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Abstract: The vibration characteristics induced by radial hydraulic force on the fire turbopump
have been investigated by numerical simulations in this paper. The numerical model was validated
with corresponding experimental measurements. The turbopump has the special structure with two
hydraulic machineries of a turbine and a pump. The hydraulic force characteristics on the separate
turbine and the separate pump were first studied. There is one period in the force variation for one
cycle of impeller rotation, and pressure fluctuations are observed in 15 times and 30 times the shaft
rotating frequency of the turbine. Meanwhile, there are five periods in the force fluctuation in one full
working cycle, and obvious fluctuation amplitudes on 5 times, 10 times and 15 times the shaft rotating
frequency of the pump are found. Then, the coupled effect of force fluctuations on the turbine and
pump was explored. For the turbopump, the periodicity of force fluctuation in the time domain and
force characteristics in the frequency domain are dominated by pump structure. The hydraulic force
fluctuation on the impeller is enhanced, while that on the housing is damped by counteracting the
forces between turbine suction and pump volute.

Keywords: fire turbopump; flow-induced vibration; steady and unsteady simulation; radial hydraulic
force

1. Introduction

The fire turbopump has the special structure with two hydraulic machineries of a
turbine and a pump in Figure 1, and plays an important role in supplying the natural water
source for handling the fire. When its turbine section is driven by the circulating water
from the finite-volume tank of a fire brigade vehicle, its pump section starts to supply
continuously natural water to the fire ground. The turbine is hit by the power water
during the operating period, which causes different-extent vibrations affecting the steady
operation of the pump because of the turbopump structure. Meanwhile, the natural water
delivered in the pump is controlled by pump structure and operation condition, and its
reaction also results in pump vibration. Due to the special structure of fire turbopump,
these flow-induced vibrations are enhanced by the coupled effects of hydraulic forces on
the turbine and pump to cause the inconsistent fire-water supply to influence negatively
on handling the fire.

Turbopump was invented to draw water from the Kushk River to irrigate farmland by
the former Soviet Union in 1922 [1]. Due to its lower energy consumption, the turbopump
was widely applied in agricultural irrigation with using the water from the streams and
rivers by China in 1970s. The Fujian Research Institute of Mechanics [2,3] studied the
design calculation, manufacture and applied research for the turbopump. This turbopump
is usually installed on the river or stream with a big vertical drop, such as the river dam in

Appl. Sci. 2022, 12, 4650. https:/ /doi.org/10.3390/app12094650

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app12094650
https://doi.org/10.3390/app12094650
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app12094650
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12094650?type=check_update&version=1

Appl. Sci. 2022, 12, 4650

2 of 14

a mountainous region, rapids of the river, tidal areas, etc. The water from the upstream
drives the turbine, and then the pump draws the water from downstream to irrigate the
farmland. Recently, with the fire supply equipment innovating constantly, the turbopump
is introduced to be applied in fire-fighting. The fire turbopump belongs to the micro
turbopump, due to its length of 60 mm or so; so its design and application are different
than the irrigation turbopump. Some studies on the fire turbopump were conducted by
our previous research and revealed the design calculation and stability analysis of the fire
turbopump [4,5]. Nevertheless, little research has been conducted for the flow-induced
vibration characteristics of the fire turbopump with considering the coupled effects of
turbine section and pump section.

turbine impeller

pump impeller

N

shaft

turbine suction

pump volute

Figure 1. Fire turbopump structure.

The turbine vibration is produced when the water impacts on the volute and impeller.
The large radial hydraulic force is generated on the turbine because of the asymmetric
structure of volute and rotating impeller, and this force was proved to be the main factor
producing the vibration [6,7]. Some unsteady flows have important effects on generating
the hydraulic force, such as the non-uniform flow in the volute, two flow-related factors
and pressure fluctuations in the impeller passage [8]. Some numerical studies have been
conducted to explore unsteady flow characteristics in the impeller and volute [9-11]. The
radial hydraulic force changes with the radial impeller-volute gap varying, due to the
rotor—stator interaction. This force under the design flow condition is different from that
under the off-design conditions, and its frequency was proved to be consistent with the
impeller rotating frequency.

As for the pump, the internal flow field is determined by pump structure and operation
condition. The pressure fluctuation in the flow channel is formed to induce the unit
vibration, due to some different types of unsteady phenomena such as flow separation,
vortex shedding, rotor-stator interaction, etc. [12]. The impeller—volute interaction is
dominant in the generation of the pressure fluctuation in the hydraulic machinery [13].
This fluctuation was measured on the rotating impeller with a high speed pressure sensor;
the result revealed that the pressure variations on the blades were closely related to the
static pressures in the volute [14,15]. Moreover, the frequency of pressure fluctuation was
explored, and it is proven that dominant frequencies are blade passing frequency and its
integer harmonics [16,17]. The amplitude of pressure fluctuation is appeared in the blade
frequency that is caused by the impeller—volute interaction [18,19].

Previous research in the flow-induced vibration focuses on the turbine or pump
worked independently. In this paper, the coupled effects of radial hydraulic forces on
the fire turbopump were studied on the OpenFOAM platform. The accuracy of this CFD
methodology was validated by comparing with the experimental results. The pressure
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fields in the model fire turbopump for the variable conditions were investigated to explore
the source of generating the radial hydraulic force. The results in time and frequency
domains of the hydraulic forces were not only considered, but the unsteady fluctuation
characteristics were also studied. This work can provide evidences in analyzing radial
hydraulic forces on the fire turbopump to optimize the impeller structure to reduce the
flow-induced vibration.

2. Materials and Methods
2.1. Fire Turbopump Specifications

The main focus of this research is to understand the vibration characteristics in-
duced by radial hydraulic force on the fire turbopump at a nominal operating condition
in Table 1. The fire turbopump considered in this study contains the turbine impeller with
a 152 mm diameter and the pump impeller with a 156 mm diameter. The turbine impeller
was designed to be a complex impeller with 15 main blades and 15 splitter blades for im-
proving waterpower utilization rate of the turbine, while the pump impeller with 5 blades
was adopted due to the fact that this impeller structure can meet the design requirements
for the fire turbopump.

Table 1. Working condition of the fire turbopump.

Turbine Head Tur!ame Pu.m P Pump Head Rotate Speed
P/MPa Flow Discharge  Flow Discharge h/m alr-min-1
Q/L-s1 g/L-s™1
0.7 35 37 26 3000

2.2. CFD Methodology

The numerical simulations for the fire turbopump were divided into simulations on
the turbine section and pump section under the operating condition of the turbopump. The
entire computational domain of fire turbopump is shown in Figure 2, including the turbine
suction (containing guide-vane passage), turbine impeller passage, pump impeller passage,
pump volute and the extension of inlet and outlet. The polyhedral mesh was generated
for each independent domain as shown in Figure 3. The mesh density was also studied to
verify the independence of the number of elements for the solution. Turbine shaft power
and pump head were used as variables of reference to analyze the mesh independence.
Figure 4 presents that the solution independent of the mesh with significant computational
saving is provided by the mesh with 1.2 million grid points for turbine section and with
1.1 million grid points for pump section.

Guide vanes

Impeller
Impeller

Outlet Inlet AN

R

. 3 Volute
Suction \

(a) (b)

Figure 2. Computational domain. (a) Turbine section. (b) Pump section.
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Figure 3. Parts of computational grid.
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Figure 4. Mesh independence analysis. (a) Turbine section. (b) Pump section.

Three-dimensional steady and unsteady flow analyses were performed to study per-
formance characteristics and radial hydraulic forces of the fire turbopump based on the
OpenFOAM platform. The steady flow was numerically simulated by using the same
computational domains, and the results were used as the initial conditions for the unsteady
simulations. The Shear Stress Transport (SST) turbulence model was employed on account
of the curved passage and the rotational flow [20]. Turbine impeller and pump impeller
are rotational components, while the other parts are considered under stationary. The
connection interface between turbine suction and turbine impeller was a Frozen Rotor
interface. Similarly, the connection interface between pump impeller and pump volute was
a Frozen Rotor interface. For the unsteady simulations, the grids are connected by means
of a rotor/stator interface, i.e., they change their relative position through the simulation
according to the angular velocity of the impeller. The reference change occurs as the flow
crosses the interfaces; the appropriate transformation occurs across the interface without
any interface averaging. The boundary conditions used in the numerical simulations are
summarized in Table 2, and represents the operating conditions of the fire turbopump.

Table 2. Boundary conditions used in the numerical simulation [21,22].

Location Boundary Condition Option
Suction Inlet Mass flow rate
Turbine Outlet extension Outlet Outflow
Solid surfaces Wall No slip wall
Inlet extension Inlet Velocity
Pump Volute Outlet Mass flow rate

Solid surfaces Wall No slip wall
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In the unsteady flow, the discretization in space was of second-order accuracy and
the second-order backward Euler scheme was chosen for the discretization in time. The
connection interface was set to “transient rotor—stator”. The convergence criteria for all
variables were set as 10~°. Unsteady flow simulations with 1 degree, 2 degrees, 3 degrees
and 4 degrees of runner rotation were conducted to analyze the effect of the time step on
the turbopump performances. There is less difference among simulations with 1 degree,
2 degrees and 3 degrees in the respects of inner flow characteristics and performances of
pump and turbine. Considering the simulation power and storage capacity of the computer,
the time step was considered as 3 degrees of revolution and the duration time was the
length of the runner rotating eight revolutions for the unsteady flow simulation.

2.3. Experimental Measurements

The experiment was designed and conducted to validate the accuracy of the numerical
methodology adopted in the paper for the fire turbopump. The testing apparatus was
composed of a tested fire turbopump, a water conveying pump, two electromagnetic
flowmeters, four pressure gauges, some regulating valves, pipeline and the data acquisition
system, as shown in Figure 5. The water conveying pump provides water source to drive
the tested fire turbopump and to adjust the shaft rotation speed of the turbopump by
changing the water supply flow, and then the pump of the tested fire turbopump can draw
water from experimental tank at different operating conditions. The experimental data was
collected and processed by the data acquisition system for comparing with the numerical
results to verify the CFD numerical model. Indeed, Figure 6 shows the global characteristic
curve issued from the numerical calculation as well as the experimental characteristic curve.
The experimental operating points of the turbopump are composed of uniform operating
points and special operating points. The turbopump operating condition is determined by
the coupling effects of turbine and pump, which induces the bending in the performance
curves of turbine and pump. Meanwhile, this phenomenon causes some differences of
error difference under different working conditions. However, from the turbine speed
characteristic curve and the pump performance characteristic curve, the agreement between
the CFD and the experimental results was observed. Moreover, the error measured between
numerical and experimental results for the fire turbopump was investigated; the absolute
errors at the nominal operating condition for the turbine and pump are 4.82% and 3.01%,
respectively. The error is caused by model processing, assembly, experimental device error
and experimental instrument accuracy, which is acceptable for this paper.

electromagnetic flowmeter regulating valve  pressure gauge data acquisition system
( 1/ il
H
L
— motor —;‘:l'
! \ AV4 AV4
= = turbine pump —= ’ | -
tested
/ turbopump
=

/

water conveying pump

Figure 5. Schematic diagram of experimental apparatus.
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Figure 6. Comparison between experiment result and numerical simulation. (a) Turbine speed
characteristic curves. (b) Pump performance characteristic curves.
3. Results and Discussions
3.1. Radial Hydraulic Force on the Separate Turbine
The radial hydraulic force is generated on the turbine because of inner unsteady flow
characteristics. The numerical simulations of flow characteristics were carried out at three
different rotation speeds values (0.8n1, nt and 1.2n7). At the mid-planes of turbine section,
normal to the rotating axis, pressure distributions are presented in Figure 7. High pressures
exist in the suction, and there is the obvious pressure difference between the suction and
impeller channel. The turbine suction plays the role of the rectifier and bears the majority
of the water impact.
Pressure
TA2TH IR
6618 10°
6,109 10°
5091 X 10°
073X 105
3055 108
2,036 10%
LOI8X 107
010

(Pa]

n/nt=0.8 n/nr=1 n/nr=1.2

Figure 7. Pressure distributions in the turbine.

The static pressure distribution on the coupling surface between impeller and volute
was obtained by numerical simulation. The force on each node of the decoupling surface
was calculated when the static pressure is evenly distributed near each grid node of the
coupling surface. Then, the forces on the x-axis and y-axis were calculated, respectively, by
the quadrature method. Based on the decomposition and synthesis theorem of the force,
the size and direction of the total force was obtained as shown in the Equations (1)—(6).

27TR2B2

F=P(—F—)

)



Appl. Sci. 2022, 12, 4650

7 of 14

x_ g

R = —K(ZD) @

Y — _p( L

R =R ©
N

Fo=Y B ()
i=1
N

Fo=) F ®)
i=1

F=,/F2+F2 (6)

where F is the radial hydraulic force (N), P; is the pressure at the ith grid node, R; is the
impeller radius (m), b, is the impeller inlet/outlet width in the decoupling surface (m),
N is the coupling surface mesh node number, F is the component of pressure on the ith
grid node in the x-axis direction, Fiy is the component of pressure on the ith grid node in
the y-axis direction, Fy is the component of radial force in x-axis direction and F, is the
component of radial force in y-axis direction. A radial hydraulic force coefficient K was
defined the force variation, as follows:

ke F o

I pRz Bz u2

where u is the circumferential velocity in the largest base circle of the impeller (m/s).

Figure 8 shows the initial direction and magnitude of radial hydraulic force on the
turbine section under three operation conditions. The value of the force on the normal
impeller rotation is smaller than that on abnormal operation conditions. The direction
of the force on the suction is in the second quadrant, while that on the impeller is in the
first quadrant. Figure 9 presents the force variations in one full cycle of impeller rotation.
The radial hydraulic force on the suction seems to vary randomly but has an elliptical
trajectory like the force on the impeller. The suction is a rectifier to improve the unsteady
flow characteristics of the inflow for increasing the water energy utilization efficiency of
the impeller. These unsteady flows in the suction generate random variations of the force.
Remarkably, the initial states and changing trends of the forces on the turbine are close for
different conditions; the fire turbopump is typically used in normal conditions. Thus, the
force characteristics on the normal impeller rotation were selected as research subjects for
further study, as shown in Figures 10 and 11.
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Figure 8. Initial direction and magnitude of radial hydraulic force: (a) On the volute; (b) On the impeller.
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Figure 9. Radial hydraulic forces in one full working cycle. (a) Volute. (b) Impeller.
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Figure 10. Time-domain results of radial hydraulic forces. (a) Turbine suction. (b) Turbine impeller.
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Figure 11. Frequency domain results of radial hydraulic forces. (a) Turbine suction. (b) Turbine impeller.

Figure 10 presents the time-history results of radial hydraulic forces on the turbine
section in one full working cycle. These forces on the suction and impeller experience a few
increases, then decrease, and then increase. These changing processes are developing with
some small fluctuations. If neglecting the effects of these small fluctuations, there are one
crest and one trough in the force variation for one cycle of impeller rotation. For the suction,
the K value of the crest is 1.651 at the time of 0.004 s and that of the trough is 1.649 at the
time of 0.015 s, while for the impeller the K value of the crest is 0.032 at the time of 0.003 s
and that of the trough is 0.026 at the time of 0.012 s. The K amplitude in the force variation
for the suction is approximately 0.002, while that for the impeller is 0.006. The periodical
force fluctuation is formed when the turbine is running. This behavior will affect the steady
operation of pump section by the resonance.

The frequency domain analyses for the force fluctuations on the turbine section are
contained to study resonance characteristics of the fire turbopump, as shown in Figure 11.
The frequency domain results were transformed from the time domain results by the fast
Fourier transform (FFT) method. For the fire turbopump, the shaft rotating speed keeps a
constant value of 3000 r/min; thus, the shaft rotating frequency fr is 50 Hz. Some obvious
fluctuations can be observed on the frequencies of 15fgz and 30fg on the turbine section,
and the fluctuation amplitude on the 15f is bigger. The turbine impeller has 30 blades
including 15 main blades and 15 splitter blades. The frequencies of 15fz and 30fr are named
“impeller blade passing frequency”.

3.2. Radial Hydraulic Force on the Separate Pump

In this section, the characteristics of radial hydraulic force on the pump section op-
erated independently are studied in this part. The pump delivers water in a certain way,
and the flow is controlled by the pump structure and operation condition. The water flows
in the pump without many impacts, not like in the turbine. Figure 12 presents pressure
distributions on the radial mid-planes of the pump at three different rotation speed values
(0.8n1, nT and 1.2nT). The water pressure gradually increases along the flow channel of
pump. The pressure experiences a uniform variation in the pump, and is different from the
abrupt change in the transition zone between turbine suction and turbine impeller. In the
conditions of 0.8nt, flow separation structure is existed in the blade passage, which gener-
ates force excitation on the blade. Meanwhile, there is obvious pressure difference between
blade pressure surface and blade suction surface in the 1.2n7 condition; this phenomenon
causes the larger force magnitude, as compared with 0.8n7 and nr.

Figure 13 presents the initial direction and magnitude of radial hydraulic force on
the pump section under three operation conditions. The value of the force on the normal
impeller rotation is obviously smallest. There is little difference between the conditions of
0.8n1 and 1.2nt for the force on the impeller. The direction of the force on the impeller is in
the second quadrant, while that on the volute is in the fourth quadrant. Figure 14 shows the
force variations in one full cycle of the impeller rotation. Radial force characteristics of five
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periodic variations are obviously exhibited for the impeller and volute, which is consistent
with the blade number of impeller structure. The phenomenon illustrates that the flow
excitation in the impeller passage is the main source of radial force on the pump section.

Pressure
2,286 105
! 1921 % 10%
; 1.556% 106
§ 1191 105 £ i
8255 10%
2,604 10¢ ;
9,530 10% p
—2.698 104 / /
—6.349 5 10
—1.00010°
[Pa]

n/nr=0.8 n/nr=1 n/nr=1.2

Figure 12. Pressure distributions in the pump.
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Figure 13. Initial direction and magnitude of radial hydraulic force. (a) On the impeller; (b) On the volute.
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Figure 14. Radial hydraulic forces in one full working cycle. (a) Impeller. (b) Volute.
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The time-domain analysis of the radial hydraulic force on the pump section in one
full working cycle was conducted as shown in Figure 15. The obvious periodicity of force
fluctuation can be observed, and the periods of fluctuations on the impeller and volute are
close, but the fluctuation extents are different. The K amplitude on the impeller is 0.046,
while that on the volute is approximately 0.09. Figure 16 displays the frequency domain
results of radial hydraulic forces on the pump. There are obvious fluctuation amplitudes
on the frequencies of 5fg, 10fg and 15fg. The frequency of 5/ has the bigger amplitude of
the fluctuating force, which is affected by the impeller structure.
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Figure 15. Time-domain results of radial hydraulic forces. (a) Pump impeller. (b) Pump volute.
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Figure 16. Frequency domain results of radial hydraulic forces. (a) Pump impeller. (b) Pump volute.

3.3. Coupled Characteristics of Radial Hydraulic Force on the Turbopump

The fire turbopump has the special structure with two hydraulic machineries of
a turbine and a pump, and this structure results in the coupled effects on the operation
characteristics between turbine section and pump section. The internal flow structures in
both hydraulic machineries are affected by the interaction of the hydraulic force fluctuations
between turbine impeller and pump impeller connected by the shaft. Likewise, this coupled
effect of the force fluctuations between turbine suction and pump volute joined by the
housing induces the serious vibration of the turbopump unit.

Figure 17 shows the time-history results of the coupled hydraulic forces on the turbop-
ump in one full working cycle. The impeller and housing are acted upon by the periodical
force fluctuations, similar to the separate pump. This illustrates that the periodicity of
the force fluctuation on the turbopump is dominated by pump structure. The internal
flow field in the turbine is also affected by the periodical fluctuations. Meanwhile, the
turbopump housing presents the periodical vibration. Figure 18 shows the amplitudes of
the force fluctuations on the separate turbine, the separate pump and the turbopump. For
the impeller, the coupled amplitude is higher than the fluctuation amplitudes of turbine
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0.12 220 -

section and pump section. The coupled effect between turbine impeller and pump impeller
is enhanced by the connection of the shaft. Nevertheless, the fluctuation amplitude of the
turbopump housing is lower than that of the pump volute; this is because the coupled force
fluctuation is dampened by counteracting the forces between turbine suction and pump
volute. The direction of the force on the turbine suction is in the second, while that on the
pump volute is in the fourth quadrant.
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Figure 17. Time-domain results of the coupled hydraulic forces. (a) Impeller. (b) Housing.
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Figure 18. Amplitude of radial hydraulic force fluctuations. (a) Impeller. (b) Housing.

According to the fluctuation frequencies in Figures 11 and 16, the force fluctuations
on the turbine and pump at the frequency of 15fy result in the resonance. Figure 19 shows
the fluctuation amplitudes on the separate turbine, the separate pump and the turbopump.
The amplitude at the resonant frequency is higher than that on the separate turbine and
pump. However, as for the whole frequency domain, the force fluctuation at the frequency
of 15fg is not severe, as shown in Figure 20. The amplitude at the frequency of 5fy is highest,
and close to the fluctuation amplitude on the separate pump. This illustrates that the force
characteristics in the frequency domain are also determined by the pump.
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Figure 19. Force amplitude at the frequency of 15fz. (a) Impeller. (b) Housing.
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Figure 20. Frequency domain results of the coupled hydraulic forces. (a) Impeller. (b) Housing.

4. Conclusions

In this paper, the fluctuation characteristics of radial hydraulic force on the fire turbop-
ump were studied by numerical simulations. The accuracy of the CFD methodology was
validated by comparing with experimental results including turbine speed characteristics
and pump performance characteristics. The absolute errors between the CFD and experi-
mental results at the nominal operating condition for turbine section and pump section
are 4.82% and 3.01%, respectively.

The unsteady CFD simulations successfully predicted the characteristics of hydraulic
forces on the separate turbine, the separate pump and the turbopump. For the separate
turbine, there are one crest and one trough in the force variation for one cycle of impeller
rotation, the periodical force fluctuation is formed when the impeller is rotating. Some ob-
vious fluctuations can be observed on the frequencies of 15fz and 30fg, and the fluctuation
amplitude on the 15fy is bigger. For the separate pump, obvious five periods in the force
fluctuation were observed and determined by impeller structure. There are obvious fluctu-
ation amplitudes on the frequencies of 5fg, 10fg and 15fg, and the fluctuation amplitude on
the 5fr is bigger. For the turbopump, the coupled effect of force fluctuations on the turbine
and pump was explored. The periodicity of force fluctuation in the time domain and force
characteristics in the frequency domain are dominated by pump structure. The hydraulic
force fluctuation on the impeller is enhanced, while that on the housing is dampened by
counteracting the forces between turbine suction and pump volute. These are useful to
optimize the turbopump structure to reduce the flow-induced vibration.
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