
Research Article
Effects of Impeller Diameter on High-Speed Rescue Pump

Yuxing Bai,1 Fanyu Kong,1 Bin Xia,1 Fei Zhao,1,2 and Yingying Liu1

1National Research Center of Pumps, Jiangsu University, Zhenjiang, Jiangsu 212013, China
2College of Mechanical Engineering, Wuxi Institute of Technology, Wuxi, Jiangsu 214121, China

Correspondence should be addressed to Yuxing Bai; yxbai1012@163.com

Received 25 May 2017; Revised 1 October 2017; Accepted 1 November 2017; Published 29 November 2017

Academic Editor: Andrea L. Facci

Copyright © 2017 Yuxing Bai et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Impeller diameter is a crucial design parameter of high-speed rescue pumps because it affects the performance and inner flow
characteristics of these pumps. In this study, a pump with an impeller diameter of 248mm was modeled and its performance
was tested. Numerical simulations were conducted under steady and unsteady states, in which the sizes of the impeller diameters
were designated as 248mm (original), 235.6mm (5% trimmed), 223.2mm (10% trimmed), and 210.8mm (15% trimmed). ANSYS
software was used to test the shear stress transport (SST 𝑘-𝜔) of the four models, and results agreed well with experimental data.
Diameter size affected impeller characteristics in both steady and unsteady states. Subsequently, the differences in performance,
hydraulic loss, pressure pulsation, and radial force of the impellers were evaluated. In the performance test, the head and efficiency
of the pump decreased as impeller diameter was reduced.The result trends are in accordance with the trim lawwithin the acceptable
error range. In terms of hydraulic loss, the impeller and diffuser vane components presented opposite trends with flow rate increase.
Finally, in terms of pressure pulsation and radial force, the amplitude diminished while periodicity improved as impeller diameter
decreased.

1. Preface

The number of mining flooding accidents has increased in
China and in other countries, and rescue operation groups
have since demanded for lower-volume, higher-powered, and
higher-speed pumps compared with conventional types. The
current rescue pumps used formining flooding are themulti-
stage types, which have sufficient power and head to alleviate
flooding from the bottom to the ground, but are complex and
too large to use in narrow mining wells [1–4]. Consequently,
the research groups at Jiangsu University that are in charge of
rescue pump development have designed a series of small-
volume, high-powered, and high-speed rescue pumps that
can be easily used during mining flooding incidents.

In recent years, computational fluid dynamics (CFD)
analysis has been applied to the hydrodynamic design
of several pump types due to the following reasons. First,
the outcomes of hydraulic design and performance are dif-
ficult to predict because of complex geometric parame-
ters. Second, constructing and testing physical prototypes are
expensive and time-consuming endeavors, which reduce the
profitmargins of pumpmanufacturers. Consequently, several

studies have been conducted on CFD to serve as guides for
pump design and optimization [5–14]. In terms of pressure
pulsation and radial force, Gao et al. [15] studied the static
performance and pressure fluctuation of a large centrifugal
pump and determined the main frequency of mine moni-
toring points; their findings agreed well with experimental
data. Zhang et al. [16] investigated a conventional spiral volute
pump and demonstrated how slope volute contributes to the
significant decline of pressure pulsation. Pei et al. [17–19]
investigated the flow unsteadiness behavior of a centrifugal
pump and reported the significant effect of flow rate on
time-averaged unsteadiness and distribution of turbulence
intensity.

The impeller diameter is a crucial design parameter
because it can easily affect the performance of pumps [20–23].
Jain et al. [24] proposed an empirical correlation to predict
the efficiency of pump impellers that run in turbine mode.
Barrio et al. [25] compared the effects of four impeller diam-
eter sizes on pressure pulsation. Šavar et al. [26] proposed a
maximum diameter trim value for pumps operating under a
certain law.Wang and Liu [27] demonstrated the distribution
of pressure and velocity in pumps with different impeller
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(a) Assembly of the model rescue pump

(b) External view of the model rescue pump

Figure 1: Model of rescue pump.

diameters. Zhang et al. [28] tested the impeller cutting law of
double-channel pumps. Zhou et al. [29] compared a number
of special impeller trimming methods for centrifugal pumps
and offered a scientific basis for impeller trimming. Yates and
Weybourne [30] proved that the enhanced performance of
pumps is influenced by pump selection, impeller trimming,
and speed drive variations.

However, themajority of the aforementioned studies have
focused on low- or normal-speed pumps. Studies on the im-
peller diameters of high-speed and high-powered pumps
remain scarce. Consequently, the current work presents an
analytical method for investigating the effects of impeller
diameters.

To achieve this objective, a low-volume, high-powered,
and high-speed pump with a specific impeller diameter was
designed. Subsequently, by changing diameter size, the orig-
inal and three additional impellers were modeled and sim-
ulated using the CFD method. The results of the numerical
simulation were verified and compared with experimental
benchmarks. The four modeled impellers with different di-
ameters were investigated in terms of pump performance and
certain transient characteristics. Lastly, the laws of impeller
diameter effect were determined to serve as guides for future
theoretical designs and engineering applications.

2. Main Parameters of the Reference Pump

The pump investigated in this study was GPQ200-300, which
is a typical high-speed rescue pump. The design parameters

Table 1: Main parameters of original high speed rescue pump.

GPQ200-300
𝑄𝑑 (m3/h) 𝐻𝑑 (m) 𝑁 (rpm) 𝑛𝑠
200 300 6000 71.46

Impeller Diffuser vane
𝐷0/mm 65 𝐷3/mm 253
𝐷1/mm 125 𝐷4/mm 360
𝐷2/mm 248 𝐷5/mm 310
𝛽𝑖2/∘ 32 𝛼𝑑3/∘ 11.4
𝑏2/mm 15 𝑎3/mm 22
𝛾/∘ 135 𝑎4/mm 30
𝑍1 7 𝑍2 9

are provided inTable 1, and themodel is presented in Figure 1.
The nomenclature of all the symbols, including scalars and
vectors, is listed in Nomenclature.

3. Test Rig

The test rig was acquired from the Hefei Hengda Group
(China) (Figure 2).The pumpwas driven by a transducer that
transferred current from the power network at a frequency
range of 50–100Hz. Flow rate was adjusted through a valve
located near the outlet duct of the pump. Flow magnitude
was calculated using an LWGY-200A turbine flowmeter with
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Figure 2: Test rig.

a measurement uncertainty of 0.5%. The inlet and outlet
sections of the pump were affixed to two WT200 intelligent
pressure tensors that collected mean static pressure at 0.1%
uncertainty. Finally, the electric signal and input power were
measured from the transducer, which was connected to a
computer equipped with data acquisition software.

In addition, the test was carried out according to Chinese
National PrecisionGradeNumber 2 regulations which can be
seen in Table 2.

The performance curves of the test rig are shown in
Figure 3. The pump performed at the optimum and close

Table 2: Test precision standard of grade 2 in China.

Contents 𝑄 𝐻 𝑃 𝜂
Uncertainty ≦±2.0% ≦±1.5% ≦±1.5% ≦±2.8%

to the design point based on the experimental results. The
pump head decreased when flow exceeded the design point.
This conditionmight have been caused by the extraordinarily
high speed and high power of the pump. Simultaneously,
impact loss manifested as high flow rates due to the limited
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Table 3: Mesh groups for independence verification.

Plan number
Mesh Number (thousand)

Impeller
domain

Diffuser vane
domain Inlet domain Outlet domain Gap of front

cover
Gap of back

cover Total number

1 72.16 58.57 3.54 19.86 5.35 20.21 179.69
2 194.95 160.80 5.74 57.43 15.61 50.12 484.65
3 673.85 602.99 29.77 200.56 57.12 205.54 1769.83
4 1322.69 931.78 37.55 315.68 91.91 308.86 3008.47
5 1846.37 2058.27 88.47 705.61 321.87 725.86 5746.45
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Figure 4: 3D model of fluid domain.

components of overflow.When the deviation from the design
point is significant, the performance impact is more drastic.
In the experiment, “efficiency” was represented by crew
efficiency andmeasured in terms of power transmitted by the
converter output. Overall, pump performance matched the
requirements of the design.

4. Numerical Model

4.1. 3D Model. The 3D model of the entire flow passage was
built in CREO 2.0. A sectional view of the model is shown
in Figure 4. The computational domain of the numerical
simulation comprised six parts: the inlet, the impeller, the
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Figure 5: Mesh independence verification.

diffuser vane, the outlet, the gap of the front cover, and the
gap of the back cover.

4.2. Mesh Independence Study. The accuracy of the numer-
ical simulation was significantly affected by the quality of
the meshes. The computational domain was generated via
ANSYS-ICEM 14.5 using a structured hexahedral mesh; this
setup was selected because of its minor truncation errors
and good convergence. To achieve the best balance between
calculation accuracy and time-cost point, the setup was
tested for mesh independence. Table 3 lists the five groups
of mesh structures that are used for the mesh independence
study, while Figure 5 shows the simulation results of each
group with a specific mesh number. Simulation accuracy and
calculation time were determined; then the case with 1769.83
thousand cells was selected for the final simulation. In all
parts of the mesh region, the 𝑦+ values were lower than 50,
which imply adequate coverage of the critical regions in the
computational domain (Figure 6).

4.3. Boundary Condition. The steady and transient flow fields
of the domain were solved using the CFD code of ANSYS
CFX14.5. Before unsteady flow simulations were conducted,
steady calculations were performed. A frozen rotor interface
connected to the rotating and stationary parts of the pumps
were used for the calculations. Then, the inlet and outlet
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Figure 6: Mesh of fluid domain.

sections were set for total pressure rate and mass flow rate,
respectively. To obtain exact results, the inlet was extended
to five times the length of the outlet. Meanwhile, in the
steady simulation, the physical timescale of 5/𝜔 was set as
the timescale control, whereas the roughness of the solid
walls was designated as no-slip with 25 𝜇m. Thereafter, the
converged numerical solution for the steady state was used
as the initial condition of the unsteady-state calculations.
During simulation, time step Δ𝑡 was set to a series of 3∘
changes in the impeller circumference; different rotation
speeds were also applied. Total time was set to a minimum
of 10 full impeller revolutions. Lastly, the maximum residual
of the convergence criterion was set to 1 × 10−5 in accordance
with the high resolution scheme for time discretization.
Besides, the second-order backward Euler for the transient
scheme.

4.4. Turbulence Model. Flow field was analyzed in CFX
using the URANS equations with the following governing
equations [31–34]:

Continuity Equation

𝜕𝑢𝑖𝜕𝑥𝑗 = 0. (1)

Navier-Stokes Equations

𝜌(𝜕𝑢𝑖𝜕𝑡 + 𝑢𝑗
𝜕𝑢𝑖𝜕𝑥𝑗) = −

𝜕𝑝
𝜕𝑥𝑖 +

𝜕𝜕𝑥𝑗 (𝜇
𝜕𝑢𝑖𝜕𝑥𝑗 − 𝜌𝑢󸀠𝑖𝑢󸀠𝑗) , (2)

where 𝑢 is the flow velocity, 𝜇 is the dynamic viscosity, 𝜌 is
density, and 𝜌𝑢󸀠𝑖𝑢󸀠𝑗 is Reynolds stress.

To derive the solutions for real flows, the numerical ap-
proach was adopted; that is, equations were replaced with al-
gebraic approximations so they could be solved numerically.
When the conservation equations for mass, momentum, and
passive scalar were considered, the finite volumemethod was
expressed in the Cartesian coordinates as follows [31–33]:

𝜕𝜌
𝜕𝑡 + 𝜕𝜕𝑥𝑗 (𝜌

󳨀⇀𝑈𝑗) = 0,
𝜕𝜕𝑡 (𝜌

󳨀⇀𝑈𝑗) + 𝜕𝜕𝑥𝑗 (𝜌
󳨀⇀𝑈𝑗󳨀⇀𝑈𝑖)

= − 𝜕𝑝𝜕𝑥𝑖 +
𝜕𝜕𝑥𝑗 [[

𝜇eff [[
𝜕󳨀⇀𝑈𝑖𝜕𝑥𝑗 +

𝜕󳨀⇀𝑈𝑗𝜕𝑥𝑗 ]]
]
]
,

𝜕𝜕𝑡 (𝜌𝜑) + 𝜕𝜕𝑥𝑗 (𝜌
󳨀⇀𝑈𝑗𝜑) = 𝜕𝜕𝑥𝑗 [Γeff [

𝜕𝜑
𝜕𝑥𝑗]] + 𝑆𝜑,

(3)
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Figure 7: Comparison between experiment and numerical simula-
tion.

where 𝜇eff is effective viscosity, Γeff is effective diffusivity, 𝜑 is
time varying component, 󳨀⇀𝑈 is vector of velocity, 𝑆𝜑 is sum of
the body forces.

Furthermore, Reynolds stress was calculated using the
turbulence model. In general, the turbulence model signifi-
cantly affects the accuracy and precision of a simulationwhen
CFD is used. In this study, the turbulence model comprised
three models, namely, 𝑘-𝜔, 𝑘-𝜀, and SST 𝑘-𝜔, to complement
the numerical simulation. Thereafter, the simulation results
were compared with experimental data.

Hydraulic efficiency was determined from the numerical
simulation, but it differed from the crew efficiency men-
tioned in the experimental data. Thus, crew efficiency was
transformed into a hydraulic efficiency value by multiplying
the mechanical value by the volumetric efficiency value.
Consequently, the efficiency indicator was applied to validate
simulation accuracy. In addition, the power acquired from
the simulation was hydraulic power, which differed from
the input power obtained in the experimental data. These
two types of power (i.e., energy indicators) can reflect the
tendency to change the unit condition of the pump. The
aforementioned head and power parameters were compared
to validate simulation accuracy.

Figure 7 shows the comparative results of the experimen-
tal data and the numerical simulation. At certain points,
the simulation results differed from the experimental data
because of the following reasons. (1) In the numerical sim-
ulation, the flow in the inlet was considered a uniform flow,
which differed from the actual flow condition. (2) Some
components of the flow passage were cast parts with a rough
surface and, thus,might have affectedwall flow. (3)Theeffects
of mesh quality, boundary condition, and turbulence model
were difficult to investigate in complex flow simulations.
Despite the aforementioned limitations, the performance

curves of the simulation are generally consistent with experi-
mental data, thereby proving the reliability of the simulation.
The head result of the SST 𝑘-𝜔 model is extremely close
to the experimental result. Consequently, all the numerical
simulations were based on the SST 𝑘-𝜔model.

The SST 𝑘-𝜔model could be expressed [31–33]:

𝜕 (𝜌𝑘)
𝜕𝑡 + 𝜕𝜕𝑥𝑗 (𝜌

󳨀⇀𝑈𝑗𝑘)

= 𝜕𝜕𝑥𝑗 [(𝜇 +
𝜇𝑡𝜎𝑘3)

𝜕𝑘𝜕𝑥𝑗] + 𝑃𝑘 − 𝛽
󸀠𝜌𝑘𝜔 + 𝑃𝑘𝑏,

𝜕 (𝜌𝜔)
𝜕𝑡 + 𝜕𝜕𝑥𝑗 (𝜌

󳨀⇀𝑈𝑗𝜔)

= 𝜕𝜕𝑥𝑗 [(𝜇 +
𝜇𝑡𝜎𝜔3)

𝜕𝜔𝜕𝑥𝑗]
+ (1 − 𝐹2) 2𝜌 1𝜎𝜔2𝜔

𝜕𝑘𝜕𝑥𝑗
𝜕𝜔𝜕𝑥𝑗 + 𝛼3

𝜔𝑘 𝑃𝑘 − 𝛽3𝜌𝜔2
+ 𝑃𝜔𝑏,

(4)

where 𝑃𝑘 is the turbulence production due to viscous forces,𝑃𝑘𝑏 and𝑃𝜔𝑏 represent the influence of the buoyancy forces,𝛽󸀠,𝛼1, 𝛽1, 𝜎𝑘1, 𝜎𝜔1, 𝜎𝑘2, 𝜎𝜔2, 𝛼2, 𝛽2, 𝛼3, 𝛽3, 𝜎𝜔3 are constant, 𝑢 is
the flow velocity, 𝜇 is the dynamic viscosity, 𝜌 is density, and𝐹2 is blending functions.

𝐹2 = tanh (arg22) , (5)

with

arg2 = max( 2√𝑘𝛽󸀠𝜔𝑦, 500]𝜔𝑦2 ) . (6)

The boundary condition for the dissipation rate, 𝜀, is
then given by the following relation which is valid in the
logarithmic region:

𝜀 = 𝜌𝑢∗𝑦∗𝜇
𝐶3/4𝜇𝜅 𝑘3/ ,

𝜇∗ = max(𝐶1/4𝜇 √𝑘,Coef ⋅ 𝑈𝑡𝑦∗) ,
𝑦∗ = max (𝑦∗, 11.06) ,

(7)

where 𝐶𝜇 is 𝑘-𝜀 turbulence model constant, 0.09. 𝜅 is Von
Karman constant with value 0.4, 𝑦 is wall distance, and Coef
is the expert coefficient with the default value 0.01.

Considering the rough wall condition, the scalable wall
function 𝑦+ is defined as

𝑦+ = max (𝑦∗, ℎ𝑆+/ , 11.06) ,
𝑦∗ = 𝜌𝑢∗Δ𝑦𝜇 . (8)
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Figure 8: Comparison of performance curves.

ℎ𝑆+ is dimensionless sand-grain roughness, Δ𝑛 is the dis-
tance between the first and second grid point,𝑢∗ is alternative
velocity scale, and 𝑦∗ is alternative distance.
5. Result Analysis

To analyze the effect of impeller diameter on the performance
of high-speed rescue pumps, simulations were performed
using four impellers:

(1) Original impeller (Φ248mm)
(2) 5% trimmed impeller (Φ235.6mm)
(3) 10% trimmed impeller (Φ223.2mm)
(4) 15% trimmed impeller (Φ210.8mm).

5.1. Steady Analysis

5.1.1. Performance Curves. To determine the effect of impeller
diameter on performance, all simulations were conducted at
flow rates of 0.5–1.2 𝑄𝑑 (i.e., based on the law of impeller
trim for an impeller diameter of 248mm). As shown by the
performance curves in Figure 8, pumphead and efficiency are
in accord with the law of impeller trim as diameter decreases.
In all four cases, the head curves gradually decreased when
pump flow increased (i.e., before the design point); thereafter,
the decreasing head curves became more evident (i.e., after
the design point). Among the four cases, the head curve
for the 235.6mm impeller diameter presented the largest
descending gradient. The findings suggest that high-velocity
fluids, which were caused by impeller rotation during heavy
flows, significantly affect impact loss in the gap area between
the impeller inlet and the diffuser vane outlet. In addition,
the velocity of the impeller with a diameter of 235.6mm
was higher than those of the impellers with diameters of
223.2mm and 210.8mm. However, the gap area was smaller
than those in the two other cases, and these conditions imply

Table 4: Difference between𝐻th and𝐻si.

𝐷2 (mm) 𝐻th (m) 𝐻si (m) Error (%)
248 300 302.66 0.89
235.6 270.75 282.70 4.69
223.2 243 260.14 7.05
210.8 216.75 241.95 11.63

higher impact on the diffuser vane. The 248mm impeller
diameter (original model) was more adaptable under heavy
flow conditions comparedwith the other three cases. In terms
of efficiency, all four cases reached the maximum value of the
design point, which correspond to the designated peak value
for the smallest impeller diameter. In the case of high-rotation
speeds, the impeller with the smallest diameter attained the
least impact loss in the inlet of the diffuser vane.

Equations (9) were used as the theoretical equations for
the heads of the different impellers. These equations were
determined based on the original model and the trim law
at the nominal flow point. To investigate accuracy from the
perspective of theoretical progress, the difference between the
theoretical head (𝐻th) and the numerically simulated head
(𝐻si) was established. As shown in Table 4, errors become
apparent as impeller diameter increases; this finding implies
a mismatch between theoretical and experimental results.
However, these errors were within the acceptable range, and
thus, the equations were applied to the head prediction of
high-speed rescue pump design [33].

𝑄󸀠𝑄 = 𝐷󸀠2𝜋𝑏󸀠2V󸀠𝑚2𝐷2𝜋𝑏2V𝑚2 =
𝐷󸀠2V󸀠𝑚2𝑏󸀠2𝐷2V𝑚2𝑏2 =

𝐷󸀠2𝐷2 ,
𝐻󸀠𝐻 = 𝑢󸀠2V󸀠𝑚2𝑢2V𝑚2 = (

𝐷󸀠2𝐷2)
2 .

(9)

5.1.2. Hydraulic Loss. To illustrate hydraulic loss in high-
speed pumps, the flow domain was divided into three parts
(Figure 9): the impeller region, the diffuser vane region, and
the draft tube.

Total hydraulic loss (𝐻𝑡) and impeller hydraulic loss
(𝐻im), which were obtained from the numerical simulations
of the impellers with different diameters, are shown in
Figure 10. In the four cases, total loss and impeller loss curves
presented the same trend; that is, flow increase corresponds
to rapidly descending curves. However, once the flow exceeds
the nominal flow rate, the curves begin to move upward. In
general, given the same flow point, increasing the impeller
diameter causes the hydraulic loss value to increase.

In a high flow region, an increase in 𝐻𝑡 and 𝐻im was
more evident in the impeller with 210.8mm diameter com-
pared with the other three cases. This phenomenon may be
explained as follows. First, even if more fluid entered the gap
between the impeller and the diffuser (i.e., high flow rate), this
fluid remained in the gap and did not flow into the diffuser
vane domain. Second, the efficiency rate of the impeller with
210.8mm diameter decreased dramatically with heavy flow
(Figure 10).
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Figure 10: Hydraulic loss distribution.

In Figure 11, the proportions of the impeller and the
diffuser vane in relation to total hydraulic loss are shown in
Figure 11. Hydraulic loss in the impeller and the diffuser vane
plays an important role in pump performance.The trends for
the impeller with a diameter of 248mm were more adverse
compared with the other three cases.

The following points may elucidate the case of the
impeller with a diameter of 248mm. First, hydraulic loss
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Figure 11: Proportion of hydraulic loss in impeller and diffuser.

in the impeller was smaller than that in the diffuser vane
at each flow rate. Unlike in the diffuser vane passage, the
flow in the impeller was smooth. Second, the proportion
of the impeller in relation to total hydraulic loss increased
with flow increase. Once the peak value in the design point
was reached, the proportion decreased with continuous flow
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Figure 12: Monitors in impeller passage.

increase. Presumably, turbulence increased when pump flow
increased. Finally, hydraulic loss in the diffuser vane initially
decreased and then increased, and this behavior could be
attributed to heavy flows that blocked the diffuser vane
passage. The diffuser vane passage was divided into nine
parts, thereby increasing the probability of blockage, which
then resulted in higher loss for the diffuser vane than that
for the impeller. At small rates (i.e., the other three cases),
however, the loss in the impeller was considerably higher
than that in the diffuser vane. This phenomenon may be
ascribed to the mismatched characteristics of the impel-
ler.

5.2. Unsteady Analysis

5.2.1. Pressure Pulsation. To complete the analysis of the flow
state, the four cases were compared in terms of unsteady
pressure and radial force state. In this study, all transient
results were set from the sixth to the tenth period, thereby
deriving relatively accurate data. To monitor flow, six points
were designated at the middle flow line in the impeller
flow passage. These points were evenly distributed along the
radial location (Figure 12). Subsequently, monitoring point
yl-6, which was initially placed in the impeller flow passage
of the original pump, was repositioned in the gap between
the impeller and diffuser vane in the other three cases.
Monitoring point yl-6 was also renamed jx in the other three
models.

Pressure pulsation was caused by the comprehensive
effect of rotor-stator interaction, turbulence, and reflux.

Thepressure pulsation energy in the impeller flowpassage
was evaluated alongside the effects of amplitude errors.
Subsequently, a pressure coefficient was added to (10) as
follows:

𝐶𝑝 = 𝑃 − 𝑃
(1/2) 𝜌𝑢22 , (10)

where 𝑃 represents static pressure at monitor point, 𝑃
represents mean pressure, 𝜌 is density, and 𝑢2 is velocity at
the outlet of impeller.

Figure 13 shows the time history of unsteady pressure
pulsations with nominal flow rates. From the perspective
of periodicity, the pumps with impellers with diameters
of 223.2mm and 210.8mm attained better cycles than the
other two models. The periodicities of the impellers with
diameters of 248mm and 235.6mm were not evident. This
phenomenon may be explained by two reasons. On the one
hand, a larger impeller diameter requires higher impeller out-
let velocity and longer channels. However, this setup is prone
to vortex or flow separation, which hampers flow periodicity.
On the other hand, the values of 𝐶𝑃 in all the four cases
increased when the location of a monitoring point moved
from the impeller inlet to the outlet.The outlet of the impeller
experienced higher velocity and larger vortex than the inlet
because of the flow direction of the fluid from the impeller
passage. Finally, the maximum 𝐶𝑃 of the impeller with
210.8mm diameter was lower than those in the other three
cases, and this finding may be related to the gap between the
impeller and the diffuser vane. On the basis of the findings,
increasing the gap area causes pressure pulsation to diminish.
In addition, fluctuation amplitude becomes relatively small
with the disappearance of the vortex or secondary flow in the
buffer area.

Figure 14 shows the pressure spectra after fast Fourier
transform (FFT). For the three impeller diameters (235.6,
223.2, and 210.8mm), the rotating speed was 6000 rpm, the
rotating frequency (𝑓𝑛) was 100Hz, and the blade passing fre-
quency (𝑓𝐵𝐸𝐹 = 7𝑓𝑛) was 700Hz. The 0–2800Hz frequency
band (4𝑓𝐵𝐸𝐹) played a predominant role in the pressure
spectra in all the four cases. The frequency signals are related
to the complex internal flow structure within this range.
The effects caused by the rotor-stator interaction are also
negligible, which implies that the values of the components at
the blade passing frequency are relatively small. By contrast,
in the case of the impeller with a diameter of 248mm, each
order of 𝑓𝐵𝐸𝐹 played a dominant role in the pressure spectra.
These findings suggest that the size of the gap between
the impeller and the diffuser vane is related to rotor-stator
interaction, which evidently affects flow.

The frequency amplitude of the impeller with a diameter
of 210.8mm was smaller than those of the other three cases.
The unsteady vortex shedding effect was extensive in the case
of the 210.8mm impeller diameter due to the relatively large
gap between the impeller and the diffuser vane and the short
flow channel.

As shown in Figure 14, in the case of the 223.2mm impeller
diameter, at monitoring point jx, the amplitude peak appeared
at each order of 𝑓𝐵𝐸𝐹 and the values were much bigger than
the other frequencies. The reason is probably that the rotor-
stator interaction is extremely obvious in this case. As a resource
of disturbance, the impeller may lead to the violent rise of
pressure in the gap when the impeller passed the inlet of flow
passage of diffuser vane. Apart from the interaction factor,
the flow shedding and vortex shedding which may develop
in this region were also contributed to the clear dominant
peaks. Furthermore, the amplitude at monitoring point jx
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Figure 13: Time history of the pump with different impeller diameters at nominal flow rate.

of the 223.2mm impeller diameter was considerably higher
than those in the other two cases. The gap between the
impeller and the diffuser was also relatively larger and the
impeller channel was relatively shorter because of impeller
trimming. Subsequently, the fluid in the passage was inad-
equate; otherwise, the unsteady factors (e.g., flow shedding
and vortex shedding) near the wall were apparent. In general,
unsteady flows continuously fill in the cutting gaps. However,
an extremely small cutting gap area is insufficient to fully
develop a vortex. Meanwhile, an extremely large cutting gap
region completely absorbs an unstable vortex. In the present
study, the fluctuation amplitude of the jx monitoring point
reached the maximum value at the middle cutting mar-
gin.

5.2.2. Radial Force. In hydrodynamics, force is produced by
fluid pressure and fluid viscosity.The effect of impeller eccen-
tricity is neglected to accurately calculate force.

The effects of rotation position and time are considered.
The radial force of the impellers used in this study comprised
surface dispersion forces, as defined in (11) [34].

The forms are
󳨀→𝐹𝑝 = −∫

𝐴
𝑝 ⋅ 𝑒 ⋅ 𝑑𝐴,

󳨀→𝐹 V = −𝜇∫
𝐴
( 𝑑𝜇𝑑𝑛𝑛) ⋅ 𝑒 ⋅ 𝑑𝐴,󳨀→𝐹 𝑟 = 󳨀→𝐹𝑝 + 󳨀→𝐹 V,

(11)
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Figure 14: Pressure spectra of the pump with different impeller diameters at nominal flow rate.

where 󳨀→𝐹 𝑟 is the radial force, 󳨀→𝐹𝑝 is the radial force caused
by fluid pressure, and 󳨀→𝐹 V is the radial force caused by fluid
viscosity.

Figure 15 shows the vector diagram of the unsteady radial
force on the impeller in the rotating frame, where the radial
force is divided into two components along the 𝑥- and 𝑦-
axes. In this diagram, the coordinate of a point represents
the magnitude and direction of the radial force at a specific
time point. As shown in the figure, the shape of the curves
narrowed while that of the vector force was normalized as
impeller diameter decreased. In addition, the amplitude of
the radial force weakened. In general, variations in vectors
imply that a larger impeller diameter enhances rotor-stator
interaction and unsteady flow characteristics (e.g., turbulence
and flow separation in the impeller passage). In the present
study, the bearing and seal were designed by considering the
fatigue caused by the alternating forces and stresses in the
impeller. Figure 16 shows the radial force frequency domain
of the four impellers, where the predominant components in
the force spectra are localized in the low-frequency region.
In the 𝑥 and 𝑦 directions, the amplitudes are nearly the
same. The findings imply that a nonuniform inflow increases
radial force at a low-frequency region, thereby producing
low-frequency vibrations of the shaft system.

By contrast, the maximum amplitude frequencies in the𝑥 and 𝑦 directions of the impeller with 235.6mm diameter
were higher than those in the other three cases. This finding
implies that the gap between the impeller and the diffuser
increases even at the first trimming and then continuously
affects the steady flow near the outlet. Moreover, vortex shed-
ding caused by the inadequate flow passage developed at the
impeller outlet. The model with 235.6mm diameter provides
the longest impeller passage among the three cutting cases,
which indicates the largest area of action among unstable
forces, such as vortex shedding.

6. Conclusion

The influence of impeller diameter on the steady state and
unsteady-state characteristics of high-speed, high-powered
pumps was investigated via simulation and experiments.
The steady-state analysis comprised parameters, such as
pumpperformance and hydraulic loss, whereas the unsteady-
state analysis included pressure pulsation and radial force.
Pressure pulsation signals were monitored by assigning six
points in the impeller passage. Then, pressure spectrum
characteristics were obtained after FFT. Finally, radial force
valueswere compared.Themain conclusions are summarized
as follows.
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Figure 15: Vector diagram of the unsteady radial force at nominal flow rate.
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The numerical results were validated using the experi-
mental data for the head, power, and efficiency values with
different flow coefficients. The numerical simulation results
show that changing impeller diameter can alter pump per-
formance. As impeller diameter decreases, the head curves
drop in accordance with the trimming law. The impeller
with 210.8mm diameter attained maximum efficiency in the
nominal flow rate.

Hydraulic loss values are generally similar, except after
impeller trimming. The proportion of hydraulic loss in the
impeller initially decreases and then increases with nominal
flow rate.

In terms of pressure pulsation in the context of the time
domain, the pressure intensity in the impeller with 210.8mm
diameter was lower than those for the other three impellers.
For the pressure spectra, the frequency band of 0–2800Hz
(4𝑓𝐵𝐸𝐹) preserved most of the component values in all four
cases. However, the differences in pressure pulsations across
all four cases were apparent. For the impeller with a diameter
of 223.2mm, pressure pulsation was evidently strong in the
gap.

As a major index of pump stability, radial forces were
investigated and then compared. Impeller trimming leads to
variations in the 𝑥 and 𝑦 radial forces. In the case of the
impeller with a diameter of 235.6mm, amplitude was consid-
erably higher than those in the other three cases. As impeller
diameter decreased, amplitude also decreased whereas peri-
odicity increased.

The present work can provide significant guidance in the
design of high-speed, high-powered rescue pumps. It also
contributes to improving the understanding of flow charac-
teristics. Understanding the effects of impeller diameter on
pump performance, unsteady pressure, and radial force is
crucial in accurately evaluating pump performance because
these effects are directly related to the design of new types of
pumps.

Nomenclature

𝑎3: Throat height of diffuser vane𝑎4: Outlet height of diffuser vane𝑏2: Outlet width of impeller
Coef: Expert coefficient, 0.01𝐶𝑃: Pressure pulsation coefficient𝐶𝜇: 𝑘-𝜀 turbulence model constant𝐷0: Hub diameter𝐷1: Inlet diameter of impeller𝐷2: Outlet diameter of impeller𝐷3: Base diameter of diffuser vane𝐷4: Outer diameter of diffuser vane𝐷5: Outlet diameter of diffuser vane𝑓𝐵𝐸𝐹: Blade passing frequency𝑓𝑛: Rotating frequency𝐹2: Blending functionsℎ𝑠+: Dimensionless sand-grain

roughness𝐻: Head𝐻𝑑: Designed head𝐻𝑡: Total hydraulic loss

𝐻im: Impeller hydraulic loss𝐻si: Numerical simulation head𝐻th: Theoretical head𝑘: Turbulent kinetic energy𝑛: Rotation speed𝑛𝑠: Specific speed𝑝: Pressure𝑃𝑘: Turbulence production𝑝: Time-averaged pressure𝑄: Flow rate𝑄𝑑: Designed flow rate𝑆𝜑: Sum of the body forces𝑡: Time𝑢: Velocity𝑢2: Velocity of the impeller tip𝑢∗: Alternative velocity scale𝑦+: Nondimensional wall distance𝑦∗: Alternative distance𝑍1, 𝑍2: Blade number of impeller, diffuser
vane𝛼𝑑3: Inlet angle of diffuser vane𝛽𝑖2: Outlet blade angle of impeller𝛽󸀠, 𝛼1, 𝛽1, 𝜎𝑘1,𝜎𝜔1, 𝜎𝑘2, 𝜎𝜔2, 𝛼2,𝛽2, 𝛼3, 𝛽3, 𝜎𝜔3, 𝛽2,𝛼3, 𝛽3, 𝜎𝜔3:

Turbulence constants

𝜀: Dissipation rate𝜂: Efficiency𝜇: Molecular viscosity𝜇eff : Effective viscosity𝜑: Time varying component𝜌: Density𝜅: Von Karman constant󳨀→𝐹 𝑟: Radial force vector󳨀→𝐹𝑝: Radial force vector caused by
pressure󳨀→𝐹 V: Radial force vector caused by
viscosity󳨀⇀𝑈: Vector of velocityΔ𝑛: Distance between grid pointsΓeff : Effective diffusivity.
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