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Abstract: The hydraulic capsule pipeline (HCP) is an eco-friendly and sustainable pipeline transport
option. The freight-carrying capsule is driven by hydraulic pipe flow. Fluid drag is generated by
the principal dynamic force effect on the capsule, which could influence the capsule’s motion speed.
To make the HCP more efficient, a transient model for the hydrodynamic force in an HCP was
developed in this study. From a numerical simulation, the coherent vortex structures of fluctuating
modes were observed, and the velocity iso-surfaces of the coherent vortex of the wake flow exhibited
an annular trend in circumferential connection. Then, the hydrodynamic force was analyzed: the
steady component and transient component were resolved, and the general trend in forces in terms
of the transient components was that the maximum amplitude of forces reduced with an increase in
mode order. Through short-term Fourier transform, the frequency components and their variations
in terms of the entire time range could be acquired. The transient model in this study provided a
perspective to build the connection between the flow structures and the hydrodynamic force. By the
transient model, the transient component of hydrodynamic force can be explained as the fluctuation
of coherent vortex structures.

Keywords: sustainable transport; hydraulic capsule pipeline; hydraulic engineering; pipeline

1. Introduction

Most areas of the world have adopted modes of transport such as trains and trucks for
transporting freight [1]. However, some of the associated problems concerning pollution
in the environment and the use of non-renewable fuels have become more serious [2],
especially in urbanized areas and areas with sensitive ecosystems [3]. Increasing attention
has been focused on sustainable transport that is eco-friendly.

In terms of the eco-friendly and sustainability aims of transport, some studies have
been conducted. Xue et al. [4] proposed a model to analyze the spatial and temporal
characteristics and dynamic processes of carbon emissions among the transport options
between cities. Regarding urban transport in cities, electric vehicles have been proposed as
the most sustainable and least polluting transport option when analyzing the economic
and environmental criteria [5]. The authors of [6] have previously shown that transport
via railways and waterways has a lower effect on the environment and lower costs than
road transport. Concentrated transport methods are considered to be more sustainable
than distributed transport methods, especially between cities.

Pipeline transport has received increased attention in relation to concentrated transport.
The use of slurry pipelines [7], gas pipelines [8], and oil pipelines [9] between cities, and
even between countries, can be associated with huge economic and social efficiency. But
there are still problems, such as the leakage of pipelines or explosion attacks, which
may result in huge economic losses and pollution in the environment [10]. In order to
meet the eco-friendly request, some monitoring methods for potential leakages have been
proposed [11]. Furthermore, some limitations of these pipeline transport options still exist,
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including the sewage from slurry pipelines being difficult to treat. In addition, it is still
unclear as to how parcels could be delivered using a pipeline transport method. The
hydraulic capsule pipeline (HCP) is one of the more sustainable pipeline transport methods.
By using clean energy produced by hydropower or the potential energy from a water
reservoir, problems such as air pollution, noise pollution, and damage to the ecosystem can
be avoided [12], and carbon emissions can be reduced. The capsules of the HCP contain
freight, so the water in the pipe and the freight are separated by the capsule. The water and
the capsules can be recycled.

Similarly, the HCP is filled with a water medium between the surface of the capsules
and the inner boundary of the pipe. The pressurized pipe flow pushes the capsule and
creates motion [13,14]. Therefore, the hydrodynamic force surrounding the capsule is the
main issue concerning HCP transport. A pressure difference function was developed by
connecting with the motion speed of a capsule in an HCP system; the numerical result
shows that the friction component (viscous force) was nearly three orders of magnitude
less than the pressure difference component [15]. While the capsules were separated by
induction devices, the dynamic forces of the capsules’ motion were studied by theoretical
analysis [16]. A general quantitative model was developed [17], and the model was used to
estimate the overall conditions such as the costs, time, and distance required. Specifically,
the fluid drag was the principal dynamic force on the capsule, as it could influence the
motion speed of the capsule, and subsequently, the transport efficiency. To sum up, fluid
drag is the key factor in terms of the transport efficiency of an HCP system [18].

Some studies have focused on the fluid drag of the capsule in an HCP system. Early
in 1983, it was found that the fluid drag was the main force acting on the capsule [19]. The
fluid drag is produced by the pressure difference induced by the wake vortex of the capsule.
Some semi-empirical formulae of the time-averaged pressure difference close to the capsule
have been developed for quantifying the fluid drag [20]. These semi-empirical formulae
aimed to calculate the pressure component acting on the capsule by assuming the pressure
difference was steady while the capsule was in motion. To conclude, these methods for
calculating the fluid drag used the same theory of integral stresses on the capsule surface
to estimate the force.

However, there is one problem with these time-averaged treatments of the pressure
difference or friction stress. The pipe flow in an HCP system has a large Reynolds number,
meaning that the flow around the capsule is fluctuating [21], and the wake vortex and the
capsule motion speed show strongly transient characteristics. While the time-averaged
treatment leads to steady results in terms of the fluid drag force and the capsule motion
speed, there is a true necessity to model the fluid drag in terms of a transient view. However,
the time-averaged treatment could not connect the fluid drag with the spatiotemporal
evolution of the wake vortex. The transient model of the fluid drag is expected to have a
distinct connection to the spatiotemporal evolution of the wake vortex. This is the main
problem concerning the transport efficiency for each type of HCP system.

For the reasons stated above, a new model method has been proposed in this study.
The remainder of this paper is structured as follows. The theorical deduction is shown
in the Section 2. The physical experiment and numerical simulation setup is shown in
Section 3. The results are analyzed in Section 4. Finally, the conclusion is presented in
Section 5.

2. Transient Model for the Hydrodynamic Force
2.1. Fundamental Equation of Rigid-Body Dynamics

The dynamic force description of the capsule motion in an HCP can be expressed as a
bluff rigid-body motion in the pipeline. Given the constraints of the capsule, rail, or other
constraints, the capsule can only move axially along the pipeline axis. Therefore, there
is one degree of freedom in the axial direction for the capsule. In the inertial frame, the
motion of the capsule can be described by the Euler equation of rigid-body dynamics.
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mC

(
dVC
dt

)
= Faxis (1)

Here, mc is the total mass of the capsule; VC is the axial speed of the capsule; t is the
time; and Faxis is the resulting force on the capsule.

In particular, the resulting force can be divided into the frictional resistance (between
the capsule and the pipeline boundary) and the fluid drag force (produced by the flow
around the capsule). Therefore, Equation (1) can be written as:

mC

(
dVC
dt

)
= DC + µ f · FN (2)

Here, µf·FN is the frictional resistance; µf is the frictional coefficient; FN is the support-
ing force; DC is the fluid drag.

Actually, the frictional resistance is the product of the friction coefficient and the total
supporting force. The supporting force is complex; besides the supporting force for the
weight, the fluid lift force is also a component of the total supporting force. Therefore,
Equation (2) should be written as:

mC

(
dVC
dt

)
= DC + µ f · (mC · g + LC) (3)

Here, g is the gravitational acceleration; LC is the fluid lift force.

2.2. Far-Field Resolution of the Hydrodynamic Force

The far-field resolution method used to calculate the hydrodynamic force was devel-
oped based on aerodynamics [22,23]. The fundamental theory is the momentum theorem:
the momentum difference in the object in the short term equals the force acting upon it.
Therefore, the momentum difference should be measured in the upstream section and
the downstream section. However, most examples have a uniform upstream flow, so
the momentum distribution on the upstream section can be acquired directly [24], while
the momentum distribution must be measured on the downstream section [25]. As the
momentum distribution is measured on the downstream section of the wake zone of the
bluff body, using the far-field resolution to calculate the hydrodynamic fore is usually called
the wake plane integral method [26].

According to the far-field resolution method, the control volume is set as a cylindrical
region, as shown in Figure 1. The downstream section of the control volume is set as one
characteristic length from the capsule, and the characteristic length is the capsule length in
the axial direction. The velocity distribution of the downstream section is U(u1,v1,w1) and
the static pressure is P1 in Cartesian coordinates under the inertial frame. The upstream
section is deployed as one characteristic length from the capsule, the velocity distribution
is the pipe flow velocity distribution U(u0,v0,w0), and the static pressure is P0. Therefore,
the hydrodynamic force is calculated using the far-field resolution method, which can be
written as:

FC =
∫

S1

[
ρ

(
U1 ·

→
U1 −U0 ·

→
U0

)
+ (p1 − p0) ·

→
n
]

dS (4)

Here, FC is the hydrodynamic force acting on the capsule, and S is the surface of the
control volume.
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2.3. Reduced-Order Method

The hydrodynamic force can be calculated using the far-field resolution method,
written as in Equation (4). This means we can use the reduced-order method to model
the hydrodynamic force. The reduced-order method was proposed by Lumely [27], who
used the proper orthogonal decomposition (POD) method to resolve the flow velocity
field, and acquired the mode functions of the flow velocity field and the time coefficients
corresponding to the mode functions. Then, they used the Galerkin method to reconstruct
the flow velocity field with part of the mode functions. As the flow field is turbulence
flow, the flow has a large number of degrees of freedom and is hard to model. Using the
reduced-order method, the flow velocity field can be expressed by a few mode functions,
and these mode functions can capture most of the flow turbulence characteristics and
energy. The POD method process can be found in [21,28]. Here, we have only provided the
velocity reduced-order model as:

u(x, t) =
L

∑
l=1

al(t) · ϕl(x, y, z) (5)

Here, u is the velocity in the flow field site at time t; ϕl is the mode function of the flow
velocity field; and al(t) is the time coefficient corresponding to the mode functions.

Furthermore, we have proposed using the discrete Fourier transform (DFT) method
to resolve the time coefficients in the time dimension. Using the DFT method, the time
coefficients can be transformed from a time dimension to a frequency dimension. The DFT
method for the time coefficient can be written as:

Al(k) = DFT[al(t)] =
N−1

∑
t=0

al(t)Wkt
N (6)

Here, Al(k) is the frequency coefficient corresponding to the mode functions; k is the
frequency; WN = e−2πj/N; N is the number of signal sampling points used in the DFT
method. The DFT method can be accomplished by short-term Fourier transform (STFT).
Then, the transient characteristics can be acquired.

2.4. Transient Model for Dynamic Force

Using Newton’s second law of motion–force and acceleration, the capsule motion has
been described as the sum of frictional resistance and fluid drag. The fluid drag and the
fluid lift in the total supporting force are the components of the hydrodynamic force. They
can be expressed as the wake plane integral on the downstream section using the far-field
resolution method.

mC

(
dVC
dt

)
= µ f ·mC · g

+

[∫
S1

ρ

(
U1 ·

→
U1 −U2

0

)
dS + (p1 − p0) · S

]
·
(→

n + µ f ·
→
τ
) (7)
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Here, the vector n is the normal vector and the positive direction is the external
normal direction; the vector τ is the tangential vector and the positive direction is the
upward direction.

Then, the flow velocity field in the wake plane integral can be resolved by the POD–
Galerkin method, and the Euler equation of rigid-body dynamics can be written as the
reduced-order type:

mC

(
dVC
dt

)
= µ f ·mC · g

+

[∫
S1

ρ

(
U1 ·

L
∑

l=1
al(t) · ϕl(x, y, z)−U2

0

)
dS + (p1 − p0) · S

]
·
(→

n + µ f ·
→
τ
) (8)

The time coefficients can be transformed into the frequency coefficients. Finally, the
transient model for the dynamic force of the capsule in an HCP system can be written as:

mC

(
dVC
dt

)
= µ f ·mC · g

+


∫

S1
ρ

[
U1 ·

L
∑

l=1

(
N−1
∑

t=0
Al(k) ·W−kt

N

)
ϕl(x, y, z)−U2

0

]
dS

+(p1 − p0) · S

 · (→n + µ f ·
→
τ
) (9)

3. Experiment and Numerical Method

For testing and verifying the transient model of the fluid drag of a capsule, an HCP
experiment system has been built using pipe flow drive. For measuring the flow generally
and distinctly, the experimental system used was a scaled model of the real application.

3.1. Research Conditions

The physical experiment system was driven by pipe flow; therefore, a pipeline was
deployed for creating a pressurized flow field, and the diameter of the pipe was 100 mm.
The flow conditions were designed as Q = 40 m3 h−1 and Q = 60 m3 h−1, so the Reynolds
numbers of the pipe flow were 140487.3 and 210731.0, respectively, at 293.15 K (calculated
by pipe diameter). Then, three types of capsules were designed as cylindrical capsule.
The diameters of the capsules were 60 mm, 70 mm, and 80 mm, and the lengths of the
capsules were all 150 mm. Then, the frictional coefficient µf was 0.25. The diameter ratio η
was introduced into the study, which is the ratio between capsule diameter and pipeline
diameter. In order to maintain the cylindrical capsule so that it was concentric with the
pipe, supporting bars were attached to the capsule, and the loading weights of the capsules
were all designed to be 20 N. The cylindrical capsule is shown in Figure 2, and the research
conditions are shown in Table 1.
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Table 1. The conditions of the wheeled capsule with different diameter ratios under the flows of
Q = 40 m3 h−1 and Q = 60 m3 h−1.

Item Parameters

Flow conditions Q = 40 m3 h−1 and Q = 60 m3 h−1

Diameter ratios η = 0.6, η = 0.7, η = 0.8

Other parameters mc·g = 20 N, lC = 150 mm, µf = 0.25

Q = 40 m3 h−1

η = 0.6
Q = 40 m3 h−1

η = 0.7
Q = 40 m3 h−1

η = 0.8

Q = 60 m3 h−1

η = 0.6
Q = 60 m3 h−1

η = 0.7
Q = 60 m3 h−1

η = 0.8

3.2. Physical Experimental System

The system parts are given in Figure 3. The first part is the turbine device used for
creating pressurized flow, and the second part is the magnetic flowmeter used to regulate
the flow condition. The third part is the investing device used for the capsule and the
fourth part is the launching device used to control the release of the capsule. The fifth
part includes the measuring devices used for measuring the flow field. The sixth part is
the pipeline used to maintain the pipe flow. The seventh part is the fixed device used to
stabilize the system. The eighth part is the circulating tank, and the ninth part is the rectifier.
The measuring sections are set away from the turbine device to provide uniform flow.
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In the experiment, firstly, we set up the capsule and put it into the pipe using the
investing device. Then, we turned the power on and regulated the flow to meet the research
condition. Next we turned the measuring device on and released the capsule. The capsule
moved through the measuring pipe, and the measuring devices measured the flow field
around the motion capsule. The measuring device used particle image velocimetry (PIV),
and the uncertainty analysis was conducted according to [21].

3.3. Numerical Simulation

The numerical simulation was conducted using ANSYS Fluent (2019 R2). The calcula-
tion domain was the fluid between the straight pipeline and the capsule, as is shown in
Figure 4. (1) The inlet zone was the velocity inlet boundary, and the velocity inlet distri-
bution was defined by the logarithmic distribution of the pipe flow field. The turbulence
intensity was input by the turbulence intensity of the pipe flow field measured in the
physical test, and the hydraulic diameter was given by the pipe diameter. (2) The outlet
zone was correspondingly defined as the pressure outlet boundary. (3) The stationary
pipeline was defined as a fixed wall boundary. (4) The capsule wall was defined as the
moving wall boundary. The motion speed of the moving wall was input as a product of
the capsule motion speed measured in the physical experiments. The WMLES turbulence
model was adopted in the large eddy simulation in this study. More details of the numerical
simulation can be found in [29].



Sustainability 2023, 15, 15575 7 of 14

Sustainability 2023, 15, x FOR PEER REVIEW 5 of 11 
 

 
Figure 3. The physical experimental schematic of the scaled model for an HCP system. (The red box 
contains the measuring devices). 

In the experiment, firstly, we set up the capsule and put it into the pipe using the 
investing device. Then, we turned the power on and regulated the flow to meet the re-
search condition. Next we turned the measuring device on and released the capsule. The 
capsule moved through the measuring pipe, and the measuring devices measured the 
flow field around the motion capsule. The measuring device used particle image veloc-
imetry (PIV), and the uncertainty analysis was conducted according to [21]. 

3.3. Numerical Simulation 
The numerical simulation was conducted using ANSYS Fluent (2019 R2). The cal-

culation domain was the fluid between the straight pipeline and the capsule, as is shown 
in Figure 4. (1) The inlet zone was the velocity inlet boundary, and the velocity inlet dis-
tribution was defined by the logarithmic distribution of the pipe flow field. The turbu-
lence intensity was input by the turbulence intensity of the pipe flow field measured in 
the physical test, and the hydraulic diameter was given by the pipe diameter. (2) The 
outlet zone was correspondingly defined as the pressure outlet boundary. (3) The sta-
tionary pipeline was defined as a fixed wall boundary. (4) The capsule wall was defined 
as the moving wall boundary. The motion speed of the moving wall was input as a 
product of the capsule motion speed measured in the physical experiments. The WMLES 
turbulence model was adopted in the large eddy simulation in this study. More details of 
the numerical simulation can be found in [29]. 

 
Figure 4. The schematic of the calculation domain. 

3.4. The Relative Error of the Simulation Results 
The results of numerical simulation can provide more evidence of flow, especially 

as regards the coherent vortex structures and the frequency characteristics. Using the 
physical experimental results, the simulation results were verified, ensuring the section 
was the characteristic section S1. The relative errors were calculated by the velocity 
differences between the two results of section S1, as shown in Table 2. 

Table 2. The relative errors of the results of the simulation on the characteristic section S1. 

Flow Q = 40 m3 h−1 Q = 60 m3 h−1 

Figure 4. The schematic of the calculation domain.

3.4. The Relative Error of the Simulation Results

The results of numerical simulation can provide more evidence of flow, especially as
regards the coherent vortex structures and the frequency characteristics. Using the physical
experimental results, the simulation results were verified, ensuring the section was the
characteristic section S1. The relative errors were calculated by the velocity differences
between the two results of section S1, as shown in Table 2.

Table 2. The relative errors of the results of the simulation on the characteristic section S1.

Flow Q = 40 m3 h−1 Q = 60 m3 h−1

Diameter ratio η = 0.6 η = 0.7 η = 0.8 η = 0.6 η = 0.7 η = 0.8
Relative error 1.06% 2.77% 3.02% 2.86% 2.61% 2.79%

4. Results and Discussions
4.1. Coherent Vortex Structure of Fluctuating Modes

The coherent vortex structures in the four fluctuating modes of the wake flow field
can be seen in Figure 5. The coherent structures present the physical meaning of the mode
functions in Equation (5). The coherent vortex structures are represented by the velocity
magnitude, enabling us to clearly analyze the coherent vortex structure; the yellow iso-
surface U/(|Umax|) = 0.2 and the blue iso-surface U/(|Umax|) = −0.2. The spatial scale of
the coherent structure was quantified by the ratio between the distance in the Z direction
and the pipeline diameter D for dimensionless conditions.

In general, the velocity of the iso-surfaces of the coherent vortex of the wake flow
exhibited an annular trend in terms of their circumferential connection. The annular
structures formed by the coherent vortex gradually became more fragmented, and the
number of the structures increased as the mode order increased. But the reduction in
the characteristic scale of the structures was more significant, and the annular structures
showed a precession motion trend along the flow direction; specifically, for example, the
annular structures of the first fluctuating mode. The yellow-marked annular structures and
the blue-marked annular structures tended to intertwine with each other and advanced
downstream in a double-spiral annular shape. However, when Z/D = 0~0.25, it can be
inferred that the iso-surface annular structures of the double-spiral annular shape are
formed by the merging of multiple bundles of iso-surface structures. This merging can
be seen in the red circle in Figure 5a. As shown in Figure 5c,d, the shapes of the velocity
iso-surface of the coherent structures in the fifth fluctuating mode were relatively similar to
those in Figure 5a,b. The main trend was that the iso-surface annular structures intertwined
each other and advanced downstream. The iso-surface annular structures of the fifth
fluctuating mode were nearly constant in terms of their circumferential direction. In
Figure 5e,f, showing the coherent structure of the 20th fluctuating mode, it can be seen
that there was a breakdown in the annular structure formed by the velocity iso-surface.
The annular structures started to break from a position where Z/D = 1.5 to 1.75. However,
in the range after Z/D = 1, the circumferential continuity of the annular structures was
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always lower. In fact, the phenomenon of annular structures breaking up can also be seen in
other fluctuating modes. Due to the fact that the velocity magnitude of the circumferential
approximate annular jet was higher than the overall velocity of the downstream wake
flow field when the capsule was moving, downstream turbulence transport was generated
in the wake region around the flow in the axial direction. Using POD treatment, the
turbulence transport was resolved into multiple modes; the former fluctuating modes with
a higher proportion of turbulence kinetic energy contributions tended to have a higher
turbulence transport intensity, while the latter fluctuating modes with a lower proportion
of turbulence kinetic energy contributions tended to have a lower turbulence transport
intensity. Therefore, the different fluctuating modes of the wake flow field represent the
turbulence transport form of the circumferential approximate annular jet flow downstream.
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4.2. Hydrodynamic Force Characteristics

(1) Steady and Transient Components

Using the far-field resolution method, the POD modes of velocity can be calculated
as the wake plane integral, and the hydrodynamic forces can be resolved as POD modes.
According to the POD–Galerkin method, among the POD modes, the zero mode is the
steady mode, which represents the steady component of the flow; the other POD modes are
fluctuating modes that represent the transient component of the flow. After the calculation
of the wake plane integral, the zero mode can be used to report the steady component of
the hydrodynamic force, and the fluctuating modes can report the transient component of
the hydrodynamic force. The steady component of the hydrodynamic force is shown in
Table 3.

Table 3. The steady components of the hydrodynamic forces.

Hydrodynamic
Force

Flow
Q

Diameter Ratio
η = 0.6

Diameter Ratio
η = 0.7

Diameter Ratio
η = 0.8

DC
40 m3 h−1 4.468 N 4.562 N 4.922 N
60 m3 h−1 4.516 N 4.850 N 5.255 N

LC
40 m3 h−1 0.128 N 0.154 N 0.246 N
60 m3 h−1 0.135 N 0.201 N 0.253 N

As is shown in Figures 6 and 7, based on the reduced-order model, the hydrodynamic
force obtained by the far-field resolution method was calculated for the first to the fifti-
eth fluctuation modes. Similarly, according to POD–Galerkin theory, for the first to the
fiftieth fluctuating modes of reduced-order models, their physical meaning is that these
components in the flow field can be considered as unsteady. Consequently, the hydrody-
namic forces obtained by the far-field resolution method corresponding to the fluctuation
modes can be regarded as transient components of the hydrodynamic force. In general,
from the overall amplitude of the hydrodynamic force under different flow conditions
and diameter ratios, the general trend in forces corresponding to each fluctuating mode
in the transient components is that the maximum amplitude of forces reduces with the
increase in mode order. As the mode order increases, the flow scale of the coherent vortex
structures corresponding to each fluctuating mode decreases and the energy involved
also decreases. Therefore, in same way, the momentum transport from the flow field to
the capsule also decreases with increasing mode order. Under the same diameter ratio
conditions, the maximum amplitude that the hydrodynamic force can reach increases with
larger flow conditions. This is because a larger flow condition can provide more energy
than the same diameter ratio condition; this is equivalent to the increasing momentum of
the transport of the flow field in the same term. In this case, the energy contained in the
transient component of the flow field increases, the energy of the flow field corresponding
to each order of the fluctuating mode increases, and the hydrodynamic force acting on the
capsule by momentum transport also increases at each order of the fluctuating mode.
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As is shown in Figure 7, based on the reduced-order model of the hydrodynamic force,
the hydrodynamic forces corresponding to the fluctuating modes reconstructed by the
Galerkin method are shown with the time coordinate. The horizontal ordinate indicates
dimensionless time, and the longitudinal ordinate indicates the amplitude of forces. The
dimensionless time has been defined by the ratio between flow evolution time and flow
statistic time. The flow statistic time was calculated from pipeline diameter D and the
section-averaged velocity of pipeline flow. In general, the transient components of the
hydrodynamic forces demonstrates the trend in the amplitude fluctuating around zero,
and the amplitudes above zero and below zero are nearly symmetrical. According to
the momentum theory, the transient components of the forces are also the instantaneous
impulses in the short term. These forces have a large amplitude but a very short-acting
term, so their instantaneous impulse would not be too large. For example, as can be seen
in Figure 7a,b, the maximum amplitude of the fluid drag force was 19.900 N, which in
Figure 7b represents a diameter ratio of η = 0.8, a dimensionless time near to 103.465,
and an acting time of 5 × 10−4 s. Therefore, the instantaneous impulse generated by the
maximum amplitude of the fluid drag force acting on the capsule was 9.950 × 10−3 N·s.
This part of the instantaneous impulse was converted into the momentum change in the
pipeline car, and the instantaneous velocity change in the capsule was 4.975 × 10−3 m·s−1.
The average speed of the capsule during the whole time range was 3.017 m·s−1, and
the ratio of speed change to average speed was 0.165%. The remaining conditions were
similar and have therefore not been repeated with examples. Therefore, the amplitude,
direction, and time-dependent variation in the transient components in the direction of
each coordinate component constitute the transient evolution of the transient components
in the hydrodynamic forces of the capsule throughout the whole time period.

(2) Transient frequency characteristic

As is shown in Figure 8, the power spectrum density (PSD) curves were obtained
by the short-term Fourier transform (STFT) of the time coefficients, which correspond to
the fluid drag force of several typical fluctuating modes. The time axis of the horizontal
ordinate in the figure represents the observation time range in milliseconds (ms), and the
vertical ordinate represents the frequency components contained in the hydrodynamic force
corresponding to the fluctuating modes in kilohertz (kHz). The contour of the cloud pattern
indicates the frequency intensity of the fluid drag force corresponding to the fluctuating
mode in the time ordinate in decibels/hertz (dB·Hz−1). In general, the power spectral
density curves obtained by short-term Fourier transform (STFT) provide more information
than those obtained directly by fast Fourier transform (FFT). FFT can only provide the
frequency information for the whole time range, but STFT can provide the frequency
change information with time variation. This means that from STFT, we can acquire the
frequency components and their variations in a different term of the whole time range.
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5. Conclusions

In this study, we propose a transient model to connect the wake flow and the hydro-
dynamic force of a capsule in a hydraulic capsule pipeline. The hydrodynamic force (fluid
drag force and fluid lift force) was divided into steady and transient components, and
the wake flow was analyzed using a coherent vortex structure. The following conclusions
were drawn:

(1) The transient model of the hydrodynamic force was developed using Newton’s second
law of motion–force and acceleration. Then, the hydrodynamic force was resolved
using the far-field resolution method and expressed by the reduced-order method as
the product of time coefficients and corresponding mode functions. Finally, the time
coefficients were transformed into frequency coefficients by discrete Fourier transform;

(2) After carrying out the proper orthogonal decomposition, the coherent vortex struc-
tures of fluctuating modes were shown. The velocities of the iso-surfaces of the
coherent vortex of the wake flow exhibited an annular trend in terms of circumfer-
ential connection. The annular structures formed by the coherent vortex gradually
became more fragmented, and the number of structures increased as the mode or-
der increased;

(3) The steady component and transient component of hydrodynamic force were resolved,
and the general trend seen in the forces in the transient components was that the max-
imum amplitude of forces reduced with the increase in mode order. The amplitude-,
direction-, and time-dependent variations in the transient components constituted
the transient evolution of the transient components in the hydrodynamic force. Us-
ing short-term Fourier transform, the frequency components and their variations in
different terms across the whole time range can be acquired.

The transient model used in this study provided a perspective from which to build the
connection between the flow structures and the hydrodynamic force. Using the transient
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model, the transient component of hydrodynamic force can be explained as the fluctuation
of coherent vortex structures. Moreover, this model can provide evidence for the relation
between the energy consumption of capsule motion and the spatial–temporal characteristic
of the flow structure.
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Nomenclature

a(t) time coefficient
A(k) frequency coefficient
DC fluid drag force
Faxis result force on the capsule
FN supporting force
k frequency
LC fluid lift force
lC length of capsule
mc total mass of the capsule
U velocity distribution
P static pressure
Q flow
S surface of the control volume
t time
VC axial speed of the capsule
η diameter ratio
µf frictional coefficient
ϕ mode function
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