show that the error is
essentially within 30%, which shows that the slip velocity model
has an acceptable prediction effect.

4.4.2. Apparent Wall Slip Effects in Liquid/Solid Mixture
Pipe Flow. The characteristics of liquid−solid mixed flow show
that the apparent slip velocity is a power function of the wall
shear stress. Through an analysis of the experimental data, the
dimensionless parameter J related to the solid volume fraction is
introduced:

J
C C(1 )

SL

SL V S V

ρ
ρ ρ

=
− + (26)

The dimensionless parameter J introduces the density and
volume fraction of solid particles and represents the weight of
the phase medium by the ratio of the liquid density to the
liquid−solid mixture density. By analyzing experimental data,
the apparent wall slip velocity model of liquid−solid mixed flow
in a horizontal pipe is obtained:

V C
C C

0.00189
(1 )S V

0.63
w

0.58 SL

SL V S V
τ

ρ
ρ ρ

=
− +

−

(27)

The pressure gradient is calculated by using the apparent slip
velocity model of the liquid−solid mixed flow. The calculated
value of the pressure gradient was compared with the measured
value. Figure 33 shows that the error is essentially controlled
within 30%, which indicates that the slip velocity model has an
acceptable prediction effect.

4.4.3. Apparent Wall Slip Effects in Gas/Liquid−Solid
Mixed Pipe Flow. The apparent wall slip characteristics of gas/
liquid−solid mixtures in a horizontal pipe flow are similar to
those of a gas−liquid two-phase flow, assuming that the wall
shear stress and slip velocity of the gas/liquid−solid flow show a
power-law relationship, such as in Equations 22 and 23.
The wall slip characteristics of gas/liquid−solid mixed flows

in horizontal pipes are closely related to the laws of gas−liquid
two-phase and liquid−solid mixed flows. In this work,
considering the characteristics of the slip velocity of gas−liquid
and liquid−solid flows, it is assumed that the basic form of the
wall slip velocity model of the gas−liquid−solid mixed flow is as
follows

Table A-2. Experimental Data of Liquid−Solid Horizontal
Pipe Flow

liquid−solid flow

D (mm) ε (mm) CV (%) VSL(m/s) ΔP/L (kPa)

50.00 0.01 0.00 2.23 2.50
50.00 0.01 0.00 1.89 2.21
50.00 0.01 0.00 1.55 1.92
50.00 0.01 0.00 1.38 1.65
50.00 0.01 0.00 1.12 1.32
50.00 0.01 0.00 0.90 1.00
50.00 0.01 0.00 0.70 0.81
50.00 0.01 0.00 0.45 0.46
50.00 0.01 0.00 0.21 0.28
50.00 0.01 0.00 0.08 0.09
50.00 0.01 0.70 1.98 2.51
50.00 0.01 0.70 1.63 2.05
50.00 0.01 0.70 1.28 1.71
50.00 0.01 0.70 0.94 1.26
50.00 0.01 0.70 0.63 1.13
50.00 0.01 0.70 0.42 1.12
50.00 0.01 0.70 0.20 1.13
50.00 0.01 2.00 1.82 3.12
50.00 0.01 2.00 1.46 2.51
50.00 0.01 2.00 1.16 2.07
50.00 0.01 2.00 0.86 1.30
50.00 0.01 2.00 0.58 1.11
50.00 0.01 2.00 0.39 1.21
50.00 0.01 2.00 0.19 1.08
50.00 0.01 3.00 1.84 3.10
50.00 0.01 3.00 1.46 2.63
50.00 0.01 3.00 1.19 2.01
50.00 0.01 3.00 0.94 1.35
50.00 0.01 3.00 0.62 1.36
50.00 0.01 3.00 0.44 1.44
50.00 0.01 3.00 0.22 1.20
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V m V J( ) n q
S S GL= (28)

where VS represents the apparent wall slip velocity of the gas−
liquid−solid three-phase flow in the pipeline, (VS)GL is the wall
slip velocity model of the gas−liquid pipe flow, and J is a
dimensionless parameter related to solid particles.
Theoretical research (Mooney 1931;43 Yilmazer and Kalyon

198948) and experimental studies in this work have confirmed
that the wall slip velocity (VS) is power-law dependent on the
wall shear stress (τw). In addition, the analysis results in this
work show that the exponent (b) of the shear stress has a power-
law relationship with the gas volume fraction (α). On the basis of
the above theories, a prediction model of the wall slip velocity of
gas−liquid two-phase flow is proposed, which is suitable for a
wide gas fraction range. In addition, the volume fraction of solid
particles (CV) and the related dimensionless parameter (J) are
introduced. The experimental data show that the dimensionless
parameter term and wall shear stress term have a linear
relationship with the wall slip velocity in the double logarithmic
coordinate system, which meets the linear superposition
principle.
By regression analyzing the experimental data of the gas−

liquid−solid flow, the parameters in the calculation formula of
slip velocity are determined, and the apparent slip velocity
model is as follows

V C

C C

0.00126 (0.02 )

(1 )

S V
1.35

w
1.33 10 0.99 1.78

SL

SL V S V

10.12

5
G

1.48
τ

ρ
ρ ρ

=

− +

α− × +

−

− −

i

k
jjjjj

y

{
zzzzz

(29)

The slip velocity model is used to calculate the predicted
pressure gradient and compare it with the pressure gradient
measured in the experiment. Figure 34 shows the consistency
between the measured pressure gradient and the calculated
pressure gradient at three solid volume fractions. The results
show that the prediction effect of the proposed model is
acceptable.
In general, the prediction model of the apparent wall slip

velocity of gas−liquid−solid coupled flow in horizontal pipes
has a good applicability when the gas fraction is 0−20% and the
solid volume fraction is 0−3%. In addition, with the help of
published experimental data, the better prediction effect of this
model is further verified (as shown in Figure 35).

5. CONCLUSION
In this work, the behavior characteristics and influencing factors
of a gas−liquid−solid mixed flow in horizontal pipes were
studied. On the basis of experimental data and theoretical
analysis, a calculation model of the wall slip velocity of gas−
liquid−solid coupled flow in a horizontal pipe was proposed.
The results of this work will be helpful for deeply understanding
the characteristics of multiphase flow and the wall slip effect.

Table A-3. Experimental Data of Gas/Liquid−Solid Horizontal Pipe Flow

gas/liquid−solid flow

D (mm) ε (mm) CV (%) VSG(m/s) VSL(m/s) ΔP/L (kPa) D (mm) ε (mm) CV (%) VSG(m/s) VSL(m/s) ΔP/L (kPa)

50.00 0.01 0.70 0.00 1.98 2.51 50.00 0.30 0.70 0.09 0.93 1.24
50.00 0.01 0.70 0.00 1.63 2.05 50.00 0.30 0.70 0.09 0.62 1.12
50.00 0.01 0.70 0.00 1.28 1.71 50.00 0.30 0.70 0.09 0.42 1.17
50.00 0.01 0.70 0.00 0.94 1.26 50.00 0.30 0.70 0.09 0.20 1.08
50.00 0.01 0.70 0.00 0.63 1.13 50.00 0.30 0.70 0.34 1.89 2.45
50.00 0.01 0.70 0.00 0.42 1.12 50.00 0.30 0.70 0.34 1.55 2.13
50.00 0.01 0.70 0.00 0.20 1.13 50.00 0.30 0.70 0.34 1.21 1.60
50.00 0.01 0.70 0.09 1.94 2.24 50.00 0.30 0.70 0.34 0.89 1.12
50.00 0.01 0.70 0.09 1.60 1.85 50.00 0.30 0.70 0.34 0.60 1.06
50.00 0.01 0.70 0.09 1.25 1.47 50.00 0.30 0.70 0.34 0.40 1.03
50.00 0.01 0.70 0.09 0.93 1.10 50.00 0.30 0.70 0.34 0.19 0.95
50.00 0.01 0.70 0.09 0.62 1.07 50.00 1.00 0.70 0.00 1.98 3.19
50.00 0.01 0.70 0.09 0.42 1.11 50.00 1.00 0.70 0.00 1.63 2.70
50.00 0.01 0.70 0.09 0.20 1.06 50.00 1.00 0.70 0.00 1.28 2.13
50.00 0.01 0.70 0.34 1.89 1.94 50.00 1.00 0.70 0.00 0.94 1.49
50.00 0.01 0.70 0.34 1.55 1.62 50.00 1.00 0.70 0.00 0.63 1.31
50.00 0.01 0.70 0.34 1.21 1.26 50.00 1.00 0.70 0.00 0.42 1.38
50.00 0.01 0.70 0.34 0.89 0.92 50.00 1.00 0.70 0.00 0.20 1.24
50.00 0.01 0.70 0.34 0.60 0.87 50.00 1.00 0.70 0.09 1.94 2.94
50.00 0.01 0.70 0.34 0.40 0.92 50.00 1.00 0.70 0.09 1.60 2.35
50.00 0.01 0.70 0.34 0.19 0.78 50.00 1.00 0.70 0.09 1.25 1.94
50.00 0.30 0.70 0.00 1.98 2.95 50.00 1.00 0.70 0.09 0.93 1.33
50.00 0.30 0.70 0.00 1.63 2.48 50.00 1.00 0.70 0.09 0.62 1.16
50.00 0.30 0.70 0.00 1.28 1.93 50.00 1.00 0.70 0.09 0.42 1.13
50.00 0.30 0.70 0.00 0.94 1.34 50.00 1.00 0.70 0.09 0.20 1.09
50.00 0.30 0.70 0.00 0.63 1.27 50.00 1.00 0.70 0.34 1.89 2.72
50.00 0.30 0.70 0.00 0.42 1.32 50.00 1.00 0.70 0.34 1.55 2.21
50.00 0.30 0.70 0.00 0.20 1.17 50.00 1.00 0.70 0.34 1.21 1.82
50.00 0.30 0.70 0.09 1.94 2.72 50.00 1.00 0.70 0.34 0.89 1.14
50.00 0.30 0.70 0.09 1.60 2.28 50.00 1.00 0.70 0.34 0.60 1.10
50.00 0.30 0.70 0.09 1.25 1.73 50.00 1.00 0.70 0.34 0.40 1.39
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The research results of gas−liquid and liquid−solid two-phase
flow show that the pipe roughness and pipe size have different
effects on the flow pressure gradient. It should be noted that the
different liquid velocities will change the mixed flow structure of
solid particles in the horizontal pipe. There is a critical liquid
velocity to determine whether solid particles are deposited in the
pipe, which is between 0.75 and 1 m/s. By defining the
dimensionless parameters related to solid particles, the function
of solid particles in the flow is further discussed. In addition, it is
determined that, on the one hand, in the gas/liquid−solid
mixture flow system the existence of gas will occupy the wall
space and reduce the wall slip effect. On the other hand, gas can
reduce the resistance and increase the wall slip effect. According
to the experimental and theoretical analysis, it is proposed that
the critical gas velocity is approximately 0.175 m/s.
On the basis of the wall slip theory of a single-phase flow and

the experimental data of a multiphase flow in a horizontal pipe, a
power-law model of the wall slip velocity for gas−liquid−solid
mixed flow was proposed. Validation of experimental data
showed that the prediction error of the model is acceptable. In
general, although this model has some limitations, it has a certain
significance for understanding the mechanism and influencing
factors of the wall slip effect in multiphase flow systems.

■ APPENDIX: TEST DATA

Tables A-1, A-2, and A-3 contain test data from this work.
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■ NOMENCLATURE

CV = solid volume holdup
CD = slip coefficient
D = pipe internal diameter, m
ΔP/L = pressure gradient, kPa/m
Q = flow rate, m3/h
R = pipe internal radius, m
ReL = liquid Reynolds number
ReM = mixture Reynolds number
V = mean velocity, m/s
VSL = superficial liquid velocity, m/s
VSG = superficial gas velocity, m/s
VM = mixture velocity, m/s
VS = apparent wall slip velocity, m/s
VS/VSL = relative slip contribution

Greek letters
αG = gas volume fraction
γ̇ = shear rate, s−1

Ε = absolute pipe roughness, mm
ε/D = relative pipe roughness
Μ = apparent viscosity, mPa·s
μLM = apparent viscosity of liquid−solid mixture, mPa·s
ρL = liquid density, kg/m3

ρLM = the density of liquid−solid mixture, kg/m3

ρM = mixture density, kg/m3

Τ = shear stress, Pa
τw = wall shear stress, Pa
ΦL

2 = Lockhart−Martenelli parameter
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