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The interaction between impeller and volute produces a complex and unsteady water flow.
It involves the interference of the non-uniform flow (such as the impeller’s jet wake and a
secondary flow). In this paper, the transient flow in a new type of dishwasher pump is
investigated numerically. In addition, pressure measurements are used to validate the
numerical method, and the simulation results agree well with the experiment. Three
schemes, 0 rpm (revolutions per minute)/30 rpm/60 rpm, of volute speeds are
investigated. Multiple monitoring points are set at different positions of the new
dishwasher pump to record pressure-pulse signals. In addition, frequency signals are
obtained using a Fast Fourier Transform, which is then used to analyze the effect of the
volute tongue and the outflow of the impeller. The radial force on the principal axis is
recorded, and the schemes with different rotation speeds of volute are compared. The
results show that the volute speed has only a small effect on the pump performance. In
addition, the speed of the volute mainly affects the flow field in the transition section located
between impeller and volute. The difference of the flow field in the impeller depends on the
relative position between the impeller and the volute. The time domain curve for the
pressure pulse is periodic, and there is a deviation between the peak for the schemes in the
outflow region. In the frequency domain, the characteristic frequency equals the blade
passing frequency. In the outflow region, the effect of the volute speeds increases with
increasing volute speed. For the radial force, the rotating volute strengthens the fluctuation
of the radial force, which affects the operational stability of the pump. The shape of the
vector distribution is most regular for the 30 rpm scheme, which indicates that the stability
of the pump is the highest. This paper can be used to improve both the control and
selection of volute speeds.

Keywords: dishwasher pump, pressure fluctuation, compound impeller, twin volute, radial force

INTRODUCTION

Electric dishwashers are commonly used in private households as well as commercially.
Unfortunately, due to their relatively complex pipe-systems, conventional dishwashers can easily
accumulate dirt and often suffer from substantial flow-reduction speeds and poor spray-power.
Therefore, the removal of the pipeline (to enable an effective cleaning-function) is an important
development goal. Nowadays, the application of computational fluid dynamics (CFD) is commonly
used to study and improve dishwashers. Researchers have already carried out several detailed and
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systematic studies of the key parts of dishwashers (Dedoussis and
Giannatsis, 2004; Santori et al., 2013; Pérez-Mohedano et al.,
2015; Minde, 2016; Pérez-Mohedano et al., 2017), and their
results indicate that the water-movement analysis plays a very
important role in performance studies. The new type of
dishwasher pump, which is described in this paper, uses an
open cleaning concept to enable cleaning without pipelines in
the water tank. As shown in Figure 1, the impeller is made of a
special composite structure without noticeable front and rear
cover-plates, and the volute is a single volute with a long tongue
within a 180° array to form twin volute. The pump outlet consists
of nozzles that are arranged at different positions and directions
on the volute. Driven by the rotating impeller, the fluid flows into
the volute and generates a speed torque that causes the volute to
rotate. Thanks to the combination of volute flow channel with
pipeline spray, the cleaning system has no pipeline, which
shortens the cleaning time and saves both water and electricity.

Due to movement between impeller and volute, the outflow of
the impeller interacts with the flow in the volute. The unsteady
interaction between these components generates pressure pulses,
which create unsteady dynamic forces. These unsteady dynamic
forces give rise to vibration of the pump components and
generate hydraulic noise (Majidi, 2005; Zhou et al., 2021; Zhu
et al., 2021). The interaction between these components produces
a complex unsteady flow, which involves the interference of non-
uniform flow (such as impeller jet wake) with a secondary flow.
The dynamic pulses have a strong impact on the internal flow loss
as well as operational stability. Many studies focused on the
dynamic pulses in pumps (Long et al., 2020; Peng et al., 20212021;
Ye et al., 2021; Zhang et al., 2021). Barrio et al. (2008) studied the
dynamic pulse mechanism by varying the radial gap of the
tongue. Their results show that the gap reduction led to
greater pressure-increments. Chen et al. (Chu et al., 1995)
investigated the effect of a thick blade on the matching
performance of impeller and volute. The group found that the
pressure depends on the orientation between the impeller and the
tongue. Li et al. (Spence and Amaral-Teixeira, 2008) tested the
flow between impeller and volute of a centrifugal pump with large
outlet angle. Spence et al. (Spence and Amaral-Teixeira, 2009)
analyzed the effect of dynamic pulses on the overall performance
using several geometric parameters for the impeller. The cutwater
gap and vane arrangement were found to exert the biggest effect.

Liu et al. (Liu et al., 2012) used a large-eddy simulation to
investigate the effect of the impeller type on the pressure-pulse
mechanism of a double suction pump. They found that a
staggered arrangement of impellers helped improve the
pressure fluctuation for the volute. Solis et al. (2009) changed
the clearance between impeller and volute by changing the angle
of the tongue, and a k-ω SST model was used to study the
dynamic pulse mechanism. Zhu et al. (2011a) conducted a study
of the dynamic pulse mechanism by changing the diameter of the
volute’s base circle and the clearance between impeller and
tongue. Guo et al. (Guo and Okamoto, 2003) and González
et al. (2003) analyzed the effect of the throat area on the
performance and internal flow of a centrifugal pump. This was
done by changing the tongue type and the tongue angle. Then,
Zhu et al. (2011b) compared the effect of different types of
tongues on the dynamic pulses of the pump. Their results
show that the pressure fluctuation and the radial forces
decrease when middle- and short-tongues were used. Choi
(2008) studied the dynamic pulses flow field for an annular
volute, a spiral volute, and different types of diffusers using
Particle Image Velocimetry (PIV), and they analyzed the
vortex and secondary flow that occurs within the impeller
passage. Yang et al. (2009) studied the dynamic pulse
mechanism in a double volute pump and found that the radial
force on the impeller was unsteady—especially at small flow rates.

The above articles help better understand and improve the
pulsation mechanism in pumps. However, the blade type of the
impeller in these studies was mostly the backward-bending type
(Shi et al., 2020; Wang et al., 2021), and there are no relevant
studies of the compound impeller at present. Moreover, they
mainly focused on the angle of the tongue, the tongue type, and

FIGURE 1 | Physical model of new type dishwater pump.

FIGURE 2 | Computational domains of the new type dishwater pump.

TABLE 1 | Parameters and corresponding design values.

Parameters Value

Design flow rate Q (L/min) 55
Number of impeller Blades Z 8
Impeller rotating speed n (rpm) 3,000
Diameter of inlet pipe D1 (mm) 33
Diameter of impeller inlet D2 (mm) 32
Diameter of impeller outlet b1 (mm) 43.3
Outlet width of impeller b2 (mm) 14.15
Inlet width of volute b3 (mm) 17.8
Angle of tongue (°) 34
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the volute profile in the aspect of the volute. However, the tongue
and outlet of the double volute were still one, and the structure of
a twin volute is clearly different from a double volute. According
to Zheng et al. (2015), the interference between the outflow of
impeller and volute is more significant due to increasing number
of tongues (in the case of multi-tongue ormulti-channel systems).
Therefore, the dynamic pulsation of a twin volute should be
stronger, theoretically.

In this paper, 3D unsteady numerical simulations were
performed to study the secondary flow development (which is
due to the interaction between impeller and volute). A change in
the circumferential relative positions of impeller and volute is
expected to have a clear impact on the fluid. In addition, the
upstream- and downstream-flows are affected due to interference
with the flow. To reveal both the interference effect of the twin
volute and the effect of different volute speeds on the internal flow
of the new dishwasher pump, the detailed flow-patterns and
radial velocities (for the volute cross-section) were determined via
the numerical simulation. In addition, the pressure fluctuation in
the tongue region and the outflow of impeller were measured to
clarify the effect of volute speed. Finally, the laws for the radial

force at different volute speeds were analyzed. The study was
organized as follows: The numerical model and setup are clarified
in Numerical Model and Simulation Setup. Experimental Setup
describes the experimental detection method, and the effect of
volute rotation speed is analyzed in Results and Discussion.
Conclusions are summarized in Conclusion.

NUMERICAL MODEL AND SIMULATION
SETUP

Pump Model
Figure 2 shows the computational domains, which consist of
suction pipe, impeller, and volute. The complex impeller consists
of an axial flow cascade at the bottom, and a centrifugal blade at
the top. The key parameters and corresponding target parameters
for this pump are listed in Table 1.

A clearance of 0.5 mm was set between the axial flow cascade
and the end wall at the axial part of the compound impeller. The
inlet was simplified to a straight pipe, and the diameter of the end
wall D3 was equal to the inlet pipe diameter D2.

Governing Equations
The commercial finite-volume solver ANSYS Fluent 19.0 was
used to simulate the incompressible flow for the new dishwasher
pump. The continuity equation was solved using the k-ω based
Shear-Stress-Transport (SST) model published by Menter
(Menter, 1994) because it can accurately predict the flow
pattern near wall-regions. The turbulence model was used as a
closure for the Reynolds-averaged Navier-Stokes solver to enable

FIGURE 3 | Mesh of the new type dishwater pump (A) Computational zone (B) Mesh of impeller (C) Mesh of tip (D) Mesh of inlet pipe.

TABLE 2 | Mesh independence.

Inlet pipe Volute Impeller Tip Head

Mesh1 164 448 229 124 1.65
Mesh2 215 448 290 140 1.57
Mesh3 241 448 305 208 1.56
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FIGURE 4 | Pressure measurements system setup and position of monitoring point P.

FIGURE 5 | Frequency domain diagram of pressure fluctuation obtained from the numerical simulation and test at the monitoring point P under rated conditions.

FIGURE 6 | Performance curves Q-H and Q-η obtained by simulation.
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a more-accurate prediction of flow separation. The transport
equations for the turbulent kinetic energy and the specific
dissipation rate were given by Eqs 1, 2:

z

zt
(ρk) + z

zxi
(ρkui) � z

zxj
[Γk

zk

zxj
] + Gk − Yk + Sk (1)

z

zt
(ρω) + z

zxi
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zxj
[Γω

zω

zxj
] + Gω − Yω +Dω + Sω (2)

In the above equations, ω represents the specific dissipation rate,
Dω was the cross-diffusion term, Gk and Gω represent the
generation of the turbulence variables k and ω, while Yk and
Yω represent the dissipation of the turbulence variables k and ω,
respectively. The effective diffusivities Γk and Γω are given by:

Γk � μ + μt
σk

(3)

Γω � μ + μt
σω

(4)

Here, σk and σω are the turbulent Prandtl numbers for k and ω. μt
denotes the turbulent viscosity.

Mesh Independence
To discretize the whole computation domain, a structured
hexahedral mesh was generated for the impeller domain using
the software ANSYS ICEM. Figure 3A shows the computational
domain grids. The impeller domain was used using the J/O

method, when the topological structure was selected. For the
periodic structure of the impeller, the grid could be generated via
circumference duplication according to the number of blades,
and the mesh near the blade surface was well (locally)
refined—see Figure 3B. Because of the small tip-clearance in
the impeller, the grid was more refined within that region—see
Figure 3C, D.

To ensure that the calculation result was not affected by the
mesh density, three sets of meshes were selected. Moreover, a
grid-independence test was carried out, and the difference for the
predicted head betweenMesh 2 andMesh 3 was less than 1%. The
ultimate optimal grid, with 1,203 million cells (Mesh 3), was
checked thoroughly. The results were shown in Table 2.

Numerical Setup and Boundary Setting
In Fluent, the turbulent kinetic energy k and turbulent dissipation
rate ω were 1.0 and 1.3 respectively. The four fluid-domains were
connected by pairs of interfaces, and all walls were set as no-slip
boundary condition to be consistent with a viscous fluid. The
water temperature was 25°C. To analyze the internal flow-fields, a
transient simulation was conducted which was initialized using
the steady results. As for boundary conditions, the mass flow rate
inlet boundary-condition was used at the pump inlet, and the
pressure outlet was set at the distal cross section of outlet all the
time. For the transient simulation, the SIMPLEC algorithm was
chosen to deal with velocity–pressure coupling. Furthermore, a
second-order upwind scheme was used for the discretization of

FIGURE 7 | Time average velocity distribution of different volute rotating speeds at the same time (A) 0 rpm (B) 30 rpm (C) 60 rpm.

FIGURE 8 | Vector diagram of different volute rotating speeds at the same time (A) 0 rpm (B) 30 rpm (C) 60 rpm.
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the convection terms of momentum, turbulent kinetic energy,
and the turbulent dissipation rate equations. A second-order
implicit scheme was used for transient formulation. The
boundary conditions were the same as for the steady
simulation. The solution accuracy was set to second order, the
residual convergence accuracy of the scheme was 10−4. In
addition, the time step in the calculation was set to 2.22 ×
10−4 according to the impeller’s rotating period T, which was
equal to 1/90 T.

EXPERIMENTAL SETUP

To compare the pressure fluctuation between the numerical and
the test results, a pressure pulse monitoring point P was set inside
the volute—see Figure 4. The monitoring point was at the same

position as in the prototype test. Considering the rotation of the
spray arm in the test, a set of pressure-pulsation test devices,
which can rotate with the spray arm, was designed. The sensor
was installed on the cover of the test-bed and fastened on the test-
bed with bolts. At this time, it was ensured that the sensor was
suspended above the volute, and we placed the probe of the sensor
in the preset installation hole of the volute. The line was
connected to the connecting groove to ensure that the sensor
probe can rotate with the volute. This test device could effectively
avoid the problem of wire-winding during the rotation of the
spray arm and ensure normal operation. A sampling frequency of
10 kHz was used to collect the data, and the measuring accuracy
of the pressure sensors was 0.2%.

Comparisons of the amplitude between CFD and
experimental data at the monitoring point P under the rated
conditions are shown in Figure 5. The transient pressure was

FIGURE 9 | Streamline and distribution of radial velocity at the middle cross-sectional plane of volute (A) View of section (B) Streamline (C) Radial velocity.
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processed using a fast Fourier transform (FFT). Based on the
impeller speed, the shaft frequency fN � n/60 � 50 Hz and the
blade passing frequency fBPF � Z×fN � 400 Hz. This result is in
good agreement with the experiment which verifies the accuracy
of the numerical simulation. Both the experimental and the
numerical dominant frequencies of pressure fluctuation at the
monitoring point were 1 times the blade passing frequency.
Compared with the experimental results, the amplitude of the
dominant frequency in numerical simulation was higher. The
experimentally obtained amplitudes for the two- and three-times
blade-frequency components were higher than the numerical
results. Interestingly, there were more high frequencies in the
experimental results. The difference between measurement and
simulation may be because of environmental factors that affected
the measurements but were not considered in the numerical
simulation.

RESULTS AND DISCUSSION

Performance of Pump
Because the new dishwasher pump had no pipeline, its head was
difficult to measure. The numerical simulation was carried out

under several different conditions. The volute speeds were set to
0, 30, and 60 rpm. The main hydraulic performance curves were
calculated, including head, and efficiency.

The performance of the pump was characterized by the head
rise, H, and the efficiency, η, curves of Figure 6 versus the flow
rate, Q. The Q-H data show that the head slightly decreases with
increasing flow rate. The results for the three schemes are
consistent. For the small flow rate, the head and efficiency of
the 60 rpm scheme were 3.88 and 1.89% higher, respectively, than
for the 0 rpm scheme. For the operating condition, the head and
efficiency of the static volute scheme exceed the respective values
for the rotating volute schemes. The curve fluctuates less, which
means the rotation speed of the volute has only a small effect on
the pump performance.

Flow Development
At the flow rate of 55 L/min, the speed of the impeller was
3,000 rpm. Hence, the impeller rotation period T � 0.02 s.
After the impeller rotated for 20 cycles, the volute of the
30 rpm scheme rotated 72°, and the volute of 60 rpm
scheme rotated 144°. Figure 7 shows the time-averaged
velocity distribution for different rotation speeds at the
same time. It can be seen that the time-averaged velocity

FIGURE 10 | Vectors and velocity distribution of T1, T2 and T3 in channel 1 (A) Vector distribution (B) Velocity distribution.
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distribution for each channel was basically the same within a
rotation cycle. This indicates that the flow law for each channel
was the same, and the velocity in the volute also reveals the
characteristics of axial symmetry. Compared to different
rotation speed schemes, the distribution of time-averaged
velocity inside the impeller shows the same law, and the
same distribution law is valid for the tongue part. However,
with increasing rotation speed of the volute, the transition of
the flow field in the transition section between the impeller and
the volute becomes smoother. This indicates that the rotation
of the volute has a significant effect on the interference
between the impeller and the volute.

The vector diagram of the different volute speeds (at the
same time) is shown in Figure 8. It can be seen that the velocity
distribution for schemes with different volute speeds is
basically the same in the flow channel when they are not
passing the tongue. This also shows that the speed of the
volute does not affect the velocity distribution in the impeller
but the position of the tongue was the main factor that
determined the velocity distribution in the impeller. A
reflux phenomenon at the tongue region can be clearly seen
in Figure 8. In each flow channel, the velocity vector opposite

to the mainstream direction also appears (mostly at the
pressure surface of the blade close to the hub), which is also
consistent with the position of the vortex generation.

To investigate the flow development under the effect of the
tongue, the detailed velocity profiles of the 0 rpm scheme were
selected. In this way it becomes possible to explain the interaction
between impeller and volute. Because the twin volute was formed
by a single volute with a long tongue using a 180° array, only half
of the flow field need to be studied instead of all flow channels.
Figure 9 shows the streamline and distribution of the radial
velocity for the central cross-section of the volute. As shown in
Figure 9A, four channels are shown and the tongue is located at
channel 3. The rotation of the impeller occurred in the clockwise
direction. The three moments of the 21st cycle of the impeller
were recorded as T1, T2, and T3 respectively. The following
relations are valid: T1 � T, T2 � T1+1/15T and T3 � T1+2/
15T. The streamline of the impeller is shown in Figure 9B, and
the radial velocity of the impeller was subtracted from the local
fluid velocities to obtain their relative component, see Figure 9C.
There were two main vortex structures at the central plane,
vortices A and B. Vortex A was a passage vortex near the hub,
which was growing and attaching gradually to the pressure side as

FIGURE 11 | Vectors and velocity distribution of T1, T2, and T3 in channel 2 (A) Vector distribution (B) Velocity distribution.
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the outflow pressure increased. Vortex B was generated by the
volute tongue and the interacting flow. The low-energy fluid
accumulated at the volute tongue. Figure 9B shows that the flow
pattern in the impeller passage was very complex, exhibiting both
reverse flow and secondary flow. The secondary flow was the
cross flow, which was perpendicular to the radial flow of the
impeller passage. Common features observed in channels are the
presence of a strong outward through-flow along the suction side
of each blade as well as the presence of a strong localized outflow
at the pressure side of each blade. When the channel reached the
volute tongue region, the flow started to reverse back to the
impeller, and the direction of vortex B was opposite to the
rotation of the impeller. The intensity of vortex A at the hub
corner increased andmoved to the middle of the pressure surface.
After the channel passed the tongue region, the vortex B
disappeared immediately, and the radial velocity, particularly
along the blade suction side, increased. However, the
secondary flow still exists in the impeller passage, which was
found to be a common feature for all channels. The radial velocity
along the blade pressure side increased, which reduced the
intensity of vortex A, then vortex A back to the hub corner.
To investigate the vortex structure in the channels, a detailed

analysis of the vector and the velocity distribution in the channels
is shown in Figure 10 to Figure 13.

As shown in Figure 10A, the outward flow region generates
the complex secondary flow in the region between the blades and
the vortex at the hub corner. In addition, there is a strong
through-flow along the blade suction side. The flow direction
at the impeller outlet is important because it determines the
overall performance of the impeller considered. According to
Choi et al. (2004), when the impeller rotates clockwise with
angular velocity, the Coriolis force works perpendicularly to
the angular velocity and the relative tangential velocity. In the
(radial) outward-flow region of the impeller passage, the Coriolis
force acts in the direction from the suction side to the pressure
side. Thus, a large cross-flow region is located within the impeller
channel. Figure 10B illustrates the location of the secondary flow.
There are two low-energy areas in the channel: one was located at
the center of the passage (caused by the secondary flow), while the
other one was caused by the vortex A. After rotation by 24°, the
area of secondary flow moved towards the pressure surface and
the velocity at the pressure side increased.

As shown in Figure 11A, in channel 2, the secondary flow
increased. There was a strong relative tangential velocity in the

FIGURE 12 | Vectors and velocity distribution of T1, T2, and T3 in channel 3 (A) Vector distribution (B) Velocity distribution.
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vicinity of the impeller outlet, which generated a strong Coriolis
force acting in the direction toward the impeller center. This
induced reverse flow within the impeller channel. The flow
direction at the impeller outlet was mostly outward, except for
the weak and small reverse flows marked in the figure. When the
channel was close to the volute tongue, the velocity decreased, and
a low-velocity area appeared at the side shroud of the
channel—see Figure 11B. After the appearance of vortex B,

the reverse flow in the channel increased. As the flow channel
approached the tongue, the strength of vortex A gradually
decreased, and the velocity in the flow channel also decreased.

While the first two channels rotated towards the tongue,
channels 3 and 4 rotated away from the tongue. Figure 12A
shows the vectors in channel 3. After the channel passed the
volute tongue, the outflow becamemore stable, and the velocity in
the secondary flow area increased. The intensity of vortex A
decreased such that vortex A moved back to the hub corner. As
shown in Figure 12B, the velocity change was largest in the hub
area. With the rotation of the impeller, the fluid velocity near the
suction surface decreased but the fluid velocity near the pressure
surface increased. The intensity of the secondary flow decreased
gradually, and the flow field in the channel became uniform.

Figure 13 shows the flow development for channel 4. The two
low-energy regions are clearly shown in Figure 13A. The region
of vortex A reached a maximum at T1, and the velocity started to
increase sharply under the effect of outflow pressure. As shown in
Figure 13B, the lowest velocity in channel four was at about 60%
span (caused by the secondary flow). With the rotation of the
impeller, the velocity changed dramatically and the intensity of
the secondary flow decreased substantially. The flow field was
most uniform at T3.

FIGURE 13 | Vectors and velocity distribution of T1, T2 and T3 in channel 4 (A) Vector distribution (B) Velocity distribution.

FIGURE 14 | Location of monitoring points in volute.
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Pressure Field
In the new dishwasher type, the strong interaction between the
flow leaving the impeller and entering the volute casing generates
pulsating pressure. To analyze the pressure fluctuation of the flow
field in the complete cycle, three monitoring points were
introduced along the circumferential direction in the transition
section of the tongue position. In addition, three radial
monitoring points were added at the outlet of the impeller for
analysis. The locations of the monitoring points are shown in
Figure 14. The static pressure value was obtained every 4° of the
time steps, and the pressure fluctuation (obtained by a complete
rotation cycle) was analyzed. The monitoring point P1 was
located in the tongue region.

Figure 15 shows the time-domain diagram for the static
pressure fluctuation at the monitoring points in the transition
section. The abscissa represents the time, and the ordinate refers
to the static pressure value. During a complete cycle, the pressure
fluctuations have eight peaks. The peak of the scheme with a
volute speed of 0 rpmwas the smallest at the monitoring point P1.
The pressure of the 30 rpm scheme was greater than that of the
60 rpm scheme, while the pressure of the other two schemes (30
and 60 rpm) changed little from P1 to P3.

FFT was conducted to investigate the amplitude of the
dominant frequency, and the data of the last 3 cycles were
used for the frequency characteristics. Figure 16 shows the
frequency spectra for different monitoring points of the
transition section of the volute along the circumferential
direction. The results show that the characteristic frequency
was the blade passing frequency (BPF) for all three schemes,
and the dominant frequency was one time the BPF. On the other
hand, the secondary frequency was an integral multiple of the
BPF. The results also indicate that the dominant frequency was
closely related to the rotor/stator interaction between the impeller
and volute. Furthermore, the frequency-domain curve of the
pressure fluctuation in the transition section was smooth, and
there was practically no harmonic. A comparison of the
amplitudes of the monitoring points P1 to P3 indicates that
the frequency-domain amplitudes of the 0 rpm scheme were the
highest and weakened in turn. They are mainly associated with
the blade passage frequency, which represent high amplitudes
near the tongue and at impeller discharge locations. The
amplitude of the 30 rpm scheme first increased and then
decreased, while the amplitude-change for the 60 rpm scheme
was exactly opposite to the 30 rpm scheme (which first decreased
and then increased).

Figure 17 shows the time domain of the static pressure
fluctuation at the monitoring point in the impeller outflow
section. P4 is at the bottom of the volute, while P6 is located
at the top of the volute. The peak value from the bottom to the top
of each scheme decreases slightly. The scheme with the volute
speed of 0 rpm shows almost no fluctuation and the peak value for
the 30 rpm scheme was slightly higher than for the 60 rpm
scheme. Due to the effect of volute speed, there can be a

FIGURE 15 | Time domain diagram of static pressure fluctuation at
different monitoring points in transition section (A) P1 (B) P2 (C) P3.

FIGURE 16 | Frequency spectrum of pressure fluctuation at different monitoring points in the transition section (A) P1 (B) P2 (C) P3.
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deviation between the different schemes. The deviation between
the two peaks (30 and 60 rpm) was 0.05 T, which indicates that
the volute speed had a strong effect on the flow field in the volute
outflow section.

Figure 18 shows the pressure fluctuation spectrum at
different monitoring points for the outflow section of the

impeller. The characteristic frequency was the BPF, and the
dominant frequency was one times the BPF (which is the same
as for the transition section). The effect of the shaft frequency
on the outflow section of was larger. From P4 to P6, the
frequency-domain amplitude of the 0 rpm scheme was the
smallest and weakens in turn, while the amplitude of the

FIGURE 17 | Time domain of static pressure fluctuation at monitoring points in outflow section (A) P4 (B) P5 (C) P6.

FIGURE 18 | Frequency of pressure fluctuation at different monitoring points in outflow section(A) P4 (B) P5 (C) P6.
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60 rpm scheme was highest at three monitoring points. This
indicates that, with increasing volute speed, the effect on the
outflow section increases.

Radial Force
The radial force on the principal axis of a pump mainly originates
from the flow field in the impeller (Yue et al., 2017; Wang et al.,
2020). Thus, the distribution of the radial force was analyzed to
better understand the relationship between flow characteristic
and radial force. Given that the time step was set to 1/90 of the
period of the impeller revolution in the transient calculation, 90
data point were recorded during one impeller revolution.
Figure 19A shows the time revolution of the radial force. The
horizontal axis is the time, and the vertical axis is the magnitude
of the resultant force. The magnitude of the radial force was
computed at each time step using a full integration of the pressure
and shear stress on the surfaces of both hub and blades. The
results show that there were eight peaks and troughs in a complete
cycle but the distribution of force shows great differences between
the schemes. The radial force of the impeller was in the range
1N–3 N. The deviation between the 30 rpm peak and the 0 rpm
peak was 0.02 T, while the deviation between the peaks for 60 and

30 rpm was also 0.02 T. Due to the rotor/stator interaction, the
radial force vector on the principal axis completed a full trace with
a closed circle. From the macro perspective, the vector diagrams
of impeller appear irregular, octagonal, and they were essentially
closed—see Figure 19B. There were obvious differences in the
peak-to-peak values, which shows that the force on the blade was
very non-uniform, and the bearing can be greatly affected. When
the volute rotated at 30 rpm, the shape of the vector distribution
on the impeller was more regular. In other words, the speed of the
volute strengthens the fluctuation of the radial force and affects
the operational stability of the new dishwasher pump.

Figure 20 shows the time-domain diagram and vector
distribution for the radial force of the volute. Similar to the
impeller, the radial force on the volute was non-uniform. The
vector diagram of the volute was not closed because the data were
obtained during one period of impeller revolution. Themaximum
radial forces for 0, 30, and 60 rpm were 2.69, 2.28, and 2.54 N,
respectively. There was also a deviation between the peaks of the
schemes with different rotation speeds of the volute. The
deviation was 0.05 T, which was the same as for the pressure
deviation in the outflow section. The deviation was larger
compared to the impeller radial force.

FIGURE 19 | Time domain and vector distribution of radial force of impeller (A) Time domain (B) Vector distribution.

FIGURE 20 | Time domain and vector distribution of radial force of volute (A) Time domain (B) Vector distribution.
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CONCLUSION

Both performance and flow development of a new type of
dishwasher pump were investigated. The pressure fluctuation
and radial force, which are associated with the rotor stator
interaction, were determined. The simulation with an SST k-ω
turbulence model produced results that were in good agreement
with the experimental values. Based on the numerical simulation
and theoretical analysis, the following conclusions can be drawn:

1) The rotation speed of volute had only a small effect on both
the head and efficiency of pump. The flow field in the impeller
shows symmetry due to the twin volute. The speed of the
volute mainly affected the flow field in the transition section
between impeller and volute. Therefore, the volute speed can
be set as static condition to study the flow field in the impeller.

2) The flow development in the channels indicates that the
differences in flow fields in the impeller were related to the
relative positions of the impeller and the volute. A passage
vortex A was located at the corner between the pressure
surface and the hub. The intensity of vortex A increased,
when the channel rotated towards the tongue. It then
decreased when the channel moved away from the tongue.
A secondary flow occurred in the impeller passage, which was
found to be a common feature of all channels. The intensity of
the secondary flow follows the same rules as vortex A. Another
vortex (B) was generated by the low-energy flow in the tongue
region when the channel moved through the volute tongue.

3) The time-domain curve for the pressure pulses was periodic.
In the transition section of the volute, the characteristic
frequency was the blade passing frequency, while the
dominant frequency was one times the BPF, i.e., 400 Hz.
After comparing 3 schemes of different volute speed, it was
found that the static scheme had the lowest pressure but the
highest amplitude in the tongue region (which reduced the
stability of the pump). Rotating the volute increased the
pressure in the tongue region but the pressure did not
always increase with increasing volute speed. The 30 rpm
scheme showed the best stability. In the outflow section,
the pressure was higher than in the transition section, and
the pressure decreased slightly from the bottom to the top of

the volute. A deviation in the tongue region was not clearly
observed, while the deviation for the outflow section was
0.05 T. This indicates that the rotating volute affects the
pressure pulse via the rotor/stator interaction. In the
frequency domain, the shaft frequency affected the outflow
of the impeller. In addition, this effect increased with
increasing volute speed.

4) After comparing the 3 schemes with respect to the radial force,
a deviation between the peaks for the different rotation-speed
schemes was found. The deviation for the radial force in the
volute was larger compared to the impeller. When the volute
rotated 30 rpm, the shape of the vector distribution was more
regular, which indicates that the stability of the pump was the
highest.
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