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Abstract: The hydraulic transportation of piped capsules is a new and energy-saving transportation
mode, which is especially suitable for the long-distance and high-stability requirements of material
transportation. In this paper, the COMSOL Multiphysics software was used to construct a mathe-
matical model of the dynamic characteristics of a piped capsule moving in a straight pipeline, in
which the boundary conditions were redeveloped, the inlet velocity distribution function was de-
fined, and the physical experiment was carried out for verification. The dynamic characteristics were
analyzed, and through the calculation of the energy consumption, the optimal piped capsule under
the research conditions was obtained. The results show that the simulation results and experimental
results for the piped capsule’s average moving velocity, axial velocity, and wall shear stress along
the cylinder wall were basically consistent, with a maximum error of 14.22%, 2.62%, and 20.13%,
respectively. With a decrease in the diameter-to-length ratio of the piped capsule, the axial velocity
of the concentric annular gap flow decreased gradually. The area with a large shear stress was
mainly concentrated at the front and rear ends of the cylinder wall, especially the rear area of the
support feet of the piped capsule. With the increase in the diameter of the piped capsule, the wall
shear stress of the capsule increased. Finally, the superior diameter-to-length ratio for the piped
capsule under the research conditions was obtained and shown to be € = 0.4. The research in this
paper will provide a theoretical reference for the structural design and dynamic mechanism analysis
of the piped capsule.

Keywords: dynamic characteristics; piped capsule; wall shear stress; diameter-to-length ratio;
fluid-structure interaction

1. Introduction

As a new way of transporting products, the hydraulic transportation of piped cap-
sules is safer, faster, and more environmentally friendly than traditional transportation
methods, such as highways and railways. Products are contained and sealed in a piped
capsule and conveyed to the destination through a long-distance pipeline buried under-
ground using the pipeline pressure flow.

In recent years, scholars at home and abroad have conducted much research on the
hydraulic transportation of piped capsules. Sun et al. [1] analyzed the axial starting con-
ditions of piped capsules through physical experiments. Liu and Richards [2] theoretically
derived the distribution of pressure along the piped capsule and applied it to predicting
its initial velocity. Kroonenberg [3] derived the piped capsule speed and the pressure drop
changes through theoretical derivation and experimental verification. Dong et al. [4] and
Li et al. [5] conducted a preliminary experimental study on the hydraulic characteristics
of the transport of different types of piped capsules. Charles [6] estimated the velocity of
the concentric annular gap flow between the piped capsule and the pipeline under two
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conditions: laminar flow and turbulent flow. Tomita et al. [7] derived the relationship be-
tween the operating speed of the piped capsule and the average velocity of the annular
gap water flow through theoretical derivation and experimental verification. Maurizio [8]
adopted a numerical simulation method to reveal the flow field characteristics of the con-
centric annular gap flow under turbulent conditions. Latto and Chow [9] discussed the
impact of different dimensions of annular gaps on the speed, front and rear pressure drop,
and unit energy loss of the piped capsule. Asim et al. [10-12] computed the pressure drop
changes with different gap widths and lengths through CFD, as well as the distribution of
flow fields in different types of pipe sections for different types of piped capsules.

When a piped capsule is moving in a straight pipeline, the pressure flow pushes the
piped capsule forward and the load exerted by the pipe flow on the piped capsule will
cause the capsule to deform. It will also act on the flow, causing changes in the pipe flow —
i.e., the coupling response between the piped capsule and the pipe flow. However, there
are few studies—whether physical experiments or numerical simulations—on the dy-
namic characteristics of the coupling between the piped capsule and pipe flow. Therefore,
this article used the COMSOL Multiphysics software to jointly solve the pipeline fluid
domain and the piped capsule solid domain to explore the dynamic characteristics of the
coupling between the piped capsule and the pipe flow when the piped capsule moves in
the straight pipe section. It was verified through model tests, and the energy consumption
characteristics of the piped capsule was calculated based on the numerical simulation re-
sults. This will provide a certain reference for further improving the relevant theory.

2. Materials and Methods
2.1. Piped Capsule Structure

The cylindrical container containing materials was named a piped capsule. It was
composed of a cylinder, sealing cap, and capsule feet [1,13,14], as shown in Figure 1. The
cylinder was used to hold materials, and the wall thickness of the cylinder was 5 mm. The
capsule feet at both ends were distributed at 120° to ensure that the piped capsule was
concentric with the pipe center during operation.

Figure 1. Piped carriage structure. Note: 1—cylinder; 2—sealing cap; 3—capsule foot.
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2.2. Experimental System and Methods

The experimental system was located in the Water Flow Test Hall of the Taiyuan Uni-
versity of Technology, as shown in Figure 2. It mainly consisted of conveying pipelines,
power devices, testing devices, and recycling devices [15-17]. The dimensions of the con-
veying pipeline were: inner diameter 100 mm, wall thickness 5 mm, and length 15 m. The
flow field testing area was 6.0 m away from the starting device and 5.5 m away from the
outlet, meeting the conditions for a stable water flow operation [18,19].
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Figure 2. Layout sketch of experiment facilities.

As shown in Figure 3, the pipeline section pressure was measured using a pressure
sensor combined with a standard dynamic pressure acquisition system. An infrared timer,
consisting of a digital timer and two infrared probes, was used to measure the velocity of
the piped capsule. The two infrared probes were located at the beginning and end of the
straight pipe section. The digital timer showed the total migration time, and the average
velocity of the piped capsule could be calculated using the running length of the piped
capsule in the corresponding recorded time.

j| TRy

[

Figure 3. Pressure and speed testing device. 1 —Dynamic pressure acquisition instrument; 2—pres-
sure sensor; 3—infrared probes; 4 —digital timer.

When a pipe capsule runs in a pipeline, the outer wall of the pipe capsule and the
inner wall of the pipeline form a circular gap flow with a moving boundary. The velocity
field of the gap flow was captured using a PIV. The 30 um hollow microsphere tracer
particles with an excellent water flow following ability were used in the experiment. The
camera used in this experiment had a spatial resolution of 2048 x 2048 pixels and a shoot-
ing time interval of 250,000 ps. The trigger rate was selected as 4 Hz. We added a rectan-
gular water jacket to the test section to ensure that the incident surface of the laser is flat
in order to reduce the impact on measurement accuracy caused by the refraction of light
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by the circular pipe. To achieve a good shooting effect, we added a black background, as
shown in Figure 4a.

(a) (b

Figure 4. Velocity field and stress measurement device. (a) PIV; (b) piped capsule force measuring
system.

The PIV shooting results were processed by the system’s own post-processing pro-
gram. First, the arithmetic mean of the initial flow field data samples was calculated under
the same working conditions to obtain the background boundary of the flow field. Second,
the background boundary was subtracted from all data samples taken under the working
conditions, and the gap flow field data of the test section was retained. Next, cross-corre-
lation operations were performed through an adaptive PIV. Finally, samples captured by
two PIV cameras at the same time were coupled to obtain the three-dimensional velocity
vector of the slot flow field plane.

The measurement of the shear stress on the cylinder surface of the pipe capsule was
carried out using a stress sensor based on a right-angle strain pattern. The collection sys-
tem was placed inside the cylinder, as shown in Figure 4b. The stress sensor and collection
system used a centralized 20 core lead input and output, and then transmitted the col-
lected data to the computer in real-time through wireless signals. The arrangement of the
right-angle strain pattern on the cylinder surface is shown in Figure 5. There was a total
of 6 test sections, with 12 test points arranged for each section. The placement method of
the right-angle strain pattern was as follows: the positioning reference of the patch was
the midpoint of the 45° patch, and the patch was parallel to the axis of the pipe capsule.
This patch positioning scheme can minimize the inherent measurement error of the right-
angle strain pattern [20].

(a) [ | -

P
Igl

10 (L2075 10

pipe wall

Figure 5. Layout of stress measurement points. (a) Cross section distribution; (b) test points on each
test section.
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By using the stress sensor, the line strains of 0°, 45°, and 90° in 3 directions could be
measured and substituted into the formula:

E T+ E E —E& X
g, =—+—>cos 2a+&sm 2o (1)
2 2 2
As £, € b and Ve - According to Formula (2), the maximum and minimum strains can
be obtained.
E +E E E ? ’
) EVE L NETE Ty @)
E .
e 2 2 2

Finally, based on the generalized Hooke’s law, the maximum of the shear stress on
the cylinder surface of the pipe capsule can be determined.

E

T =———I(,  —E&,
max 2(1 + ﬂ) ( max mm)
3)
0= 1 arctan Vo
£, —&,

where E and y are the Young’s modulus and Poisson’s ratio of the material for the cylin-
der, respectively.

3. Numerical Calculation

In this study, the Comsol Multiphysics 5.4 was used for numerical calculation. Com-
pared with other CFD software, this software performs a real Multiphysics simulation
direct coupling analysis and can also arbitrarily combine various additional functional
modules.

3.1. Geometric Model

The geometric modeling of the piped capsule moving in the straight pipeline is
shown in Figure 6, where the inlet section was set to 4.5 m, the migration section was set
to 3.0 m, and the outlet section was set to 0.5 m. The geometric modeling of the piped
capsule was a simplification of the physical model, with the same size as the physical
model. The pipeline and cylinder were made out of organic glass, which is a linear elastic
material. Assuming the cylinder was isotropic, we set the model strain to a forced linear
strain, and set the sealing cap and capsule foot as fixed constraints.

(a)
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Figure 6. Geometric model of piped capsule and straight pipe section. (a) Geometric model of piped
capsule; (b) geometric model of straight pipe.

3.2. Governing Equations
3.2.1. Governing Equations in Fluid Domain

The governing equations of the fluid domain were the incompressible continuous
equations and Reynolds-averaged Navier—Stokes equations. For incompressible viscous
fluid, the continuity equation and Reynolds-averaged Navier-Stokes equation under ar-
bitrary Lagrangian description can be expressed as follows:

Vou, =0 (4)

ou.
p_f(%ﬂuf V), =-Vp+V-(u(Vu, +(Vu,) )+ p,g+0kd+f  (5)

where pris the density of the fluid, kg-m=3; uris the time-average velocity of the fluid, m-s™;
tis the time, s; P is the mean pressure, Pa; p is the dynamic viscosity of the fluid, Pa-s; g is
the acceleration of gravity, m-s o is the surface tension constant; k is the surface curva-
ture; and ¢ is the surface Dirac function.

3.2.2. Turbulence Equation

The standard k- model was used for the simulation. Some assumptions were made:
(1) the flow in the pipeline was steady and incompressible; (2) the heat exchange in the
transportation process was not considered; and (3) the gravity effect of the flow in the
pipeline was ignored. The equations of k and ¢ were as follows [21,22].

The turbulent kinetic energy equation:

Py, -Vk :V‘[(ﬂ+%)vk]+f)k — PE (6)

k

The turbulent energy dissipation rate equation:

Hr
O-S

2

E &
prluy-V)e=V-[(u+ )V€]+C£1%B(—C52pf7,g=ep @)

The turbulent eddy viscosity equation:

k2
ﬂT = pC,a — (8)
E

The additional term P of kinetic energy caused by average velocity gradient is calcu-
lated as:

o=, [Vuf ) (Vuf + (Vuf)T)] 9

where Pk is the production term of turbulent kinetic energy k due to the average velocity
gradient; ox is the Prandtl number corresponding to the turbulent flow energy k; o« is the
Prandtl numbers corresponding to the dissipation rate &.
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3.2.3. Governing Equations in Solid Domain

The cylinder of the piped capsule is plexiglass, which is a compressible material.
Therefore, the conservation equation of the solid part can be derived from Newton’s sec-
ond law [23].

V.o, +f, = pd, (10)

MS = ISaS + a)S X (IS' : wS) (11)

where ps is the density of the solid; os is the Cauchy stress tensor; M: is the instantaneous
moment of the piped capsule; I is the instantaneous moment of the inertia matrix of the
piped capsule; wsis the instantaneous angular velocity of the piped capsule, rad-s? f; is

the volume force vector; and d ¢ is the local acceleration vector in the solid domain.

3.2.4. Fluid Structure Interaction

The multi-physical field is a fluid—solid coupling physical field, which was studied
using the built-in fluid-solid coupling interface in the Comsol Multiphysics software. The
fluid coupling interface was turbulent and a standard k-¢. The structural coupling inter-
face was solid mechanics. The fixed geometric coupling type was fully coupled.

3.3. Boundary Conditions

(1) Thenon-slip condition was adopted at the wall boundary. For the first grid node near
the wall, the standard wall function method was used to connect the wall with the
fully developed turbulent region.

(2) The boundary condition of the entrance was “velocity”, which was described by ve-
locity field uo(1,0,0). u used the self-defined theoretical formula.

According to the Reynolds number of different conditions and the inner diameter D,
of the pipeline, the average velocity v, of the pipe flow was calculated.

y Rev
P (12)
D,
By using Nikolay’s formula, we can obtain A:
0.221

According to the relationship between vyand friction velocity u*, u* can be calculated:

u*_\/z

The calculated u* can be substituted into the following formula to express the velocity

u at the inlet of the pipeline:
2 2%
u +z°u
M _57510g ¥ T 455 (15)
u* 14
COMSOL provides a secondary development of various boundary conditions, such

as the Dirchlet boundary condition and flux boundary condition. Here, the flux boundary
condition was selected, and its definition form was:

—n(—cVu—-ou+r)=g—qu (16)

where ¢, a, r, g, and u were self-defined coefficients. Finally, Equation (15) was arranged
in the form of flux boundary conditions, and each coefficient was defined in the corre-
sponding edit box.
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The turbulence length scale Lr and turbulence intensity It were calculated by the fol-
lowing formulas, respectively.

k=2(ul,)? (17)
2
3 3
2 2
e=Cs k2 (18)
LT

(3) The boundary condition of the outlet was “pressure”. Its value was set as the meas-
ured value of the model test [24-27], as shown in Table 1. The backflow was inhibited.

Table 1. Outlet section pressure under different experimental conditions.

Re 105,366 140,488 175,610 210,731
P/Pa 5400 6500 9700 11,200

3.4. Grid Generation

In this paper, the ALE mesh adaptive method was used, which combined the charac-
teristics of the Lagrangian mesh and Euler mesh. The mesh can be fixed in space and can
also move with the material point in any direction.

Tetrahedron was mainly used for the mesh generation, as shown in Figure 7. The
mesh of the whole model was refined. In order to reduce the amount of computation and
simulation time, different sub domain densities were used. The grid size of each subdo-
main is shown in Table 2. The boundary layer of the model included the boundary layer
between the fluid and the inner wall of the pipeline and the boundary layer between the
fluid and the outer wall of the piped capsule. The number of boundary layers was set to
5, the thickness of the first layer was set to 0.0005 m, and the scale factor between layers
was set to 1.2.

o S
e

Figure 7. Grid division of each subdomain.

Table 2. Grid size of each subdomain (mm).

Solid Domain

Grid Size Fluid Domain Cylinder Support Body and Foot
Maximum unit size 5.83 11.8 5.83
Minimum unit size 0.63 8.6 0.63

Maximum unit growth rate 1.1 14 1.1
Curvature factor 0.4 04 04
Narrow area resolution 0.9 0.7 0.9

The transient analysis method was used to solve the pressure variables in the fluid
equation in a time step. Then, the pressure was loaded on the boundary of the solution
domain of the solid mechanics as a boundary load, and the deformation and displacement
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variables of the solid mechanics equation were obtained. The displacement was used to
guide the deformation of the moving mesh, and the new mesh was used to calculate the
fluid of the next time step. The determination of the time step was based on the calculation
process. First, the initial time step was determined using the ratio of the smallest cell size
in the fluid domain to the flow velocity. Then, the time step was adjusted step by step
according to the three principles of the grid movement amplitude, convergence condition,
and computational complexity; and finally, the optimal time step was determined. Ac-
cording to the above method, the best time step was 0.0003 s.

3.5. Design of Conditions

The diameter-to-length ratio of the piped capsule was an extremely important shape
parameter. Five diameter-to-length ratios were selected, and their diameters were all 80
mm. The specific design parameters are shown in Table 3.

Table 3. Design parameters of the operation condition.

Design Parameters Value
Re 105,366/140,488/175,610/210,731
vp (ms?) 1.06/1.41/1.77/2.12
€ 1.0, 0.8, 0.67, 0.53, 0.4
E (Pa) 11.2 x 10°
Vs 0.49
G (kg) 0.5

Note: Re is the Reynolds number of the pipe flow; E is the Young’s modulus of the organic glass; vs
is the Poisson’s ratio of the organic glass; and G is the load of the piped capsule.

4. Verification of Simulation Results

In order to verify the rationality and accuracy of the established model, we compared
and analyzed the numerical simulation results with the experimental results for the mov-
ing average speed, the axial velocity, and the shear stress along the cylinder wall, respec-
tively.

4.1. Transportation Speed of Piped Capsule

Figure 8 shows the comparison chart for the numerical simulation and test results of
the average speed of the piped capsules with diameter-to-length ratios of 0.4 and 0.53 at 4
different Reynolds numbers. It can be seen that the results of both were basically con-
sistent. When the Reynolds number was 105,366, the relative errors of the two models
were 13.18% and 10.06%, respectively, while under other Reynolds numbers, the relative
errors were less than 6.96%. When the Reynolds number was small, the test results were
lower than the simulation results; while, when the Reynolds number was large, the test
results were greater than the simulation results. Comparing the migration velocity of these
two types of piped capsule, the transportation speed of the piped capsule with the diam-
eter-to-length ratio of 0.4 was slightly higher than that of the piped capsule with the di-
ameter-to-length ratio of 0.53 at the same Reynolds number. The transportation speed of
the two types of piped capsule in the straight pipe section increased with the increase in
the Reynolds number.
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Figure 8. Comparison between simulation results and experimental results of the average velocity
of the piped capsule.

4.2. Axial Velocity

Figure 9 shows the comparison between the numerical simulation and the PIV exper-
imental axial velocity along the cylinder wall under the same operating conditions after
the flow field stabilized. The diameter-to-length ratio was 0.53, and the Reynolds number
was 175,610. The top position of the annular gap was selected, and the distance 6 from the
cylinder wall was 2 mm, 4 mm, 6 mm, and 8 mm, respectively. The maximum relative
error was 2.62%. It can be seen from the figure that the closer the position was to the cyl-
inder wall, the greater the axial velocity. At the rear end of the piped capsule, when 6 <6
mm, the water flowed around the rear end into the annular gap, and the axial velocity
increased suddenly. However, when 6 > 6 mm, the flow around the rear end of the piped
capsule had little effect on the axial velocity. At the front end of the piped capsule, when
0 =2 mm, the axial velocity of the water flow near the front end first increased and then
decreased. When 6 > 2 mm, the axial velocity of the water flow at this position first de-
creased and then increased.

Moreover, the farther away from the cylinder wall, the faster the increase in the axial
velocity of the water flow at the front end of the piped capsule. This was mainly due to
the influence of the feet at the front end of the piped capsule and the cylinder. The farther
away from the cylinder wall, the easier it was for the water flow to bypass the capsule feet,
so the greater the axial velocity at this position.



Water 2023, 15, 2306

11 of 23
——— simulation m experiment

1.80 1.804

1.754 1.754
T 170] ® =5 7 1704
> 1654 = 1651
= £ M)
£ 1.601 S 1.60 = u
o o
- - .
5 1957 Z 1554
5 1.504 %5 1.504

1.45+4 1.454

1.40 +——— , : . : — . 1.40 +— : : : . , r . )

0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
X/mm X/mm
(a) 6 =2mm (b) 6 = 4mm

1.804 1.804

1.754 1.754
= -
2 1704 7 1704
2 1651 21651
= 1.60- = 1.60-
> u M >
5 1554 A = 1551
z %
S 150 S 1.50

1.45- 1.45-

L404+— T T T T T T T ] 140 +— T T T T T T T 1

0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
X/mm X/mm
(¢) 0 = 6mm (d) 6 = 8mm

Figure 9. Comparison between the simulation results and the experimental results of the axial ve-
locity along the cylinder wall.

4.3. Wall Shear Stress

Figure 10 shows the simulated and experimental results of the wall shear stress along
the cylinder when the piped capsule with the diameter-to length-ratio of 0.53 moved in
the straight pipe section at Re = 175,610. Due to the limitation of the experimental condi-
tions, the maximum relative error was 20.13%, the minimum relative error was 7.53%, and
the average relative error was 11.02%. The chart shows that the simulation results well-
supplemented the lack of experimental data near the front and rear end faces of the piped
capsule, especially for the positions that could not be measured in the experiment, such
as near the front and rear ends of the cylinder. From the simulation results, it can be seen
that this position was the area with a large wall shear stress. Figure 10 also shows that the
magnitude and distribution of the wall shear stress of 6 = 0° and 6 = 120° were similar, the
maximum shear stress on the cylinder occurred near the front and rear sections, and the
shear stress along the wall of the piped capsule was stable at other positions.
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Figure 10. Comparison between simulation results and experimental results of the wall shear stress
along the cylinder wall.

5. Results and Analysis
5.1. Flow Field Analysis

In the straight pipe section, when the piped capsule entered the stable migration
state, the fluid velocity of the flow field changed very little, but the pressure was unsteady.
Therefore, when analyzing the flow field of the piped capsule moving in the straight pipe
section, the pressure changed at different times for the same piped capsule, and the veloc-
ity changed when the piped capsules with different diameter-to-length ratios were com-
pared moving to the same position.

5.1.1. Pressure Analysis

Figure 11 shows the pressure distribution at 4 typical times when the ¢ was 0.53 and
Re was 175,610. When t = 0.7 s, the pressure of the rear end face of the piped capsule was
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close to the upstream pressure, and when the water reached the rear end face, the water-
passing section suddenly shrank. Due to the fluid inertia, the separation occurred on the
surface of the piped capsule near the rear end face, and a large suction was generated on
the surface of the piped capsule in this area [28,29]. Under the action of suction, the water
flowed to the annular gap so that the pressure in the annular gap area gradually de-
creased. When the water flowed near the front end of the piped capsule, the cross-section
of the water flow expanded, the pressure rose slightly, and the movement in the down-
stream area was close to a parallel flow. Then, under the action of the differential pressure
of water flow at the front and rear ends of the piped capsule, the movement was acceler-
ated. When t = 0.9 s, the pressure difference between the front and rear ends of the piped
capsule decreased with the increase in the transportation speed of the piped capsule.
When t=1.1s, it can be seen from the figure that when the piped capsule pushed the water
forward, the pressure at the rear end area of the piped capsule was low. When the water
flowed through the annular gap area, the space became smaller, and the pressure rose.
After passing through the front end, the water flow was similar to the conventional pipe
flow and the pressure gradually decreased, while the water near the front end was pushed
forward by the piped capsule, so the pressure increased. When t =1.2 s, the piped capsule
started to decelerate again under the action of water viscosity and friction. Therefore,
when the piped capsule moved in the straight pipeline under the interaction of the water
flow, the pressure of the water flow near the piped capsule changed periodically.

50 1.14 X 10°Pa

Z/mm

1.12

5800 5900 6000 6100 6200 6300 6400 6500
X/mm 1.10

1.08

6200

Ymm I 1.06

1.04

1.02

6900 7000 7100 7200
X/mm

7200
X/mm

Figure 11. Pressure distribution in XZ plane at different times. (a) t=0.7s, (b) t=0.9s, (c) t=1.1s,
(d)t=12s.

It was precisely due to the non-constant changes in the water flow pressure in the
pipeline that the instantaneous velocity of the piped capsule fluctuates within a certain
range during the piped capsule movement in a straight pipeline section, and the fluctua-
tion value of the velocity is not significant, as shown in Figure 12. This further confirmed
that the pressure change of the piped capsule during the stable migration in a straight
pipe section is not very drastic.
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Figure 12. The instantaneous velocity curve of the piped capsule (¢ = 0.67, Re =175,610).

5.1.2. Analysis of Axial Velocity

Figure 13 shows the XZ plane and XY plane axial velocity distribution of piped cap-
sules with different diameter-to-length ratios moving in the straight pipeline. It shows
that the smaller the diameter-to-length ratio, the higher the flow velocity of the water in
contact with the piped capsule. For the annular gap flow, the velocity of the flow closest
to the outer wall of the piped capsule increased with the decrease in diameter-to-length
ratio, whereas the velocity of the gap flow in other areas decreased with the decrease in
diameter-to-length ratio. The main reason was that with the decrease in the diameter-to-
length ratio of the piped capsule, the average transportation speed of the piped capsule
increased —that is, the relative velocity of the water flow and the piped capsule increased.
According to the conservation of mass, the average velocity of the annular gap flow de-
creased with the decrease in the diameter-to-length ratio. It can also be seen from Figure
13 that the axial velocity of the flow upstream and downstream of the pipeline was almost
unchanged with the decrease in the diameter-to-length ratio of the piped capsule.

From the axial velocity distribution diagram in the XY plane, we can see that the an-
nular gap flow had a low velocity area near the inner wall of the pipe. At the location near
the wall of the capsule cylinder, the water flow velocity was slightly lower than the aver-
age velocity of the pipeline water flow. These two phenomena are consistent with the
boundary layer theory.



Water 2023, 15, 2306

15 of 23

50
g
FE‘ 0
—50 2. 0ms!
6800 6900 7000 7100 7200 7300 7400 7500
X/mm
50
g
é 0
-50 1.5
6800 6900 7000 7100 7200 7300 7400 7500
X/mm
50
g
é 0
—50 1.0
6800 6900 7000 7100 7200 7300 7400 7500
X/mm
50
g
é 0
-50 0.5
6800 6900 7000 7100 7200 7300 7400 7500
X/mm
0

7300 7400 7500

(@) (b)
(d)

(e)
Figure 13. Axial velocity distribution. (a) € = 1.0, (b) ¢ = 0.8, (c) € =0.67, (d) ¢ =0.53, (e) € =0.4.

Figure 14 shows the XZ plane and XY plane circumferential velocity distribution
when the piped capsules with different diameter-to-length ratios moved in the straight
pipe section. Larger circumferential velocity values mainly appeared in the lower area of
the rear end face of the piped capsule and the area where the upper part of the front end
face connected with the support foot of the piped capsule, and the circumferential velocity
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in the latter area was slightly greater than in the former. The minimum value of circum-
ferential velocity appeared in the symmetrical region. It can also be seen from the figure
that both the maximum and minimum values of the circumferential velocity gradually
increased with the decrease in the diameter-to-length ratio. Its absolute value increased
gradually. The results showed that the circumferential velocity of the flow near the piped
capsule was greater than the average circumferential velocity of the flow in the pipeline,
and the velocity difference between the two increased with the decrease in the diameter-
to-length ratio of the piped capsule. With the decrease in the ratio of diameter-to-length,
the circumferential velocity of upstream and downstream pipe flow was almost constant.
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(d) (e)

Figure 14. Circumferential velocity distribution. (a) ¢ =1.0, (b) ¢ =0.8, (c) € =0.67, (d) ¢ =0.53, (e) €
=04.

It can be seen from the circumferential velocity distribution map of the XY plane that
the circumferential velocity was relatively high and positive near 330°, and the maximum
negative value appeared near 30°. These two positions were symmetrical around the top
support foot of the capsule, and it was precisely due to the blocking effect of the support
foot on the water flow that the flow around the area near the support foot occurred,
thereby affecting the circumferential velocity near the support foot.

5.1.3. Analysis of Radial Velocity

Figure 15 shows the XZ plane and XY plane radial velocity distribution of the piped
capsules with different diameter-to-length ratios moving in the straight pipeline. Accord-
ing to the figure, the radial velocity of the pipe flow was very low, and its range was
—0.081~0.066 m/s. Similar to the axial and circumferential velocity, the radial velocity of
the flow around the piped capsule was greater than that in other areas and increased with
the decrease in the diameter-to-length ratio. The radial velocity of the upstream and
downstream flow of the piped capsule was little influenced by the decrease in the diame-
ter-to-length ratio of the piped capsule. The figure also shows that the change in the radial
velocity near the inner wall of the pipe and the outer wall of the piped capsule was larger
than that in the central area of the pipe flow, which indicates that the turbulence intensity
of the flow in these areas was greater.
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Figure 15. Radial velocity distribution. (a) € = 1.0, (b) ¢ = 0.8, (c) £ =0.67, (d) € =0.53, (e) £ =0.4.

It can be seen from the radial velocity distribution diagram on the XY plane that the
radial velocity of the piped capsules with different diameter-to-length ratios had basically
the same change law. The radial velocity had a large, positive value on both sides of the
0° position and around the 150° and 210° positions. The 0° position was the position of the
support foot, and the 150° and 210° positions were located between the lower 2 support
feet. Therefore, the water flowed from the inner circle to the outer circle along the radius
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direction of the pipeline, and the flow velocity showed a gradually increasing distribution
pattern from the inner circle to the outer circle.

5.2. Analysis of Wall Shear Stress

Figure 16 shows the distribution of the wall shear stress. The range of the wall shear
stress of the piped capsule cylinder was 0~400 Pa, and the area with the high wall shear
stress was mainly concentrated on the front and rear ends of the cylinder and the plugs,
especially in the rear area of the piped capsule feet. It can be seen from the previous anal-
ysis that when the piped capsule moved in the straight pipe section with the decrease in
the diameter-to-length ratio, the average velocity of the annular gap water flow decreased,
as shown in Figure 13. Therefore, with the decrease in the ratio of diameter-to-length, the
shear stress on the cylinder wall also decreased. It also showed that the wall shear stress
on the surface of the thin-walled quadrangular prism connecting the cylinder was greater.
This was mainly affected by the cylinder-like flow, which can be seen as the flow around
the cylinder perpendicular to the direction of the incoming flow. The vortex region was
formed behind the cylinder-like flow. Combined with the influence of the front and rear
ends of the piped capsule, a complex flow region was formed at this position.

600 Pa

500

400

1300

200

100

]
Figure 16. Wall shear stress distribution. (a) ¢ = 1.0, (b) ¢ =0.8, (c) ¢ =0.67, (d) € =0.53, (e) ¢ = 0.4.

5.3. Energy Consumption Characteristics

As a new type of transportation mode, piped capsule hydraulic transportation
should not only consider the safety of operation, but also pay attention to its economy.
The energy consumption of the piped capsule moving in the straight pipe section included
two parts: the energy consumption of water flowing along the straight pipe section and
the increased energy consumption due to the existence of the piped capsule. Because the
energy consumption of water flowing along the straight pipe section was equal under the
same working conditions, only the increased energy consumption of the piped capsule
was discussed here.

When the piped capsule ran in the straight pipe section, the increased energy con-
sumption can be expressed as:

Emove = Om X Rmove (19)

where Qw is the water flow rate in the pipeline, m3/h; hmoe is the energy consumption of
the piped capsule moving in the straight pipe section, which was composed of two parts:
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the friction loss between the pipeline water flow, and the piped capsule and the friction
loss between the piped capsule feet and the inner wall of the pipeline, m.
(v, —k’v,)’
hmove = gmovel p— + §I7IOV62
2g

2
(v.=v,)
2g
where vy is the average velocity of the pipeline water flow, m/s; v. is the transportation
speed of the piped capsule, m/s; and Cmowe1 and Cmovez are the resistance coefficients of the

piped capsule moving in the straight pipe section, which can be expressed by the follow-
ing formula:

(20)

kA
Gmovel = g(l_—zz)g (21)
ek’ A
gmoveZ = (W_ 1)2 + (1 _ k26)3 (22)

where ¢ is the diameter-to-length ratio of the piped capsule, ¢ = Dc/Lc; ¢ is the contraction
ratio of water flowing into the pipe section where the piped capsule was located, 1 = A/(A
— Ac) =1/(1-k?); and k is the ratio of the diameter of the piped capsule to the inner diameter
of the pipeline, k = D/Dp. Ay and Ac are the friction coefficients of the inner wall of the
pipeline and the wall of the piped capsule, respectively, and both are related to the char-
acteristic length—that is, the hydraulic radius. A, is a function of the Re, related to the
inner wall of the pipe, and A is a function of the Re: related to the gap flow on the cylinder
wall. Rey and Rec are calculated according to Equations (23) and (24), respectively.

1-k)D
ep :Qv‘l (23)
1%
D (1-k
Re, ZM(VC —v, (24)
1%

By substituting Re, and Re: into Equation (25) or looking for the moody diagram, the
friction coefficients Apand Ac of the wall can be calculated.

1 A 21.25

Table 4 lists the energy consumption values of the piped capsules with different di-
ameter-to-length ratios when the Reynolds number was 175,610. It can be seen that under
this Reynolds number condition, the energy consumption of the piped capsule with the
diameter-to-length ratio of 0.4 was the lowest.

Table 4. Energy consumption of the moving piped capsule in the straight pipe section with the
Reynolds number Re = 175,610.

& Rec REp Ac Ap Cmovel Cmnsz hmove (m) Emove (W)
1.0 45,879 5759 0.0213 0.0363 0.62 3.45 0.122 6.10
0.8 38,707 10,349 0.0222 0.0307 0.66 3.54 0.090 4.50

0.67 32,087 14,586 0.0231 0.0281 0.72 3.64 0.065 3.25
0.53 23,812 19,882 0.0248 0.0260 0.83 3.80 0.042 2.10
0.4 20,502 22,001 0.0258 0.0253 1.09 4.04 0.037 1.85

However, in the process of transportation, not only the total energy consumption,
but also the “quantity” of materials should be considered, due to the wide range of mate-
rials transported by piped capsule—including solid, liquid, and gas. Therefore, the
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volume V. of the cylinder was used to express the transportation volume, so the energy
consumption per unit volume of material could be expressed as:

AEmove = Emove/Ve (26)

The volume V. of the cylinder can be expressed by the following formula. Here, the
wall thickness of the cylinder and the volume occupied by the front and rear sealing co-
vers of the piped capsule were ignored.

v.="DxL 27)
C 4 c c

Figure 17 shows the energy consumption per unit volume of the piped capsules with
different diameter-to-length ratios moving in the straight pipe section when the Reynolds
number was 175,610. It can be seen that the energy consumption per unit volume of the
piped capsule with the diameter-to-length ratio of 0.4 was the lowest, and the energy con-
sumption per unit volume of the capsule with the diameter-to-length ratio of 1.0 was the
highest.
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; I
1.00 0.80 0.67 0.53 0.40

&

Figure 17. Energy consumption per unit volume of the piped capsules with different diameter-to-
length ratios (Re = 175,610).

In the process of transporting materials, the transportation cost should not only min-
imize the energy consumption per unit volume, but also consider the transportation effi-
ciency —that is, the time cost. To lower the time cost, the larger the transportation volume,
the better. Therefore, the conveying efficiency was expressed by the conveying volume of
the cylinder. The larger the conveying volume of the cylinder, the higher the hydraulic
conveying efficiency of the piped capsule. Thus, the optimal piped capsule type can be
obtained by calculating maxW.

1
= 28
max W = max (VCXAE) (28)
It can be seen from Table 5 that under the research conditions, the diameter-to-length

ratio of the piped capsule was 0.4—that is, the piped capsule with Dc x L= 80 mm x 200
mm was the superior model under this study.
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Table 5. The values of different piped capsules.
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6. Conclusions

In this paper, numerical simulation and experimental verification were used to ana-
lyze the fluid structure interaction between the fluid domain and the solid domain of a
piped capsule when it moved in a straight pipe section, and its dynamic characteristics
and energy consumption characteristics were analyzed. The main conclusions were as fol-
lows:

(1) The simulated values of the average transportation speed, axial velocity, and wall
shear stress along the cylinder wall were basically consistent with the experimental
values, and the maximum relative errors were 13.18%, 2.62%, and 20.13%, respec-
tively.

(2) Flow field characteristics: When the piped capsule moved in the straight pipe sec-
tion, the pressure of the water flow near the piped capsule changed periodically. The
results showed that the average axial velocity of annular crevice flow was less than
that of the pipeline flow; the decrease in the diameter-to-length ratio of the piped
capsule caused the axial velocity of water flow around the piped capsule to decrease
gradually, while the circumferential velocity and radial velocity increased gradually.

(3) Mechanical characteristics: The shear stress on the cylinder wall was mainly concen-
trated on the front and rear ends of the cylinder wall, especially in the rear area of the
capsule foot. With the decrease in the diameter-to-length ratio of the cylinder, the
shear stress also decreased.

(4) By analyzing the energy consumption of the piped capsule moving in the straight
pipe section, it was concluded that the superior diameter-to-length ratio was 0.4 in
this study.

(5) The current research only focused on the dynamic characteristics of the capsule dur-
ing stable transport in a straight pipe section; therefore, the acceleration process and
the dynamic characteristics of the climbing and curved sections need to be studied.
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