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The tube-contained raw material pipeline hydraulic transportation technology is an optimization and improvement of traditional
hydraulic capsule pipeline (HCP) transport. It has the advantages of lower resource consumption, environmental protection, and
less demand for human resources and has the ability to directly transport solids, liquids, and gases. The cylinder pipe vehicle is the
core component of tube-contained raw material pipeline hydraulic transportation; its motion characteristics and energy con-
sumption are affected by wall shear stress. When the cylinder pipe vehicle is stationary, the annular gap flow will affect the wall
shear stress. This paper studies the wall shear stress and annular flow field distribution of a stationary cylinder pipe vehicle under
different Reynolds numbers. The results show that as the Reynolds number increases, both the wall shear stress and the annular
gap flow velocity show a gradually increasing trend. The wall shear stress and the velocity of the annular gap flow show some
correlation, but there are differences in the trend of axial and circumferential wall shear stress along the length of the cylinder pipe
vehicle. The research in this article will further improve the theoretical system of hydraulic conveyance of barrel-loading pipelines

and provide a theoretical basis for the realization of industrial applications as soon as possible.

1. Introduction

Hydraulic capsule pipeline (HCP) transport technology was
first proposed more than 60 years ago by the Alberta Re-
search Center of Canada [1-7]. As a new mode of trans-
portation, the hydraulic capsule pipeline transport
technology mainly stores materials in capsules and trans-
ports them to their destinations through a pipeline. Com-
pared with traditional transportation methods, HCP does
not require the preparation and dehydration of the slurry
(like slurry pipeline transportation) nor does it need to
compress and decompose the moldings (like hydraulic
transport of molding pipelines). Because the pipe is laid
underground, it is concealed and not easily affected by
weather conditions. The transport medium is water and it
does not need to consume many fossil fuels. Compared with
traditional transportation methods such as the railway and

roads, it has the advantages of small investment, less en-
vironmental pollution, and less manpower required.
Therefore, strengthening the research on HCP has important
practical significance for changing traditional transportation
methods in the future.

After more than half a century of research and devel-
opment, HCP has achieved many positive research results.
Newton et al. [8] used numerical calculations to study the
velocity and pressure drop of the capsule with a length-to-
diameter ratio varying from 1 to 20, but the calculation is
limited to laminar flow, so it has certain limitations. Liu et al.
[9, 10] believed that the entrance and exit head losses are
ignored in the traditional capsule pressure drop theory; this
assumption is applicable to long capsules but is not suitable
for short capsules. They improved the traditional pressure
drop theory by introducing a kinetic-energy correction
factor « and verified the accuracy of the formula through
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physical experiments. Tomita et al. [11, 12] regarded a single
capsule as a point mass and is concentric with the pipeline
and used a characteristic method to numerically calculate
the movement characteristics of the capsule in a straight
tube, verifying the accuracy of the numerical calculation
through physical experiments and then applying the cal-
culation method to the movement of capsule trains. Vlasak
[13] conducted an experimental investigation of the trans-
port of a capsule of anomalous shape in a horizontal straight
pipe. The variables include the velocity of a single capsule,
the correlation between the speed of the capsule train and
the velocity of liquid transport, and the pressure gradient of
the capsule train during transportation. He found that when
the Reynolds number was lower than 5 x 10%, the velocity of
the rigid capsule trains was greater than that of semirigid
capsule trains, and the semirigid capsule trains had about a
20% lower pressure gradient than trains consisting of
identical solid cylindrical capsules. Latto and Chow [14]
conducted an analytical study of the hydrodynamic trans-
port of cylindrical capsules in a vertical pipeline. In this
experiment, the capsule-to-pipe diameter ratio varied from
0.42 to 0.82, the capsule length-to-diameter ratio varied from
4 to 14, and the relative transport density ratio of the capsule
varied in the range of 1.15 to 1.7. The results show that as the
diameter ratio or length to diameter ratio increased, the
velocity and pressure drop gradient of the capsule also
showed a gradually increasing trend. As the density of the
capsules increased, the velocity decreased but the pressure
gradient increased. According to the flow mechanism,
Ulusarslan et al. [15-17] analyzed the pressure gradient of
the spherical capsule train in a horizontal circular pipe; a
related experiment was subsequently conducted that used a
spherical polyethylene capsule with a density equal to water
to replace an ice capsule. It was found that the total pressure
gradient can be divided into the pressure gradient caused by
homogeneous flow and the pressure gradient caused by
rotational kinetic energy. When the capsule transport
concentration is low, the pressure loss caused by the rota-
tional kinetic energy is small, while the pressure loss caused
by the homogeneous flow is large. Robert and Nivedita [18]
used the front tracking method to study deformable capsules
at different Reynolds numbers. The results showed that the
size of the capsule and the Reynolds number will affect the
deformation, migration speed, and pressure loss of the
capsules.

With the rapid development of computers, numerical
simulation has been applied more often to HCP transport.
Mohamed et al. [19] used three different turbulence models
to study the turbulent flow characteristics around a single
concentric long capsule in a straight pipe. The three models
are Baldwin—Lomax, k-¢, and k-w; they were used to cal-
culate the drag coefficient, the pressure gradient, and the
velocity distribution in the annular gap between the capsule
and the pipe, respectively. The simulation results are highly
consistent with the experiment results. Asim [20] used a
computational fluid dynamics (CFD) tool to numerically
simulate the hydraulic characteristics of a single capsule with
different diameter ratios. The simulation results show that as
the diameter ratios increase, the pressure gradient between
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the upstream and downstream sections gradually increases,
and the water flow velocity in the annular gap also increases.
Then, it numerically simulated the velocity, static pressure,
and vorticity distribution of a single capsule in a horizontal
straight pipe, bent pipe, and vertical pipe section, and the
pipeline system of the HCP transport was optimized based
on the simulation results. Asim et al. [21, 22] extended their
work to numerically simulate the hydraulic characteristics of
different shaped capsules in a straight pipeline. The above
research results provide theoretical guidance for the appli-
cation of HCP transportation technology and lay the
foundation for the future development of the capsule train.

Sun et al. proposed tube-contained raw material pipeline
hydraulic transportation technology based on traditional
hydraulic capsule pipeline transport. The tube-contained
raw material pipeline hydraulic transportation technology is
a new transportation method in which the material is placed
in a closed container (generally a cylindrical pipe vehicle),
while six support bodies are symmetrically installed at both
ends of the container to make it move concentrically in the
pipeline, which can reduce the collision and friction of the
container against the pipe wall. Then, water pressure is used
to transport the container to the destination. When the
container is stationary in the pipeline, the water flow
through the container belongs to the flow around a cylinder
[23, 24]. The container and the pipe wall form a concentric
annular gap, and the flow of water through it belongs to the
annular gap flow problem [25-27]. The container wall will
form a boundary layer due to the effect of viscous force,
which belongs to the static boundary layer problem [28, 29].
When the container moves in the pipeline, it also involves
the problem of dynamic boundary and fluid-solid coupling
[30, 31]. The new transportation technology involves au-
tomation, transportation, and other issues. Therefore, it is of
great significance to strengthen the research on tube-con-
tained raw material pipeline hydraulic transportation
technology.

Sun et al. [32] first built a cylinder pipe vehicle transport
system consisting of four parts: a launching device, a power
unit, a transport pipeline, and a recovery device. The system
was used to test the start-up conditions of the cylinder pipe
vehicle and analyze the relevant factors affecting their
movement. On the basis of Sun’s experiment, Li et al.
[33-35] studied the hydraulic characteristics of the cylinder
pipe vehicle with different loads and models and obtained
the velocity of the cylinder pipe and the pressure loss along
the pipeline and calculated the energy loss of the entire
system. As described by Wang et al. [36], the motion of the
cylinder pipe can be classified into three stages. They
established related mathematical models to analyze the re-
lationship between the speed of the cylinder pipe vehicle, the
velocity of the annulus gap flow, and the velocity of the water
in the pipeline, and the accuracy of the mathematical model
was verified by physical experiments. Zhang et al. [37, 38]
carried out a numerical simulation on the cylinder pipe
vehicle moving in the straight pipe section. It was found that
the axial flow velocity of the upstream and downstream
sections is larger at the inner wall of the pipe, the flow
velocity near the center of the pipe is smaller, and the radial



Mathematical Problems in Engineering

flow rate tends to first increase and then decrease from the
inner wall to the center of the pipe, while the circumferential
velocity is symmetrically distributed near the support of the
cylinder pipe vehicle.

Previous research on cylinder pipe vehicles has mostly
focused on flow velocity and pressure gradients [39, 40].
However, there are relatively few studies on the wall shear
stress of the cylinder pipe vehicle. A concentric annular gap
is formed between the cylinder pipe vehicle and the pipe
wall. When the water flows into the annular gap, the cylinder
pipe vehicle is subjected to the wall shear stress acting on it.
The existence of wall shear stress has an impact on the
motion and energy loss of the cylinder pipe vehicle.
Therefore, strengthening the analysis and research on the
wall shear stress of the cylindrical pipe vehicle can provide a
certain theoretical basis for reducing the transportation
energy consumption and can further enrich and improve the
theoretical system of tube-contained raw material pipeline
hydraulic transportation.

The main content of the article is as follows. Section 2 is
the theoretical analysis, which mainly includes the intro-
duction of the cylinder pipe vehicle structure and the force
analysis. Section 3 introduces the experimental system and
procedures. Section 4 analyzes and discusses the experi-
mental results. The main conclusions are given in Section 5.

2. Theoretical Analysis

2.1. Structure of the Cylinder Pipe Vehicle. As the core
component of tube-contained raw material pipeline hy-
draulic transportation, the cylinder pipe vehicle is mainly
composed of a container, two sealing covers, and support
bodies. The container is made of cylindrical plexiglass, which
is used to hold the material, avoiding contact between the
material and the conveying liquid. In order to make the
cylinder pipe vehicle move concentrically in the pipeline,
support bodies are installed on the sealing covers. By adding
support bodies, the friction between the cylindrical pipe
vehicle and the pipeline is reduced, thereby extending the
service life of the pipeline. The entity structure of the cyl-
inder pipe vehicle is shown in Figure 1.

The model of the cylinder pipe vehicle used in this
experiment is 150 mm x 80 mm, where 150 indicates the
length of the cylinder pipe vehicle (L), and 80 is the diameter
of the cylinder pipe vehicle (D). Each sealing cover is in-
stalled with three support bodies, and the support bodies are
distributed at an angle of 120°".

2.2. Force Analysis of the Cylinder Pipe Vehicle. Since the
cylinder pipe vehicle is concentric with the pipeline, the
force acting on the cylinder pipe vehicle can be divided into
two directions, namely, vertical and parallel to the pipe axis.
The forces that are vertical to the axis are self and material
gravity G, buoyancy force F,, and support force F, of the
pipeline to the cylinder pipe vehicle. The vertical force does
not directly affect the movement of the cylinder pipe vehicle.
The forces parallel to the axis are the pressure F,;, F,; on the
front and rear seal cover, the wall shear force F,, and the

friction force Fy between the support bodies and the pipe
wall. The force parallel to the axis direction has a direct effect
on the movement of the cylinder pipe vehicle. The specific
force is shown in Figure 2.

(1) Gravity G includes the weight of the cylinder pipe
vehicle and internal materials, which can be
expressed as follows:

G=(m, +m,,)g, (1)

where m, is the weight of the cylinder pipe vehicle
and m,, is the weight of the material.

(2) Buoyancy force F, is opposite to the direction of
gravity G, which is vertical to the pipeline axis, which
can be expressed as follows:

F.=pgV. (2)

where p is the density of the liquid and V, is the
volume of the cylinder pipe vehicle.

(3) The force on the end face of the cylinder pipe vehicle
is shown in Figure 3. When gravity G is equal to
buoyancy force F. the cylinder pipe vehicle is
equivalent to being suspended in the pipeline, and it
can be considered that the support force is zero.
When G 2 F,, the cylinder pipe vehicle sinks, and the
force on the bottom support is much larger than the
force on the upper support, namely, F,, =F,3 > F,;,
and F,; can be ignored. The support force is 4F,,,
which can be expressed as follows:

F,=G-F, =4F,,cos0, (3)

where 0 represents the angle between the support force
F,, and F..

When G £ F, the cylinder pipe vehicle floats up and
the force on the upper support is much larger than the
force on the bottom support, namely, F,, = F, 3 < F,;
F,, and F,; can thus be ignored. The support force is
2F,,;, which can be expressed as follows:

F,=F,—-G=2F,,. (4)

(4) The main driving force of the cylindrical pipe vehicle
comes from the pressure difference between the front
and rear end faces. Generally, the pressure difference
force is expressed by the following formula:

FAp:Fpl_sz’ (5)

where F,; and F,; represent the pressure of the water
flow on the front and rear end faces, respectively (the
direction of the water flow is the rear end face of the
cylinder pipe vehicle).

If F,;—F,2 = AP A, then equation (5) can be expressed
as follows:

Q’pg
e (6)

c

Fup=AP-A=
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FIGURE 1: A structural sketch of the cylinder pipe vehicle. (a) Physical model. (b) Geometric model. Note: 1, support body; 2, container; 3,

sealing cover; 4, pipeline.
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FIGURE 2: Schematic diagram of force of the cylinder pipe vehicle.

where AP represents the pressure difference between
the front and rear end faces, A is the end face area, Q
is the flow rate in the pipeline, and p, is the flow
coefficient in the pipeline.

(5) From the previous analysis, when the buoyancy is
less than the weight of the cylinder pipe vehicle,
F,;=0, so the friction on the upper support can be
regarded as zero. The friction force can be expressed
as follows:

G- c
4cosf’

FfzﬂFnzzﬂ (7)

where p represents the friction factor between the
support bodies and the pipe wall. When the buoyancy is
larger than the weight of the cylinder pipe vehicle,
F,>=F,3=0, so the friction on the bottom support can
be regarded as zero. The friction force can be expressed
as follows:

FT = %P(Va - VC)Z’ (8)

(6) If the flow velocity of the annular gap is greater than
the running speed of the cylinder pipe vehicle, the
wall shear force of the cylinder pipe vehicle is the
driving force. When the flow velocity of the annular
gap is less than the running speed of the cylinder pipe
vehicle, the wall shear force of the cylinder pipe

FIGURE 3: The force diagram of each end face.

vehicle is the resistance. The wall shear force can be
expressed as follows:

F‘r = %P(Va - vc)z’ (9)

where A. represents the flow resistance coefficient,
which is related to the material of the inner wall of the
pipe and the physical properties of the fluid; v, rep-
resents the velocity of the annular gap flow; and v,
represents the velocity of water in the pipe.

2.3. Analysis of the Concentric Annular Gap Flow Velocity.
Annular gap flow can be divided into two types according to
the existence of relative motion of the solid side wall: one is
the static boundary gap flow and the other is the dynamic
boundary gap flow. The research in this paper considers
static boundary gap flow. The mathematical model of the
cylinder pipe vehicle is shown in Figure 4.

Assuming the cylinder pipe vehicle is infinitely long, the
water flow in the pipe can be considered as a steady uniform
flow. Establishing a coordinate system as shown in Figure 4,
we obtain the governing equation (10) of annular gap flow at
static boundary according to the Navier-Stokes equation:
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FIGURE 4: A schematic diagram of the mathematical model.
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where f, is the mass force; P is the dynamic water pressure; u,,
uy, and u, are the partial velocities along the X-axis, Y-axis, and
Z-axis, respectively; and v is the kinematic viscosity coefficient.

Because the water flow in the annular gap is constant,
only the direction of movement along the axis of the pipeline
is considered.

L
o
u,=u, =0,
oy, _ (“)
oy 0z
ou,, ou,,
U, —== =0

The only force of mass on water is gravity:

fe=0. (12)
According to the continuity equation (13):
ou, Ou, Ou,
—+—=—+—=—=0. 13
ox dy @ oz (13)

Substituting equations (11)-(13) into equation (10),
equation (10) can be expressed as follows:

1 0P ’u, du
= x x|, 14
p Ox V( 0y? "oz ) (14)

Because concentric annular gap flow is axisymmetric,
both the Y-axis and Z-axis can be regarded as along the
radial direction. Equation (14) can be expressed as

2
AP
0ty =-2— (15)
or? Lpy
Integrating equation (15), we get
AP
u, = —4var +cr+c,. (16)

According to boundary conditions, we can get the fol-
lowing equation:

AP
u, = i (r - rp) (r—re). (17)

We can calculate the flow of the annular gap according to
equation (17):
nAp

"p
Q= Jr 2nu, (r —r.)dr = “alvp K, (18)

c

whereK = 1} + 8r3r, — 12r;r — 8r,r) — rl, 1, is the radius of

the pipeline, and r, is the radius of the cylinder pipe vehicle.

3. Experimental System and Procedures

The experimental system consists of four parts: an experimental
pipeline, regulating equipment, a power system, and measuring
equipment. The experimental system is shown in Figure 5.

The experimental pipeline is composed of plexiglass with
an inner diameter of 100 mm and a wall thickness of 5mm.
In order to reduce the refraction of the pipeline to the laser
during the experiment, a rectangular water jacket is added in
the test pipe section. The regulating equipment includes an
electromagnetic flowmeter and a gate valve. The power
required for the experiment is provided by the centrifugal
pump. The measuring equipment consists of the laser
Doppler anemometry and the cylinder pipe vehicle force
measuring device, as shown in Figure 6.

In order to measure the wall shear stress, a cross section
is set up 30 mm along the direction of the cylinder pipe
vehicle, as shown in Figure 7(a). A measurement point is
arranged clockwise every 30° along the circumference of the
cross section, and the strain flower is pasted on each
measurement point, as shown in Figure 7(b). The coordi-
nates of each measurement point are shown in Table 1.

An annular gap is formed between the wall surface of the
cylinder pipe vehicle and the wall surface of the pipeline; the
width of the gap is L=10mm. In order to measure the an-
nular gap flow field, five measuring rings were arranged along
the radius of the cross section, as shown in Figure 8. The pipe
radius intersects the measuring ring every 30° clockwise, the
intersection point is the measuring point, and a total of 60
measuring points are arranged for each cross section.

This experiment studies the change in wall shear stress of
a cylinder pipe vehicle under different Reynolds numbers.
The selected Reynolds numbers (Re) are Re;=115,513,
Re, =154,018, Re;=192,522, and Re,=231,027. The Rey-
nolds number can be calculated according to equation (19),
and the flow rate corresponding to the experimental Rey-
nolds number is 30 m>/h, 40 m>/h, 50 m*/h, or 60 m*/h.

_pvd _vd _ 4Q

Re >
n v mDv

(19)

where p is the liquid density, v is the velocity of water in the pipe,
d is the pipe radius, # is the dynamic viscosity, ¥ is the kinematic
viscosity, Q is the flow rate in the pipe, and D is the pipe diameter.
The specific experimental plan is shown in Table 2.
The strain flower is glued to the measuring point and
connected to the force measuring system inside the cylinder pipe
vehicle. Meanwhile, a waterproof coating is applied on the surface
of the strain flower. Fix the cylinder pipe vehicle to the test tube to
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F1GURE 5: Experimental system. Note: 1, centrifugal pump; 2, regulating valve; 3, electromagnetic flowmeter; 4, the feeding device; 5, brake
device; 6, computer; 7, measuring force receiving device; 8, rectangular water jacket; 9, laser Doppler anemometry; 10, the cylinder pipe

vehicle; 11, water tank.
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FIGURE 7: A cross section layout and measurement point distribution. (a) A cross section layout. (b) Measurement point distribution.

TaBLE 1: Coordinates of measuring points.

Number of measuring points r (mm) @ () Number of measuring points r (mm) @ (°) Number of measuring points r(mm) O (°)

1 40 0 5
2 40 30 6
3 40 60 7
4 40 90 8

40 120 9 40 240
40 150 10 40 270
40 180 11 40 300
40 210 12 40 330

Note. r represents the radius; ® represents the angle on the cross section.

form a complete circuit. Fill the water tank and add tracer
particles, then start the centrifugal pump to inject water from the
water tank into the pipeline, and adjust the Reynolds number by
adjusting the device. After the water flow in the pipeline is stable,
the annular gap flow field and the wall shear stress are measured.

4. Results and Discussion

4.1. Distribution of Concentric Annular Gap Flow. The
magnitude and distribution of the wall shear stress are

affected by the annular gap flow. Therefore, first we must
analyze the change in annular gap flow under different
Reynolds numbers. The calculated values and experimental
values of the average velocity of the annular gap flow under
different Reynolds numbers are shown in Table 3.

It can be seen from Table 3 that the experimental values
are in agreement with the calculated values, and the max-
imum relative error between the experimental values and
calculated values does not exceed 4.63%. As the Reynolds
number increases, the average velocity of the annular gap
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FIGURE 8: Velocity measuring point arrangement. Note: r; =d.+ 1/5L=42mm, r,=d.+2/5L=44mm, r3=d.+1/2L=45mm, ry=d.+ 3/
5L =42mm, and rs=d, +4/5L =48 mm; d, represents the radius of the cylinder pipe vehicle.

TaBLE 2: Experimental plan.

Piped vehicle Reynolds number Corresponding flow (m’/h) Status
115513 30

Length: 150 (mm) 154018 40 Stationa

Radius: 80 (mm) 192522 50 R
231027 60

flow also gradually increases. This is mainly because as the
Reynolds number increases, the water flow velocity in the
pipeline increases. According to the continuity equation
AV, =A,V,, when the cross-sectional area remains un-
changed, the annular gap flow velocity has a positive cor-
relation with the water flow velocity in the pipeline—with
the increase in the water flow velocity in the pipeline, the
annular gap flow velocity value also increases.

Water flow in the annular gap can be decomposed into
three directions, namely, the axial velocity along the pipe
axis, the radial velocity along the pipe diameter direction,
and the circumferential velocity along the tangent to the
circumferential section.

4.1.1. Axial Velocity Distribution. The axial velocity is
positive along the direction of the water flow; otherwise, it is
negative. Take the Reynolds numbers Re;=115,513 and
Re;=192,522 as an example to analyze the axial velocity
distribution. The contour map of the axial velocity of each
section is shown in Figure 9.

By comparing the contour map of the axial velocity of the
annular gap under different Reynolds numbers, we see that
with increases in the Reynolds number in the pipe, the axial
velocity value also gradually increases. The axial flow velocity
changes most drastically at Sections #1 and #3. This is mainly
because Section #1 is located at the entrance of the annular gap.
When the water flow enters the annular gap, the cross section
suddenly shrinks, the water flow is rapidly compressed, and the
flow rate changes drastically. Moreover, Section #1 is closer to
the support body, and a vortex is generated after the water flows

TaBLE 3: Experimental values and calculated values of average
velocity of annular gap flow.

Re Experimental values (m/s) Calculated values (m/s)
Re; =115,513 2.81 2.94
Re,=154,018 3.75 3.93
Re;=192,522 4.71 491
Re, =231,027 5.62 5.87

through the support body. The vortex spreads to Section #1,
which makes the axial flow velocity at this section change more
drastically. Section #6 is located at the exit of the annular gap.
When the water flows out of the annular gap, the cross section
suddenly expands and the water flow diftuses into the pipe. The
flow pattern also changed drastically. Some of the water flowing
out of the annular gap will be returned to Section #6 after being
blocked by the support body, which makes the flow velocity
change at Section #6 more complicated. So, the axial flow
velocity changes more drastically in this section. After the water
flows into the annular gap, the water flow is redistributed by the
restriction of the pipe wall and the pipe vehicle wall, and the
flow state gradually stabilizes. Therefore, the axial velocity
fluctuations at Sections #2-5 are relatively small. It can also be
seen from Figure 9 that as the Reynolds number increases, the
velocity gradient near the pipe vehicle wall also gradually in-
creases. The instability of the annular gap flow increases with
the increase in the Reynolds number, that is, the fluctuation in
the flow of each cross section increases [41-43]. The high-
velocity region of water flow near the pipe vehicle wall is larger
than that near the pipe wall. This is because the water flow near
the pipe wall is mainly affected by the viscous resistance, and
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FIGURE 9: Contour map of axial velocity of annular gap flow. (a) Re; =115,513. (b) Re;=192,522.

In order to understand the distribution law of the axial
velocity of the annular slit flow, the axial velocity values of
the measuring points with different radii at the zero degree

the water flow near the wall of the pipe vehicle is affected not
only by the viscous resistance but also by the pressure resistance
caused by the flow separation [44].
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F1Gure 10: Schematic of axial flow velocity distribution of different cross sections. (a) Section #1. (b) Section #3. (c) Section #5. (d) Section

#6.

position of each cross section are selected for analysis, as
shown in Figure 10.

It can be seen from Figure 10 that the distribution law of
annular gap flow under different Reynolds numbers is ap-
proximately the same. The axial flow velocity from the wall
of the pipe vehicle to the wall of the pipeline first increases
and then decreases, and the maximum value of the axial flow
velocity is close to the pipeline wall. This is mainly due to the
effect of viscous resistance; the axial flow velocity values near
the wall of the pipe vehicle and the pipe wall are relatively
low. As the distance from the pipe wall and the pipe vehicle
wall increases, the effect of the viscous resistance gradually
weakens and the water flow velocity increases. This phe-
nomenon conformed to the theory of a viscous substratum

[45]. Since the influence of the pipe vehicle wall on the water
flow is greater than that of the pipe wall, the maximum value
of the axial flow velocity is biased toward the pipeline wall. It
can also be seen from Figure 10 that the axial velocity in the
annular gap is distributed in the form of a quadratic pa-
rabola, which is different from the logarithmic distribution
of the velocity in the circular pipe. This shows that the pipe
vehicle affects the distribution of water flow in the pipe.

4.1.2. Radial Velocity Distribution. The radial velocity points
to the center of the circle along the diameter as positive and
away from the center of the circle as negative. Take the
Reynolds numbers Re;=115,513 and Re;=192,522 as
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F1Gure 11: Contour map of radial velocity of annular gap flow. (a) Re; =115,513. (b) Re; =192,522.

examples to analyze the radial velocity distribution. Contour
maps of the radial velocity at different Reynolds numbers are
shown in Figure 11.

It can be seen from Figure 11 that the radial velocity of
the annular gap flow gradually increases with the increase in

the Reynolds number. The radial velocity value reaches the
maximum at Section #1, while the radial velocity values of
the other sections are much smaller. This is because Section
#1 is located at the entrance of the annular gap. When the
water flow changes from a full pipe flow to an annular gap
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FIGURE 12: Contour map of circumferential velocity of annular gap flow. (a) Re; =115,513. (b) Re;=192,522.

flow, the cross section suddenly shrinks and the water flow at
the center of the pipe is squeezed toward the annular gap.
Therefore, the water flow has a tendency to move toward the
pipe wall, and the radial velocity value increases accordingly.
After the water flow enters the inside of the annular gap, the

m—]ﬂ-
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flow state is gradually stabilized by the constraint of the
annular gap space, and the flow line is also parallel to the axis
of the pipe. Therefore, the partial velocity along the pipe
diameter direction becomes smaller, that is, the radial flow
velocity becomes smaller. Similar to the axial velocity, the
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velocity gradient near the wall of the pipe vehicle increases
gradually as the Reynolds number increases. When the
Reynolds number increases, the instability of the radial
velocity in the annular gap also gradually increases, and the
fluctuation of the radial velocity in the same section grad-
ually increases. According to the color changes of the
contour map, the radial velocity value is larger at the middle
of the annular gap and gradually decreases toward the wall of
the pipe vehicle and the wall of the pipe. The radial velocity
value of each section is smaller than the axial velocity value,
and the radial velocity value is positive or negative, which
indicates that the radial velocity is directed in two directions:
toward the circle’s center and away from the circle’s center
along the pipe radius.

4.1.3. Circumferential Velocity Distribution. The circum-
ferential velocity is positive in the counterclockwise direc-
tion along the tangent to the circumference and negative in
the clockwise direction. Take the Reynolds numbers
Re; =115,513 and Re; =192,522 as examples to analyze the
circumferential velocity distribution.

It can be seen from Figure 12 that as the Reynolds
number increases, the circumferential velocity value of each
section also gradually increases. The circumferential flow
velocity is similar to the radial flow velocity, and the flow
velocity value reaches a maximum at Section #1. Moreover,
the fluctuation of the circumferential velocity value of the
Section #1 is also the most dramatic. This is because the end
face of the pipe vehicle is located at Section #1. When the
water flows through the end face, it forms a flow around the
cylinder and generates a large number of vortices. Section #1
is closer to the support body, and the vortex formed at the
support body diffuses to Section #1, mixing with the vortex
at this section, which further aggravates the distribution of
the circumferential velocity of this section. Therefore, the
value of the circumferential velocity at Section #1 is the
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largest and changes most drastically. After entering the
annular gap, the circumferential velocity gradually becomes
stable, and the velocity value also becomes smaller. There is a
high-velocity region of circumferential velocity near the wall
of the pipe vehicle, that is, the velocity gradient near the wall
of the pipe vehicle is large. As the Reynolds number in-
creases, the contour of the circumferential flow velocity at
the wall of the pipe vehicle becomes dense, that is, the flow
velocity gradient becomes larger. The increase in the Rey-
nolds number also leads to an increase in the instability of
the circumferential flow velocity in the annular gap, and the
fluctuation of the circumferential flow velocity increases
accordingly. Compared with the axial velocity value, the
circumferential velocity value is smaller, that is, the partial
velocity value of the annular gap flow along the circum-
ferential tangent direction is smaller. Positive and negative
circumferential velocity values indicate that the circumfer-
ential velocity is clockwise and counterclockwise along the
circumferential tangent of the section.

4.2. Analysis of Wall Shear Stress of the Cylinder Pipe Vehicle.
The wall shear stress acting on the cylinder pipe vehicle can
be divided into axial and circumferential directions. The wall
axial shear stress coincides with the axis of the pipeline.
Similar to the annular gap flow, it is positive along the
direction of the flow, but negative otherwise. The wall cir-
cumferential shear stress direction is the same as the cir-
cumferential tangent direction. It is defined as positive in the
counterclockwise direction along the circumference and
negative in the clockwise direction.

4.2.1. Distribution of Wall Axial Shear Stress. The wall axial
shear stress distribution of each section under different
Reynolds number conditions is shown in Figure 13. The wall
axial shear stress is expressed in a dimensionless form.

It can be seen from Figure 13 that (1) The wall axial shear
stress shows a gradually increasing trend with the increase in
Reynolds number. The water flow in the pipeline is turbulent
due to the Reynolds number being greater than 2000. There
is a thin layer of viscous bottom layer close to the solid side
wall in turbulence. According to the previous analysis of the
article, it can be seen that as the Reynolds number increases,
the velocity gradient near the wall of the pipe vehicle and the
wall axial shear stress also increase. The increase in the wall
axial shear stress in turn affects the surrounding fluid,
making the fluid instability gradually increase. (2) The
overall change trend of the wall axial shear stress on the
circumference of the same section is similar under different
Reynolds numbers. When the Reynolds number is constant,
the variation of the wall axial shear stress on the circum-
ference of each section is quite different. This is mainly due
to the difference in the change in axial flow velocity of each
section. The change in the flow velocity also makes the
velocity gradient near the wall surface of the pipe vehicle
different. So, the corresponding changes in the axial shear
stress of each section are also different. (3) The wall axial
shear stress is most unstable at Sections #1 and 6, and the
fluctuation range of the wall axial shear stress value is large.
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FiGure 15: Wall circumferential shear stress distribution. Note: 7. represents the wall circumferential shear stress of the point; 7.
represents the maximum wall shear stress measured by the experiment. (a) Section #1. (b) Section #2. (c) Section #3. (d) Section #4. (e)
Section #5. (f) Section #6.
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According to the analysis of the flow field in the article, part
of the water flow is squeezed toward the wall of the pipe
vehicle when entering the annular gap. Therefore, the in-
teraction between the water flow and the wall of the pipe
vehicle is enhanced. There are more vortices at Section #1,
which further enhances the interaction between the water
flow and the wall of the pipe vehicle. So, the axial shear
stress of Section #1is the most unstable and the fluctuation
range is the largest. At the exit of the annular gap, the
streamline bends due to the influence of the end face of the
pipe vehicle, and the interaction between the water flow
and wall of the pipe vehicle is increased. The backflow of
part of the water flow at Section #6 makes the flow pattern
change more drastically. Therefore, the wall axial shear
stress of Section #6 is large and changes drastically. (4)
Compared with Sections #1 and 6, the wall axial shear stress
value and variation fluctuation range of each cross section
within the annular gap are smaller. This is because the value
of the axial flow velocity in the annular gap becomes smaller,
and the flow velocity gradient near the wall of the pipe vehicle
decreases. The axial flow velocity distribution in the annular
gap is relatively stable and the fluctuation is small. So, the
corresponding wall axial shear stress value and the fluctuation
are small. (5) It can also be seen from Figure 13 that the ratios
of T,/Tmax are all positive, which indicates that the direction of
wall axial shear stress is along the water flow.

The standard deviation o, is used to reflect the degree of
dispersion of the axial shear stress at all points on each
section under different Reynolds numbers. The calculation
formula of the standard deviation o, is as follows:

(20)

where n represents the total number of measuring points on
a section, T,; represents the axial shear stress value of each
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measuring point, and 7, represents the average wall axial
shear stress on the section.

Figure 14 shows the variation of the standard deviation
of the wall axial shear stress of each section under different
Reynolds numbers. It can be seen from the figure that as the
Reynolds number increases, the degree of dispersion of the
wall axial shear stress in each section also shows a gradually
increasing trend. The result indicates that increasing the
Reynolds number will reduce the stability of the wall axial
shear stress of the pipe vehicle. The instability of the wall
shear stress affects the annular gap flow again, so the stability
of the annular gap flow decreases. When the Reynolds
number is unchanged, the standard deviations of Sections #1
and 6 are larger, that is, the wall axial shear stress value of all
measuring points on these two cross sections fluctuates most
drastically, which is consistent with the previous analysis.
However, the wall axial shear stress dispersion of the other
sections is relatively small, that is, the fluctuation of the wall
axial shear stress at other sections in the annular gap is small.
It can be seen that the end structure of the pipe vehicle has a
great influence on the fluctuation of the wall shear stress. It is
possible to reduce this fluctuation by optimizing the
structure of the pipe vehicle and improving the stability of
the wall shear stress.

4.2.2. Distribution of Wall Circumferential Shear Stress.
The wall circumferential shear stress distribution of each
cross section under different Reynolds number is shown in
Figure 15.

Similar to the wall axial shear stress, the wall circum-
ferential shear stress of each section increases as the Rey-
nolds number increases. According to equation (8), there is a
positive correlation between wall shear stress and water flow
rate. From the previous analysis, we know that when the
Reynolds number increases, the circumferential flow ve-
locity also increases, so the wall circumferential shear stress
becomes larger. The overall trend of the wall circumferential
shear stress along the same cross section circumference is the
same under different Reynolds numbers, but the variation of
wall circumferential shear stress in each section is different.
The wall circumferential shear stress values of Sections #1
and 2 change drastically and are larger than those of the
other sections under the same Reynolds number. This is
because the circumferential velocity of the water flow at
Sections #1 and 2 has a large variation and the circumfer-
ential velocity at the two sections is large, so the wall cir-
cumferential shear stress values of Sections #1 and 2 become
larger. The wall circumferential shear stress values of Sec-
tions #3-6 sections are small, and the fluctuation range of the
wall circumferential shear stress values of these sections is
also small. This is mainly because the water flow gradually
stabilizes after entering the annular gap, and the interaction
between the water flow and the wall of the pipe vehicle is no
longer intense, so the wall circumferential shear stress values
of these sections are relatively small. Compared with the wall
axial shear stress, the wall circumferential shear stress is
much smaller. This is because there is a corresponding re-
lationship between wall shear stress and flow velocity. Since
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FiGure 17: The distribution of wall shear stress and velocity along the length of the cylinder pipe vehicle. (a) The distribution of wall axial
average shear stress. (b) The distribution of wall circumferential average shear stress. (c) The distribution of axial average velocity. (d) The
distribution of circumferential average velocity. Note: the ordinate is the absolute value of the wall circumferential shear stress and flow

velocity in (b) and (d).

the axial flow velocity is greater than the circumferential flow
velocity, the corresponding wall axial shear stress is greater
than the circumferential shear stress. The result indicates
that the angle between the shear stress and the axis of the
pipe is relatively small, that is, the wall shear stress direction
almost coincides with the pipe axis. Positive and negative
wall circumferential shear stress values indicate that the
direction is clockwise or counterclockwise along the cir-
cumference, respectively.

The standard deviation o, is used to reflect the fluctu-
ation of the wall circumferential shear stress of each section
under different Reynolds numbers, as shown in Figure 16.
The calculation of o, refers to equation (20).

It can be seen from Figure 16 that the standard devia-
tions of Sections #1 and 2 are relatively large and those for
the other sections are relatively small. This shows that the
wall circumferential shear stress values of the measuring
points on the two cross sections are relatively dispersed. This
is mainly due to the large fluctuations in the circumferential
velocity of the two sections, so the corresponding wall shear
stress fluctuations also increase. As the Reynolds number
increases, the standard deviation of the wall circumferential
shear stress also gradually increases. This shows that the
change in the Reynolds number has an influence on the
instability of the wall circumferential shear stress. As the
Reynolds number increases, this instability gradually
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increases. The instability of the wall circumferential shear
stress reacts to the annular gap flow, which increases the
fluctuation of the circumferential velocity. Therefore, the
fluctuation of the wall circumferential shear stress can be
reduced by optimizing the structure of the pipe vehicle.

4.3. Distribution of Wall Shear Stress and Velocity along the
Length of Cylinder Pipe Vehicle. In order to further study the
relationship between the wall shear stress and the annular
gap velocity, the curves of the average shear stress and the
average velocity in the length direction of the pipe vehicle
body are shown in Figure 17.

It can be seen from Figure 17 that both the annular gap
flow and the wall shear stress are affected by the Reynolds
number, both of which increase as the Reynolds number
increases. The wall axial average shear stress and axial av-
erage flow velocity are correlated: both show a trend of first
decreasing and then increasing along the direction of the
pipe vehicle body. Both of them reach the minimum when
the length of the pipe vehicle body is 60 mm. However, the
wall circumferential average shear stress and the circum-
ferential average flow velocity generally show a gradually
decreasing trend along the length of the pipe vehicle body
but slightly increase at the end of the pipe vehicle body. The
values of shear stress and annular gap flow velocity reach the
maximum at the entrance of the annular gap. This shows that
section shrinkage and the existence of support bodies have a
great influence on the wall shear stress and annular gap flow.
Therefore, the influence of the pipe vehicle on wall shear
stress and annular gap flow can be reduced by optimizing the
structure of the pipe vehicle.

5. Conclusions

The characteristics of the concentric annular gap flow and
the wall shear stress under different Reynolds numbers were
analyzed using the model experiment. The main conclusions
are summarized as follows:

(1) As the Reynolds number increases, the flow velocity
of the annular slit flow gradually increases, but the
flow stability decreases and the fluctuation of the
velocity increases. The water flow at the entrance and
exit of the annular gap changes the most drastically.
The water flow inside the annular gap presents a
quadratic parabolic distribution that first increases
and then decreases along the pipeline vehicle wall to
the pipe wall. The axial velocity is larger than the
circumferential and radial velocity. The axial flow
velocity is along the direction of the pipe axis, the
radial flow velocity is directed to the center of the
circle along the radius and away from the center of
the circle, and the circumferential flow velocity is
clockwise or counterclockwise along the circum-
ferential tangent.

(2) As the Reynolds number increases, the value of the
wall shear stress also shows a gradually increasing
trend, while the stability of the shear stress gradually
decreases. The change in the wall shear stress affects
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the stability of the annular gap flow. The axial shear
stress reaches the maximum at the entrance of the
annular gap. The wall axial shear stress value is much
larger than the wall circumferential shear stress
value. The axial shear stress is the same as the di-
rection of the water flow, while the circumferential
shear stress appears in two directions: clockwise or
counterclockwise along the circumferential tangent.

(3) The change trends of wall average shear stress and
average annular gap flow are consistent along the
length of the pipe vehicle. The wall axial average
shear stress and the axial average flow velocity show a
trend of first decreasing and then increasing along
the length of the pipe vehicle. The wall circumfer-
ential average shear stress and the circumferential
average flow velocity generally show a gradually
decreasing trend along the length of the pipe vehicle
but slightly increase at the end of the pipe vehicle.
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