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Abstract: Pitch motion is the key factor affecting the performance characteristics of centrifugal pumps
on board ships and exacerbates hydraulic excitation to induce the unsteady vibration of pump units.
A hydraulic test platform with swing motion is established to explore the effects of pitch motion on a
pump’s performance characteristics. An obvious hump zone exists in the head characteristic curve in
the low-flow-rate condition due to the pitch motion. The pump head in the shut-off condition has a
significant decrease due to the pitch motion, compared to the static state. The head decrease gradually
increases as the maximum pitch angle increases or the pitch period shortens. Specifically, the head
in the rated flow condition decreases by 6.3 % to reach a minimum at the maximum pitch angle of
20 degrees in a period of 5 s. Based on a multiple-reference coordinate system, a large eddy simulation
with a shear-modified eddy viscosity model is employed to simulate inner flow characteristics under
the influence of pitch motion. A distinct vortex flow appears near the blade suction surface and
becomes increasingly turbulent as the pitch period shortens. The pitch motion intensifies the unsteady
stretching and deformation of vortices. The periodic variations in fluid-induced pressure over time
present parabolic features, and the amplitude in the frequency domain reaches its maximum value
within a pitch period of 5 s.

Keywords: centrifugal pump; pitch motion; performance characteristics; unsteady flow; vortex
dynamic

1. Introduction

Ship pumps are key pieces of equipment in ship machinery. Centrifugal pumps
account for over 80% of ship pumps and are used for ship ballast balance, pipeline heat
exchange circulation, ship safety, fire protection, domestic water supply and drainage
systems. The pumps on board ships are affected by the ocean environment, causing pitch
motion, and their inner flow is subjected to additional swing forces, resulting in more
turbulent flow and more intense flow excitation which induce the unsteady vibration of
pump systems [1–3].

Under the influence of pitch motion, the flow rate inside a pipeline undergoes pulsat-
ing variation, and the average flow rate is lower than that in the static state. The flow rate
undergoes periodic fluctuations under the influence of pitch motion, and the fluctuation
period is consistent with the pitch period [4,5]. Simultaneously, the fluctuation amplitude
is enhanced with increases in pitch frequency and amplitude. When the pitch motion is
severe, there may even be backflow in the loop pipeline [6–8]. The pitch motion can also
cause adjacent parallel pipelines to oscillate in the same direction, but the symmetrical
arrangement and arrangement structure of pipelines can reduce the effects of the pitch.
Low-speed pitch motion has a relatively small impact on the frictional pressure drop of
pipeline flow but increases the effect of the Coriolis inertial force to result in significant vari-
ations in the flow structure. As the Coriolis inertial force increases, some unsteady flows,
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such as secondary vortex flows, appear in circular pipes [9–11]. This unsteady flow occurs
in the inlet pipes of pumps and then forms a non-uniform flow structure before impeller
inlets, which affects the performance and inner flow characteristics of pumps [12–14].

Specifically, the performance characteristics of a centrifugal pump undergo significant
variations in the tilt state and under the influence of pitch motion. The pump head has an
experimental descending amplitude, and some significant flow-induced fluctuations are
present in the pressure development [15–17]. Under the influence of pitch motion, there is
a significant peak–valley phenomenon in the pressure fluctuation inside the pump. As the
swinging angle increases, the amplitude of flow-induced pressure fluctuation gradually
increases, and the maximum increase reaches 15%. When the centrifugal pump is tilted,
the average amplitude of pressure fluctuation increases by 15% for the blade-passing
frequency and 18% for the shaft frequency [18–20]. The influence of pitch motion and the
tilt state reduce the performance characteristics of the pump and exacerbate flow-induced
vibration features.

Pitch motion can cause pulsating variations in the flow rate and can induce a secondary
vortex structure to affect flow stability. This paper focuses on the effects of pitch motion on
the performance characteristics and unsteady flow mechanism of a centrifugal pump. A
hydraulic test platform with swing motion is established to test the pump’s performance. A
large eddy simulation with a shear-modified eddy viscosity model is employed to analyze
the unsteady characteristics in flow development. This work provides some evidence
analyzing the effects of pitch motion on the operation characteristics of centrifugal pumps,
aiming to have important engineering significance and academic value in the design and
manufacturing of high-tech ships.

2. Materials and Methods
2.1. Centrifugal Pump Model

A single-stage centrifugal pump with a spiral volute was selected as the study ob-
ject in this work. The pump’s rated flow rate was selected as 15 m3/h and the head as
16 m. The impeller rotation speed was set at 2900 r/min. The impeller’s three-dimensional
shape was parameterized using fourth-order Bezier curves for the hub, shroud and blade
characteristics. The volute with a circular cross section was designed using the Stepanoff
method, ensuring a consistent absolute velocity along the circumferential direction under
the rated operation conditions. Detailed geometric information on the model pump is listed
in Table 1.

Table 1. Design requirement of centrifugal pump.

impeller inlet diameter/m 0.04
impeller outlet diameter/m 0.16

blade outlet width/m 0.006
blade number 5

blade wrap angle/◦ 120
blade inlet angle/◦ 22

blade outlet angle/◦ 24
volute base circle diameter/m 0.162

volute outlet diameter/m 0.032

2.2. Experimental Devices and Methods

In order to explore the variations in the performance characteristics of the centrifu-
gal pump in an ocean environment, a hydraulic test platform with swing motion for the
pump was established. The experiment set was composed of the model pump, an ocean
wave simulation platform with six degrees of freedom, flexible pipes used for pump inlet
and outlet connections, a surge tank, electric butterfly valves and other water pipelines
(see Figure 1). The tested data were acquired and collected by a centrifugal pump per-
formance test system with a torque speed sensor, pressure sensor and electromagnetic
flowmeter. The surge tank provided circulating water which entered the pump suction
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pipe through an electric butterfly valve. Pressure sensors were mounted in the inlet and
outlet pipelines, arranged at a distance twice the diameter of the pipe away from the pump
inlet or outlet. The ring pressure chamber was used to gain steady pressures of pump inlet
and outlet pipelines. The flow rate data were obtained by an electromagnetic flowmeter
mounted in the pump outlet pipeline. The upstream and downstream pipeline lengths of
the flowmeter were more than 10 times longer than the pipe diameter.
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Figure 1. Centrifugal pump swing test platform.

To understand the performance characteristics of the model pump, the head coefficient (ψ),
hydraulic efficiency (η) and flow rate coefficient (ϕ) were selected to compare pump
performances under the static state and pitch motion and were defined as follows:

ψ =
PT

out − PT
in

1
2 ρU2

2
(1)

η =
(P T

out − PT
in)Q

Tω
(2)

ϕ =
Q

2πωR2
2B2

(3)

where PT, ρ, U2, Q, T, ω, R2 and B2 are the total pressure, water density, blade tip velocity,
pump flow rate, torque, impeller angular velocity, impeller diameter and impeller outlet
width, respectively. The subscripts 2, in and out indicate the impeller outlet and measuring
locations at the pump inlet and pump outlet, respectively.

Tested performance characteristics of the model pump under the static state are
displayed in Figure 2. The maximum efficiency occurs at the rated flow condition (ϕd).
Meanwhile, ψ presents a steadily sloping curve across the ϕ/ϕd range, and the maximum ψ
appears at the shut-off condition. The ψ curve and the η curve indicate that the model
pump has good hydraulic performance.
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Figure 2. Pump performance characteristics under static state.

2.3. CFD Methodology

Numerical simulations were applied to determine the inner flow characteristics of
the model pump under the influence of pitch motion. The computational domain of the
model pump is exhibited in Figure 3, including the impeller passage, volute chamber
and extensions of the inlet and outlet. A hexahedral mesh was implemented on each
independent domain as shown in Figure 3. The maximum nondimensional wall distance
y+ value of the computational domain was chosen to be less than 1. The grid independence
was analyzed by the grid convergence index (GCI) defined in Equation (4) [21], as shown
in Table 2. Considering the computing capacity and grid error, a mesh with 1.2 × 107 grid
points was adopted on account of the ψ values at the pump’s rated flow rate.

GCIk = εs
ri

k,k+1 ϕr(k,k+1)

ri
k,k+1 − 1

(4)

where εs is the safety factor and takes value from 1.25 to 3.00, ri
k,k+1 is the mesh refinement

ratio and ϕr(k,k+1) is the relative error between grids.
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A large eddy model was employed to simulate the inner flow characteristics of the
model pump proposed in this work. Equations (5) and (6) were processed from the
Navier–Stokes equations and the continuity equation under the instantaneous state by
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the filter function. The Smagorinsky model was optimized to solve the problems in the
vortex motion on the basis of Equations (7)–(10). A shear-modified eddy viscosity model
considering the strong shear near the wall was applied in the large eddy simulation. The
optimized eddy viscosity model met the requirements of vortex motion simulation near
the wall’s surface [22]. The original eddy viscosity coefficient µ0

τ was changed to the new
eddy viscosity coefficient µτ in Equations (9) and (10).
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Table 2. Analysis of grid convergence for different numbers of elements.

Parameters Values

Number of elements N1/N2/N3 9.4 × 106/1.2 × 107/2.1 × 107

Computed head coefficients (ψ)
corresponding to N1, N2 and N3

ψ1/ψ2/ψ3 0.565/0.561/0.559

Apparent order p 1.32
Grid convergence index

corresponding to N1, N2 and N3
GCI1/GCI2/GCI3 3.08%/2.12%/1.93%

Based on the pisoFoam solver of the OpenFOAM 4.0 platform, a multiple-reference
coordinate system was used to achieve the simulation of pitch motion. The pitch coordinate
system was constructed as the pitch foundation for the entire computational domain of the
model pump. The inlet boundary was set to “velocity” with an accurate velocity component
on the basis of pump operation conditions. The outlet boundary condition was set to
“outlet” with reference to experiment data. Figure 4 reveals the simulated performance
characteristics compared with tested data under the static state and the influence of pitch
motion with a maximum pitch angle of 20 degrees and a pitch period of 5 s. The simulated
ψ and η were less than 2.5% and 3.5% of tested results at the rated flow rate, respectively,
which illustrated that the simulated results were in good agreement with tested data. The
simulated results were a little higher than the tested data, which was due to hydraulic loss
and mechanical loss in the pump. The hydraulic loss concentrated on leakage losses in
the static chamber between the pump casing and the impeller, while the mechanical loss
covered the dynamic imbalance of the impeller and the machining error of the pump’s
critical component such as the impeller and the drive shaft.
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Figure 4. Comparison between simulated and tested performance characteristics: (a) static,
(b) pitch motion.

3. Result and Discussion
3.1. Pump Test Performances under Pitch Conditions

The pitch direction of the tested pump is along the upward or downward pitch
direction of the pump’s inlet pipe, exhibited in Figure 5. The transient pitch angle is defined
as θ(x) in Equation (11).
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Based on the actual pitch conditions of a pump system on board a ship in a marine
environment and relevant standards of International Association of Classification Societies,
pitch motion parameters are determined as shown in Table 3, including maximum pitch
angle and pitch period. The maximum pitch angle covers four levels and the pitch period
covers three levels in the pitch experiment scheme of the tested pump.

θ(x)= θmax sin
2πx

k
(11)

where θmax is the maximum pitch angle and k is the pitch period.

Table 3. Pitch experiment scheme.

Level 1 Level 2 Level 3 Level 4

θmax/degree 5 10 15 20

k/second 5 10 20

Figure 6 compares the performance curves for the static state and across different
levels of pitch motion with three periods of 5 s, 10 s and 20 s under a maximum pitch angle
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of 5 degrees. Figure 6a shows an obvious hump zone present in these curves under the
influence of pitch motion for ϕ/ϕd ≤ 0.4, which causes unstable operating characteristics
such as a sudden drop in pump outlet pressure or severe pump vibration and noise. The
hump curve induces two flow-rate points under the same water pressure condition, which
generates pulsating variations in pump flow rate and then produces some instability flows
and flow excitation. Specifically, ψ experiences a small reduction at ϕ/ϕd = 0 under the
influence of pitch motion and decreases as the pitch period shortens. When model pump is
in a static state, ψ reaches a maximum at ϕ/ϕd = 0. However, the occurrence of maximum
ψ shifts to a higher value of ϕ/ϕd (ϕ/ϕd = 0.2). Figure 6 indicates that the performance
curves for ψ represent similar slopes at ϕ/ϕd ≥ 0.6, where ψ decreases as the pitch period
reduces. The ψ curves for pitch motion conditions of 10 degrees, 15 degrees and 20 degrees
show variations quite similar to those under pitch motion conditions of 5 degrees across the
whole ϕ/ϕd range, as shown in Figures 7–9. Unsteady variation characteristics of pump
performance including the hump curve and ψ reduction become more and more obvious
as the pitch angle increases.
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Figure 9. Comparison of performance curves for static state and different levels of pitch motion with
three periods of 5 s, 10 s and 20 s under the maximum pitch angle of 20 degrees: (a) ϕ/ϕd ≤ 1.0,
(b) ϕ/ϕd ≥ 1.0.

Furthermore, pump performance curves for the static state and different levels of pitch
motion with maximum pitch angles of 5 degrees, 10 degrees, 15 degrees and 20 degrees for
a pitch period of 20 s are compared in Figure 10. ψ maintains an evident reduction across
the ϕ/ϕd range as the maximum pitch angle increases. The ψ difference becomes more
obvious as the pitch period shortens according to Figures 11 and 12. Particularly, the ψ
difference reaches a maximum at a pitch period of 5 s. Under the pump operating condition
of ϕd shown in Figure 13, the pitch motion causes a significant decrease in ψ compared to
the static state. ψ reduces as the maximum pitch angle increases for the same pitch period.
Meanwhile, ψ reduces as the pitch period shortens for the same pitch angle. ψ decreases by
6.3% to reach a minimum at a maximum pitch angle of 20 degrees and a pitch period of 5 s.
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3.2. Flow Characteristics under Pitch Motion

Pump performance characteristics have a more significant decrease for a pitch angle
of 20 degrees, compared to other pitch angles. Thus, the flow structure under conditions
of a 20-degree pitch angle is used to investigate the effect of pitch motion on inner flow
characteristics. Figures 14 and 15 show the velocity distributions to characterize the
flow structure in the single-blade inlet and single-blade outlet during the model pump’s
operation from static state to pitch motion respectively. The flow velocity near the blade
presents a rapid increase, primarily influenced by the viscous force of the fluid. A slope
velocity distribution exists in the main passage under the static state. Nevertheless, the
velocity curve under pitch motion maintains a negative slope, where the velocity decreases
as the pitch period shortens. Compared with static state, the velocity gradient increases in
the blade passage inlet under pitch motion, while the velocity gradient remains constant in
the blade passage outlet. This means that the pitch motion mostly affects the flow structure
in the blade inlet, not in the blade outlet. The flow characteristics in the blade outlet are
affected by the combined action of the rotating impeller and pitch motion.
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The blade pressure surface (convex surface) is applied convert blade mechanical
energy into water energy, while the blade suction surface (concave surface) has low-velocity
regions produced by some stall flows under the influence of pitch motion, as shown in
Figure 16. The area of the low-velocity region gradually increases as the pitch period
shortens, and the stall flow becomes increasingly turbulent. The flow is highly unsettled
near the blade suction surface, which may be due to the existence of the vortex core in
the blade passage shown in Figure 17. The wrapping of the low-velocity region by some
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high-velocity fluids in the form of layers may broadly represent a core structure. Uneven
flow distribution appears in the blade passage and high tangential flow velocity relates to
local flow separation, which contributes to the unsteady pitch motion.
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The pitch environment causes intense unsteady vortex motion in the blade passage,
which may be the main reason for the decrease in pump performance. The relative vorticity
transport equation [23–25] is introduced to analyze the inception, evolution and dissipation
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of blade passage vortex motion to obtain a profound understanding of the flow mechanism.
The equation in the relative coordinate system is given in Equation (12).

D
⇀
Qr

Dt
= (

⇀
Qr · ∇)

⇀
W −

⇀
Qr(∇ ·

⇀
W)− 2∇ × (ω.r ×

⇀
W) +

∇ρ × ∇P
∇ρ 2 + ν∇2

⇀
Qr (12)

where
⇀
Qr denotes the relative vorticity,

⇀
W denotes the relative velocity, ωr denotes the

rotation angular velocity and ν denotes the kinematic viscosity.

The left item of D
⇀
Qr

Dt in Equation (12) represents the variation rate of vorticity. The

rightmost item of (
⇀
Qr · ∇)

⇀
W represents the relative vortex stretching (RVS) related to the

relative velocity gradient.
⇀
Qr(∇ ·

⇀
W) represents the relative vortex dilation (RVD) related

to relative velocity divergences. .2∇ × (ω.r ×
⇀
W) is the effect of the Coriolis force (CORF)

related to the rotational motion. ∇ρ × ∇P
∇ρ 2 is attributed to the baroclinic torque. ν∇2

⇀
Qr is the

viscous diffusion item (VISD) due to fluid viscosity.
⇀
Qr(∇ ·

⇀
W) and ∇ρ × ∇P

∇ρ 2 are ignored
due to fluid incompressibility.

The RVS term indicates the effect of the fluid velocity gradient on the generation of
vorticity. The fluid velocity evolves along the vortex line, which results in the stretching,
twisting and tilting of the vorticity. The velocity gradient parallel to the vortex line causes
the stretching of vorticity, while the velocity gradient perpendicular to the vortex line
brings about the distortion of vorticity. The deformation and stretching of vortices weaken
the moment of inertia of the fluid element, which increases the angular velocity to generate
vorticity. Figure 18 shows the distributions of RVS in the impeller passage under different
pitch periods. The big velocity gradient leads to the stretching or twisting of vortex lines in
the flow passage. The unsteady behaviors of vortices are mainly concentrated in the inlet
area of the impeller. The pitch environment induces severe vortex motion, which intensifies
as the pitch period shortens.
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Figure 18. RVS distributions under different pitch periods: (a) static, (b) 20 s, (c) 10 s, (d) 5 s.

The Coriolis force term is an inertial force generated by the movement of fluid particles
relative to the coordinate system, which leads to the motion deviation of the particle in
the rotating flow field. The Coriolis force acts perpendicular to the direction of motion of
fluid particles and, thus, only changes the motion direction and not the flow velocity. The
characteristics of the Coriolis force vary according to the pitch motion. Figure 19 shows the
distributions of CORF in the impeller passage under different pitch periods. Distinctly, the
pitch environment induces intense vortex motion, mainly occurring near the blade suction
surface and the impeller outlet. As the pitch period shortens, the vortex motion becomes
more pronounced due to the Coriolis force term. The VISD term represents the conversion
of mechanical energy into thermal energy caused by viscous friction. VISD distributions
mainly occur in the blade suction surface due to the effects of viscous forces in the velocity
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boundary layer, as shown in Figure 20. This phenomenon has been strengthened by
pitch motion.
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3.3. Unsteady Pressure Characteristics

The influence of pitch motion intensifies the unsteady flow of fluid inside the pump,
inducing unsteady pressure excitation. The static pressure coefficient (CP) is employed to
evaluate the pressure distribution map in the pump.

CP =
PT

out − P
1
2 ρU2

2
(13)

where PT, P, ρ and U2 are the total pressure, static pressure, water density and blade
tip velocity, respectively. The subscripts 2 and out indicate the impeller outlet and the
measuring location at the pump outlet, respectively.

The pressure distribution at the blade inlet is relatively uniform, and CP curves have
similar slopes under the static state and under the influence of pitch motion, exhibited
in Figure 21. The pressure magnitude gradually decreases as the pitch period shortens.
Nevertheless, CP curves exhibit opposite slopes at the blade outlet between the static
state and under the influence of pitch motion as shown in Figure 22. The pitch motion
provides an additional force and varies the force characteristics and motion behaviors of
fluid particles. The shape of the blade determines the law of pressure variation. Under the
static state, the pressure development rate gradually increases along the blade passage and
reaches a maximum at the outlet as shown in Figure 23a. Specially, the maximum pressure
increase occurs in the middle section of the blade passage under the influence of pitch
motion and the area with low pressure increase gradually increases; this phenomenon is
most obvious under the minimum pitch period of 5 s as shown in Figure 23. The pressure
gradient map indicates that the pitch motion makes the unsteady flow inside the impeller
passage more turbulent.
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Pressure excitation variations with time at the impeller inlet and outlet are moni-
tored to explore the effects of pitch motion on unsteady flow. The pressure variations in
one impeller rotation period are recorded in Figures 24 and 25 under the static state
and the influence of pitch motion. Five distinct peaks appear in the pressure varia-
tion under the static state, corresponding to the blade number. The pressure curves
demonstrate that the time-domain variation in pressure mainly depends on the blade
characteristics [26–28]. A parabolic feature is present in the pressure curve under the
influence of pitch motion, and the parabola’s amplitude gradually increases as the pitch
period shortens. This phenomenon indicates that the faster the pitching motion, the more
excited the unsteady flow in the pump. Figures 26 and 27 present a frequency analysis of
pressure variations for the impeller inlet and outlet under the static state and the influence
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of pitch motion. The amplitude of pressure pulsation occurs at the shaft frequency and
the blade-passing frequency. The pitch motion increases some low-frequency pulsations
occurring between 10 to 20 times the blade frequency at the impeller inlet as shown in
Figure 26; these pressure pulsation amplitudes are small. The pitch motion affects the
magnitude of the maximum pulsation amplitude. This amplitude gradually increases as
the pitch period shortens and reaches a maximum value under a pitch period of 5 s.
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4. Conclusions

This work investigates the effects of pitch motion on the performances and inner
flow characteristics of a centrifugal pump. A hydraulic test platform with swing motion
is established to analyze the pump performance variations between the static state and
under the influence of pitch motion. A large eddy simulation with a shear-modified eddy
viscosity model is employed to simulate inner flow excitation features under the influence
of pitch motion based on a multiple-reference coordinate system. The research results are
as follows:

(1) The head characteristic curve has an obvious hump zone under the low-flow-rate
condition due to pitch motion. The hump curve generates pulsating variations in the pump
flow rate and then produces some instability flows and flow excitation. The head gradually
increases as the maximum pitch angle increases or the pitch period shortens. Under the
rated flow conditions, the head decreases by 6.3% to reach a minimum at a maximum pitch
angle of 20 degrees and a pitch period of 5 s;

(2) Some unsteady flows occur in the blade passage under the influence of pitch motion.
Pitch motion mostly affects the flow structure in the blade inlet, where a slope velocity
distribution and big velocity gradient exist. A distinct vortex flow appears near the blade
suction surface and becomes increasingly turbulent as the pitch period shortens. Pitch
motion provides an additional force to the centrifugal force and intensifies the unsteady
stretching and deformation of the vortices;

(3) The pressure distribution presents an opposite slope at the blade outlet under
the influence of pitch motion, compared with the static state. The time-domain variation
in pressure mainly depends on the blade characteristics. A parabolic feature is present
in the pressure curve under the influence of pitch motion, and the parabola’s amplitude
gradually increases as the pitch period shortens. The pitch motion affects the magnitude
of maximum pressure pulsation amplitude in the frequency domain, and the amplitude
reaches a maximum value under a pitch period of 5 s;

(4) This work provides some evidence in analyzing the effects of pitch motion on
the operation characteristics of a ship pump. Future work will be conducted to explore
pump operating characteristics under rolling conditions in comparison with those under
the influence of pitch motion.
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