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Abstract: A new type of dishwasher pump without a pipeline system was invented for the first
time to form an original sink-type dishwasher avoiding the accumulation of dirt in the hydraulic
system. In order to improve the hydraulic performance of this new type of dishwasher pump with
twin-volute passive rotation driven by a compound impeller, an orthogonal optimal design method
was first introduced to optimize the compound impeller composed of axial cascades and radial blades.
Six geometric parameters were selected as the main factors to design the orthogonal table L;g(3°).
All impeller models were manufactured via high-precision 3D printing and tested to determine the
optimal solution. Firstly, the hydraulic performance was measured using a specially designed test
bench under the assumption of static-volute conditions. Then, the optimization scheme was verified
in real machine experiments under the rotating-volute condition, and numerical calculations were
used to assess the performance improvement due to optimization under the static- and rotating-volute
conditions. The results show that the main factors affecting the pump head and efficiency are impeller
outlet diameter D; and profile line L. The optimized pump head and efficiency are significantly
higher than those of the original scheme. Furthermore, the entropy production of each flow passage
component of this new type of dishwasher pump is significantly reduced after optimization. Under
the static-volute condition, the scheme obtained using the range analysis displays an increase of
0.3 m in the pump head and 2.99% in pump efficiency. Under the rotating-volute condition, the
optimization scheme is also effective (pump head increased by 0.54 m, and pump efficiency by
7.46%). At the same time, the passive rotation speed of the twin-volute increases from 60 rpm to
70 rpm, verifying that both the optimization method is reliable and can be used when developing
and optimizing dishwasher pumps.

Keywords: dishwasher pump; orthogonal optimization; compound impeller; volute rotation;
entropy production

1. Introduction

Dishwashers are increasingly common household appliances that liberate human
hands. However, traditional dishwashers are mostly built-in cabinet types, which cannot
meet the needs of all users. For this reason, a sink-type dishwasher was developed, which
is embedded into the traditional kitchen sink to save space. This new type of dishwasher
pump structure design is outlined in ref. [1]. A detailed comparison with the traditional
dishwasher is shown in Figure 1. Traditional dishwashers generally have complex pipeline
sprinkler systems (Roman character I, which includes a pipeline and spray arm, such as
shown in ref [2]). This leads to certain hydraulic loss in the pipeline, and it is easy to hide
dirt in the complex pipe, which is not easy to disassemble for self-cleaning. Additionally,
the pump (ordinary centrifugal pump) of a traditional dishwasher is placed at the bottom
of the water tank, which is inconvenient to disassemble for self-cleaning. Therefore, under
the conditions of saving space, easy disassembly, compact structure, and prevention of
secondary pollution, we innovatively developed a new type of sink-type dishwasher, whose
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original core structure is a new type of dishwasher pump (Roman character II). As can be
seen from Figure 1, the innovative dishwasher pump is a combination of the twin-volute
and spray arm, resulting in open cleaning without a pipeline system. At the same time,
a new type of compound impeller within the basic circle is used to drive a twin-volute
spray arm (Roman character III, which includes nozzles and profile of flow channel of
twin-volute). The new type of dishwasher pump also includes an entrance section, DC
motor, and nozzles. Except for the DC motor, all other components are located in the sink
and are easy to disassemble for self-cleaning.
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Figure 1. Comparison of the new sink-type dishwasher with innovative pump and traditional
dishwasher. I: schematic diagram of spray and pipeline system of traditional dishwasher, II: a new
type of dishwasher pump, III: twin-volute spray arm, IV: computational domain of new type of
dishwasher pump. 1: new sink-type dishwasher, 2: traditional dishwasher, 3: pipeline system,
4: traditional spray arm, 5: twin-volute, 6: compound impeller, 7: entrance section, 8: DC motor,
9: nozzle, 10: basic circle of volute, 11: profile of flow channel of twin-volute, 12: impeller active
rotation, 13: volute passive rotation.

This new type of dishwasher pump requires improved hydraulic performance to
obtain a greater performance advantage over the old sink-type dishwasher model. However,
there are several problems in pump performance improvement that need to be solved: (1) as
shown in Figure 1, the outlet of the pump becomes multiple nozzle jet outlets, resulting
in the difficult measurement of outlet pressure without a pipeline. (2) In Figure 1, the
computational domain of the new type of dishwasher pump (Roman character IV) shows
that the actively rotating impeller drives the volute to rotate passively. Unlike traditional
pumps, the volute does not rotate, which makes pump performance testing more difficult.
Additionally, the performance of the pump must also consider the passive rotation speed
of the volute, which also affects the rotary jet cleaning. (3) As the core component of the
pump, the compound impeller structure used in the new type of dishwasher pump is
more complex. The compound impeller is composed of axial cascades and radial blades,
which both have the parameters of the axial flow impeller and the centrifugal impeller.
However, it is neither a centrifugal pump nor an axial flow pump and has a combination
of two types of traditional pump structures. This increases the number of parameters
affecting the performance of the pump, making it more complicated than traditional
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pumps. Therefore, these special key points drive this type of pump in-depth to develop
and optimize dishwasher pump design.

In traditional dishwasher research, several detailed and systematic studies of key
dishwasher parts have already been carried out. These include studies on the spraying arm
by Dedoussis and Giannatsis [3], adsorption dishwasher by Santori et al. [4], domestic and
automatic dishwashers by Pérez-Mohedano et al. [5,6], and airflow field inside dishwashers
measured by Minde [7]. Traditional dishwasher research mainly focuses on the research
of spray arms, as shown in Figure 1 (Roman character I), while pumps are rarely in
focus, which is due to the widespread application of the traditional pump structure in
traditional dishwashers, which is a relatively mature technology. However, in this new
type of dishwasher, both the pump structure and the operating principle will change.
Therefore, this study will introduce the cleaning mechanism and research direction of
the new dishwasher and provide a reference for the subsequent development of new
dishwashers and model innovation.

In traditional pump research, the influence mechanism of multiple parameters has
been widely studied. Zhang et al. [8] investigated the effect of the suction side blade profile
on the performance of a side channel pump. It was indicated that its performance could be
improved by increasing the angle on the suction side of the blade. Cui et al. [9] studied the
influence of the blade outlet angle on the performance of a low-specific-speed centrifugal
pump and showed that a larger blade outlet angle was beneficial to hydraulic performance.
Fu et al. [10] carried out pressure fluctuation experiments to study the effect of stagger
angles on the head, efficiency, and pressure fluctuation characteristics. They discovered
that the stagger angles had negligible effects on the head characteristics and efficiency but
significantly affected the pressure fluctuation characteristics. Sanjay et al. [11] introduced
the effects of impeller diameter and rotational speed on the performance of a pump running
in turbine mode. The authors also found that impeller trimming led to improvement in
efficiency at partial load operating conditions. Mohammad et al. [12] investigated the
effect of passage width, additional splitter blades, etc. The simultaneous modification
of parameters in the range of part-load condition to over-load condition reduced losses
but increased both the efficiency and power generation. Zeynel et al. [13] discussed the
effect of the number of stages, the blade outlet spacing, and the blade outlet angle on
the performance of an industrial electric submersible pump. Expanding the impeller
output width resulted in increased pump efficiency at a certain rate, while the impeller
output angle had a significant effect on the efficiency. The influence of various geometric
parameters on the performance of traditional pumps (or pump mode [14]) is widely used
to conduct in-depth research. However, in the case of the new type of dishwasher pump,
the literature on its internal flow characteristics and geometric influence mechanisms is
scarce, requiring further research.

Up to now, there has been little understanding of this innovative pump structure and
the technology is still immature. Zhu et al. [15,16] investigated the unsteady pressure pulsa-
tion in this new type of dishwasher pump with a special double-tongue volute (twin-volute
with passive rotation) using the experimental and computational fluid dynamics (CFD)
method. The results revealed that there are different mechanisms between the single- and
double-tongue volutes, as well as between the volute under static and rotating conditions.
Ning et al. [1] further investigated the flow mechanism of this new type of dishwasher.
However, their studies [1,15,16] were focused on novel rotor—stator interference and little
consideration was given to the effect of geometric parameters on pump performance. Due
to the specialty of the new type of pump structure, as shown in Figure 1, the research on its
design and optimization methods is also scarce, which motivates the present study.

Optimization is an important way to determine the influence mechanisms of these
parameters and to find the optimal solution. Sushil et al. [17] introduced the blade outlet
angle, blade wrap angle, and blade outlet width as design variables for the impeller
optimization using the response surface methodology with a multi-objective optimization
algorithm. After optimization, the pump head and efficiency were increased by 9.154% and
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10.15%, respectively. Shim et al. [18] used the blade outlet angle, the impeller outlet width,
and the cross-sectional area of the volute as design variables and carried out the multi-
objective design optimization by surrogate-based optimization techniques. The internal
flow stability of the pump was successfully increased.

Several studies considered the method of orthogonal optimization for improving the
performance of pumps. For instance, Xu et al. [19] used blade wrap angle, blade angles
at impeller inlet and outlet, blade leading edge position, and blade trailing edge lean as
design variables. Further, Zhao et al. [20] adjusted the blade number, bias angle in the
peripheral direction of splitter blades, inlet diameter of splitter blades, and deflection angle
of splitter blades. Finally, in refs. [21-23], orthogonal optimization on the influence of
geometric parameters on pump performance was carried out and provided significant
results. The orthogonal test optimization method has certain advantages when optimizing
internal pump parameters; most importantly, it can obtain the primary and secondary
order of the parameters affecting the pump performance. This is extremely important for
the new type of dishwasher pump because the parameters of the new pump are nearly
two times that of the traditional pump. If the main parameters affecting the performance
are obtained, they will be considered in the design to save the research and development
cycle. Hence, the orthogonal experiment optimization remains the best choice to investigate
the parameter influence mechanisms and obtain the optimal solution for the new type of
dishwasher pump.

For this reason, the compound impeller, as the core component of the new type of
dishwasher pump, was taken as the research object. Firstly, referring to the parameter
influence laws and empirical design formulas of traditional pumps, several key parameters
were identified for optimal design. The aim of the optimal design was to improve the new
type of dishwasher pump performance in terms of some special parameters, such as hub
cover height, which affects the passive rotation speed of twin-volute and is rarely selected as
an optimization parameter in traditional pump research. Next, an orthogonal optimization
table was established by selecting factors and levels of the final optimization scheme.
The primary and secondary orders of the parameters affecting the pump performance
were obtained experimentally based on the static-volute assumption. In the next step, the
entropy production analysis method based on the steady numerical calculation results
was introduced to analyze the reasons for performance improvement before and after
the optimization under the static-volute condition. Finally, the prototype model test and
unsteady numerical calculation of the optimization scheme were carried out to determine if
the optimization scheme remained feasible under the real operating condition (i.e., rotating-
volute condition). In other words, the aim of this step was to reveal the applicability of
the orthogonal optimization method for a new type of dishwasher pump and to provide a
reference for future optimal design.

2. Orthogonal Optimal Design of Compound Impeller Factors
2.1. Geometry Parameters

Geometry parameters of the compound impeller composed of axial cascades and
radial blades are shown in Figure 2. The axial cascade can be expanded planarly and
belongs to both the plane cascade and the in-line cascade. According to Figure 2, the
key geometric parameters of the axial cascade are tip diameter (D), airfoil length (I), hub
diameter (d},), airfoil setting angle (f;), cascade spacing (t = 271R/z), and angle of attack (Ax).
On the other hand, the critical radial blade geometric parameters are blade (or impeller)
inlet diameter (D7), blade (or impeller) outlet diameter (D,), hub cover height (%), blade
outlet setting angle (), and impeller outlet width (b,). Additionally, the shared geometry
parameters of axial cascades and radial blades are blade number (z) and blade thickness (¢),
in addition to the above coupling parameters D7 and dj,.
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axial cascade expansion

14

Top view of radial blade

Figure 2. Geometry parameters of the compound impeller.

The compound impeller structure is different from that of the traditional pump im-
peller structure. The internal flow state shows that there is a large loss area in the flow
regime [1,15,16]. Hence, its structure must be further optimized to improve hydraulic effi-
ciency.

2.2. Selection of Design Variables

Since this compound impeller is relatively rare in the traditional pump field and has
a large number of influencing parameters, as shown in Figure 2, several key parameters
should be selected for optimal design. This is mainly to improve the optimization efficiency
and is conducted by referring to the preferred impeller structure parameters found in
refs. [19-23].

The first key geometric parameter is axial cascades tip diameter D, which is also
the inlet diameter of the radial blade. According to the design experience in traditional
centrifugal pumps, the impeller inlet diameter can be estimated according to:

Dy = /o D+ a2 M

where Q is the pump flow rate, 7 is the rotational speed of the compound impeller, and kg
is the correction coefficient (its value ranges between 3.2 and 5.5).

Since the flow rate Q = 55 L/min, the rotational speed n = 3000 rpm, and the hub
diameter dj, = 14.9 mm, it can be concluded that the blade inlet diameter D; ranges between
27.9 mm and 39.8 mm. While the original compound impeller inlet diameter is 32 mm,
its value is within the range estimated by Equation (1). Therefore, the optimization range
of radial blade inlet diameter can be initially selected based on Equation (1), i.e., 30 mm,
32 mm, and 34 mm.

The second key geometric parameter is blade outlet diameter D,. Based on the
traditional centrifugal pump design experience, it can be estimated according to:

Dy — kny §/§, @

where kp» is the correction coefficient defined as:

- EER
kpy = (9.35 9.6)(100) , (3)
with the specific speed 15 being:
_ 3.651/Q

nS - H3/4 . (4)
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Through Equations (2)—(4), the blade outlet diameter D, is determined to be in the
range of 45.08 mm and 46.28 mm. Considering that the diameter of the volute base circle
is 46.3 mm, the compound impeller blade outlet diameter D, slightly deviates from the
traditional estimation. Hence, based on the original value, D; is selected as 41 mm, 43 mm,
and 45 mm, as calculated via Equation (2), with variations within the range of 11.4%.

The third key geometric parameter is the impeller outlet width b,. In the traditional
centrifugal pump design, it is usually calculated using the velocity coefficient method:

- o

According to the statistical data, the correction coefficient k; is calculated by:

ng .3

ky =13/ (355) ©)

Another common empirical formula for determining the correction coefficient k; is:

) )

ky = 0.64 (ﬁ

The impeller outlet width by obtained through Equations (5)—(7) is 7.59 mm and
24.25 mm, respectively. Further, based on the original and calculated estimations, the
recommended impeller outlet width b, values are 12 mm, 14 mm, and 16 mm.

The three above-defined parameters are relatively common and have a significant
impact on the pump head and efficiency. Moreover, several parameters are special for the
new type of dishwasher pump. One of those is the blade outlet setting angle 8,, which
also affects the performance of traditional centrifugal pumps. However, in the new type
of dishwasher pump, f; is an important parameter affecting the passive rotation of the
twin-volute. Unfortunately, the influence mechanism of f; is not yet clear. Therefore,
referring to the characteristics of the traditional back-curved blades, radial blades, and
forward-curved blades, B, is selected as 60°, 90°, and 120°, respectively, to determine the
associated influence law, as shown in Figure 3.

©  p=120°

Figure 3. Schematic diagram of the setting angle of blade outlet ;. (a): B2 = 60°, (b): B = 90°, and
(c): B = 120°.

Another special factor that significantly affects the passive rotation of the twin-volute is
the hub cover height & with a few research recommendations available. However, its effect
mechanism for the new type of dishwasher pump performance is not yet clear. Therefore,
the values of 1 = 13 mm, 14 mm, and 15 mm are selected based on the original scheme.

Most of the parameters outlined above refer to the design experience in the field of
traditional centrifugal pumps. However, for the compound impeller in the new type of
dishwasher pump, some special parameters need to be considered involving the axial
cascade at the bottom of the impeller. There are multiple airfoil parameters, as shown in
Figure 2, and a single airfoil geometry is selected for the parameter optimization, profile
line L. Variable L was designed by changing the blade airfoil length (I) and setting the airfoil
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angle (B;) to alter the blade cascade parameters. Therefore, based on the original scheme,
profile line L can be obtained by increasing and decreasing ! and f;, as shown in Figure 4.
The associated f; values are 48.4°, 53.5°, and 59.4°on the shroud side, and 64.9°, 71.7°, and
79.6° on the hub side, respectively.

(a) Shroud side (b) Hub side

Profile line L; Profile line Ly

Profile line L, Profile line L,

Profile line L, Profile line L,

Figure 4. Schematic diagram of the profile line L of the axial cascade. (a): profile line L on the shroud
side and (b): on the hub side.

2.3. Optimization Object and Orthogonal Scheme Design

As can be seen from Figure 1, the optimization goal of the new sink-type dishwasher
is complex, which is also affected by the nozzle position and the placement of the reference
dishes. Therefore, referring to the requirements of traditional dishwashers for pumps, as
well as a lot of test experience of new sink-type dishwashers, the performance requirements
for the new dishwasher are that the head must not be lower than 2 m, but not too large (do
not exceed 3 m), which will cause a large water flushing noise. When the head exceeds 2 m,
efficiency will be the first optimization goal. Additionally, the passive rotation speed of the
volute is in the range of less than 100 rpm. Within this range, the higher the rotation speed,
the better the cleaning effect. Obviously, in terms of optimization goals, the new type of
dishwasher pump is very different from the traditional dishwasher pump.

Based on the selection of factors and levels, six factors were selected for the orthogonal
experimental design method used in this paper. Each factor was given assigned levels,
meaning that the selected orthogonal scheme was L15(3%), which is comparable to the
standard orthogonal table. Table 1 shows the three-level values corresponding to the six
factors from the orthogonal table. Further, the alphabetic symbols A, B, C, D, E, and F
represent the profile line L (see Figure 4), the blade inlet diameter D (the axial cascade tip
diameter), the impeller outlet diameter D5, impeller outlet width b,, hub cover height #,
and blade outlet setting angle 35, respectively.

Table 1. Factor level table.

Factor
Level A B C D E F
L Di/mm Dy/mm by/mm h/mm Bal°
1 1 30 41 12 13 60
2 2 32 43 14 14 90
3 3 34 45 16 15 120

According to the orthogonal table design principle, the orthogonal test scheme with
six factors and three levels was obtained based on L;g(3°), as shown in Table 2, with a
total of 18 design schemes. These 18 compound impeller models were all created via 3D
printing, as shown in Figure 5. Next, all 18 impeller schemes were tested on the hydraulic
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characteristic test bench to determine how the six parameters affect the performance of the
proposed dishwasher pump design.

Table 2. Orthogonal test table.

Factor Symbol Factor Value
Scheme No. A B C D E F

A B ¢ D E F © (mm)  @mm  (mm)  (@m) )
1 Aq B; Cy D; E; Fy 1 30 41 12 13 60
2 Aq B C, D, Ej F3 1 30 43 14 15 120
3 Aq B, Cq D3 E3 F, 1 32 41 16 15 920
4 Aq B, Cs Dy E; F3 1 32 45 12 14 120
5 Aq B3 C, D3 E; Fy 1 34 43 16 14 60
6 A B3 Cs D, Eq F, 1 34 45 14 13 920
7 Ay B C D3 E; F3 2 30 41 16 14 120
8 Ay B (@ Dy Ej F, 2 30 45 12 15 90
9 Ay B, C, D, E, F, 2 32 43 14 14 920
10 Ay B, Cs D3 E; F; 2 32 45 16 13 60
11 Ay B3 C D, Ej Fy 2 34 41 14 15 60
12 Ay B3 C, Dy E; F3 2 34 43 12 13 120
13 Aj B C, Dy E; F, 3 30 43 16 13 90
14 Az B Cs D, E; Fy 3 30 45 14 14 60
15 Aj B, Cy D, E; F3 3 32 41 14 13 120
16 Aj B, C, Dy Es Fy 3 32 43 12 15 60
17 Az B3 C D E; F, 3 34 41 12 14 90
18 Aj B3 Cs D3 Es F3 3 34 45 16 15 120

Figure 5. Photos of all the 18 impeller models, where schemes represented by 1~18 are detailly listed
in Table 2.

3. Experimental Analysis of Orthogonal Optimization Scheme
3.1. Hydraulic Characteristic Test

It is hard to obtain the flow rate and pressure measurements for the proposed dish-
washer pump due to the rotation of its twin-volute, which includes 13 nozzle outlets and
is not connected to the pipeline, as shown in Figure 1. Therefore, by referring to the hy-
draulic characteristic test bench of the traditional pump design, the twin-volute was firstly
designed to be static, and the nozzle outlet was altered to the equivalent outlet on both
sides of the twin-volute, enabling the pressure and flow rate measurements.

The characteristic hydraulic test bench developed for the proposed dishwasher pump
is shown in Figure 6. It is composed of four parts, an inlet pipeline, pump, outlet pipeline,
and tank. The simplified twin-volute has two outlets; therefore, the test bench outlet
pipeline is composed of two sets of symmetrical pipes. The SCYG410 intelligent pressure
sensor was installed at both the inlet and outlet pipelines. The measurement accuracy of
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the pressure sensor was 0.2% FS. Considering that the pressure variation ranges at the inlet
and outlet, the pressure sensor measurement range was selected as —20 kPa to 20 kPa at
the inlet and 0 kPa to 30 kPa at the outlet, respectively. The flow rate was measured via
the BLD-DN40 electromagnetic flowmeter, with a measurement range between 10 L/min
and 333 L/min and measurement accuracy of 0.5% FS. The flow rate was controlled and
adjusted by the Q911F-16P solenoid valve with an opening that can be controlled through
an external electric actuator. The torque was measured via a torque sensor (model HLT-171-
0.5), which simultaneously measures the impeller rotation speed. The motor power can be
displayed online, and the measurement range was between 0 N-m and 0.5 N-m with an
accuracy of 0.2% FS.

Figure 6. Hydraulic performance test bench for the new type of dishwasher pump. 1: motor
speed controller, 2: computer, 3: data-acquisition system, 4: water tank, 5: electromagnetic valve,
6: turbine flowmeter, 7: outflow pipe, 8: pressure gauge, 9: inlet pipe, 10: dishwasher pump, and
11: torsiograph.

The uncertainties of test measurement can be divided into systematic uncertainty and
random uncertainty. The former is mainly determined by the instrument measurement
accuracy. Based on the test instrument accuracy defined by the manufacturer and the
measurement principle for the proposed pump, the system uncertainties of the head,
efficiency, and power were obtained to be +1.29%, £1.48%, and £0.09%, respectively. The
latter is mainly caused by the random external unstable factors that occurred during the
test. To reduce it, repeated measurements are required. The value of random uncertainty
is calculated by continuously sampling the flow rate, head, rotation speed, and torque
under the same condition 10 times. A confidence level of 95% was selected to determine the
confidence coefficient as 2.23 for a total of 10 measurements. Thus, the random uncertainties
of the head, efficiency, and power were calculated to be +1.09%, £1.57%, and +0.57%,
respectively. The comprehensive uncertainty was calculated next using the systematic and
the random uncertainty, which was £1.69% for the head, £2.16% for the efficiency, and
£0.57% for the power. Obviously, the measurement values for head, efficiency, and power
were all within the required range of +2.30% (Class C), confirming that the test results are
both accurate and credible.

3.2. Direct Analysis of Orthogonal Experiment Scheme

The 18 orthogonal impeller schemes shown in Figure 5 were tested on the hydraulic
characteristic test bench (Figure 6). The test results for the pump head H and efficiency 5
under the design conditions (1.0 Q4) are shown in Figure 7. Direct analysis of orthogonal
test results showed that, under the rated flow condition, the impeller head of the 18th
scheme, which was 2.524 m, was the highest among the observed cases. As such, it was
0.284 m higher than the original scheme. Its efficiency was 43.324%, with an increase of
0.804% compared to the original scheme. In terms of efficiency, the highest among the tested
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cases was the 10th scheme, which was 45.44% (or 2.92% higher than the original scheme);
correspondingly, the height was 2.363 m (i.e., 0.123 m higher than the original scheme).

30 100
[ | Pump head Il Pump efficiency
25| - -
- 80
204 9
O | o0 &
= g
£ 15 L2
= =
& | 3
E 40 o
= £
1.0 4 &
20
05
00

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Test number

Figure 7. Column figure of orthogonal test results.

For the new type of dishwasher pump, the pump head needs to exceed 2 m to meet
the pressure requirements. Too high pressure will cause noise and energy waste, whereas
too low pressure will not achieve the cleaning effect. In this case, efficiency becomes the
primary optimization goal. Hence, the 10th scheme is the most efficient even though it has
a slightly lower head than the 18th scheme. Therefore, according to the direct analysis of
the pump performance, the 10th scheme is optimal.

3.3. Range Analysis of Orthogonal Experiment Scheme

Aiming to determine the main factors affecting the hydraulic performance of the
compound impeller, the range analysis method was used to analyze the orthogonal test
results. The analysis was helpful to better determine the primary and secondary effects of
various factors on pump performance and to determine its optimal level (i.e., to find the
optimal combination).

As can be seen in Tables 3 and 4, after comparing the magnitudes of ranges Ry and
Ry, the order of the influence for each factor on the pump head was as follows: C > F > A
> D > E > B. Concerning the effect on the efficiency, the order was A>D>C>E>B>F
Therefore, factor C (i.e., the impeller outlet diameter D;) had the most significant impact on
the pump head, while factor A (i.e., the profile line L) had the most significant impact on
the pump efficiency.

Table 3. Range analysis of pump head.

Factor
Performance Index
A B C D E F
Ky 11.934 12.569 10.811 12.298 12.564 11.748
K5 13.21 12.901 12.937 12.901 13.038 12.847
H/m K3 13.02 12.694 14.416 12.965 12.562 13.569
k1 1.989 2.095 1.802 2.05 2.094 1.958
ko 2.202 2.15 2.156 2.15 2.173 2.141
ks 217 2.116 2.403 2.161 2.094 2.262
Range Ry 0.213 0.055 0.601 0.111 0.079 0.304
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Table 4. Range analysis of pump efficiency.
Factor
Perf Ind
erformance Index A B p b E F
Kq 234.849 251.114 240.208 240.183 248.412 250.752
Ky 261.451 255.466 257.037 252.569 257.208 252.671
/9% K3 258.982 248.702 258.037 262.53 249.662 251.859
e k1 39.142 41.852 40.035 40.031 41.402 41.792
ko 43.575 42.578 42.84 42.095 42.868 42.112
ks 43.164 41.45 43.006 43.755 41.61 41.977
Range Ry 4.433 1.128 2971 3.724 1.466 0.32

The influence of each factor on the head and efficiency under the rated condition is
shown in Figure 8. Both the pump head and efficiency increased with the impeller outlet
diameter D;, which changed in the same way as the impeller outlet width b,. With the
increase in the blade outlet setting angle 3, the pump head gradually increased; however,
the pump efficiency firstly increased and then decreased. For the other three factors,
including the profile line L, axial cascade tip diameter D, and hub cover height /, the pump
head and efficiency first increased and then decreased with the increase in the factor level.
As shown in Figure 8, the best combination for the pump head was A;ByC3D3E,F3, while
the best combination for pump efficiency was A;B,C3D3EF, under the rated condition.
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Figure 8. Relationship between factors and performance indicators: (a) pump head and (b) pump ef-
ficiency.

For the new dishwasher pump, efficiency was taken as the first index to optimize
design variables once the design requirement H > 2 m was met. Therefore, after compre-
hensively considering the efficiency factors, the optimal compound impeller solution was
A,B,C3D3EyF;. That is, the airfoil setting angle (8;) was 71.7° at the hub side and 53.5° at
the shroud side, respectively. Further, the axial cascade tip diameter (D) was 32 mm, the
impeller outlet diameter (D;) was 45 mm, the impeller outlet width (b;) was 16 mm, the
hub cover height (k) was 14 mm, and the blade outlet setting angle (8,) was 90°.
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The optimal scheme obtained through the range analysis was 3D printed, as shown
in Figure 9. Then, through the hydraulic performance test based on Figure 6, the results
obtained for the original scheme and by direct analysis and range analysis were listed and
compared in Table 5. It was found that the scheme pump head and efficiency obtained by
the range analysis were slightly higher than those obtained via direct analysis (scheme 10
in Figure 5). Moreover, compared to the original scheme, the scheme obtained by the range
analysis saw an increase of 0.3 m in the pump head and 2.99% in efficiency under the
rated condition. Therefore, through the orthogonal test optimization, the scheme obtained
through the range analysis was selected as the final design (Figure 9).

Figure 9. Optimal impeller scheme obtained by range analysis.

Table 5. Comparison of the original and optimization schemes.

Original Scheme  Scheme by Direct Analysis =~ Scheme by Range Analysis

H/m 2.24 2.36 2.54
n/% 42.52 45.44 45.51
4. Results

4.1. Comparison of Optimization Scheme under the Static-Volute Condition

To better reveal the underlying mechanism for the improvement of hydraulic perfor-
mance, both the original scheme and optimization schemes were compared using the CFD
method under the static-volute condition. Details of the numerical simulation method
are described in refs. [1,15,16]. The hydraulic performance of the new type of dishwasher
pump, focusing on the differences between the original scheme and the optimization
scheme under different flow conditions, was dictated by the CFD method (Figure 10). It is
evident that the variation trend in the pump head and efficiency curves before and after the
optimization was practically the same: the highest efficiency point moved towards a low
flow rate condition. After optimization, the pump hydraulic performance was significantly
improved. In other words, the pump head and efficiency after optimization were signif-
icantly higher than that of the original scheme under all conditions. These results prove
that the optimization effect was visible under the static-volute condition.

Figure 11 shows the streamline patterns at the middle section of the radial blades
of the compound impeller before and after optimization. After optimization, although
there are still some vortices occupying part of the radial blade flow channel, vortices in the
whole flow field were significantly improved compared to the original scheme. Figure 12
outlines the distribution of average velocity in the compound impeller inlet and outlet
before and after the optimization. The average velocity at the inlet after optimization was
higher than that of the original scheme. On the other hand, the velocity magnitude at the
outlet was lower. In other words, the velocity difference between the inlet and outlet after
the optimization grew larger, confirming that the pressure conversion effect was improved,
which is beneficial to the pump head. Figures 11 and 12 show that the optimization scheme
improves the internal flow in the compound impeller channel and reduces the energy
losses, hence increasing the efficiency of the new dishwasher pump.
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Figure 10. Hydraulic performance of the new type of dishwasher pump before and after optimization.

Figure 11. Streamline distribution of radial blades of compound impeller before and after optimiza-
tion: (a) original scheme and (b) optimization scheme.
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Figure 12. Distribution of average velocity from compound impeller inlet to outlet before and
after optimization.

The change of fluid entropy in fluid machinery was introduced to calculate the energy
loss to accurately locate its position [24-27]. Based on the second law of thermodynamics,
the entropy production of the flow passage components inside the new dishwasher pump
was calculated to reveal the energy loss and the improvement mechanism behind the
optimization. The entropy production inside traditional pumps mainly includes direct
dissipation entropy, turbulent dissipation entropy, average temperature gradient entropy,
and pulsating temperature gradient entropy [24-27]. Since the medium used in the pro-



Processes 2022, 10, 1813

14 of 21

Spro,ﬁ =

Spro,D’ = %

posed dishwasher pump was water and the effect of temperature was not considered in
the optimization process, direct and turbulent dissipation entropies were used in the en-
tropy production calculation. The expressions for the direct dissipation entropy generation
obtained using the average velocity are written as follows:

aj 2+ aj 2+ BE ’ + @+a£ 2+ a@+aj 2+ aj+a@ ’ (8)
ox dy oz dx  Jy ox 0z dz  dy '

Further, the expression for calculating the turbulent dissipation entropy generation
from the pulsating velocity is:

2 90"\ 2 ow'\? o' ' \? ow ' \? 0 ow'\? 9
)+ (&) ) [ |Gw) G ) ) | o
where y is the dynamic viscosity and T is the average temperature.

Since the information about the pulsating velocity field cannot be obtained from
the numerical simulation results by the Reynolds time-averaged equation, the turbulent
dissipation entropy generation cannot be calculated using Equation (9). For this reason,
Equation (10) derived by Kock and Herwig et al. [28-30] was adopted for the approxi-
mate calculation: .

Spro,D’ = p?r (10)
where ¢ represents the turbulent kinetic energy dissipation rate.

The total entropy production was composed of direct dissipative entropy production
and turbulent dissipative entropy production. The relevant calculation formula is:

ASpro,p = ASPTO/E + ASpro,01 (11)
ASpro,ﬁ = A Spro,ﬁdv’ (12)
ASpropr = /V Spro,prdV, (13)

where ASpy, p is the direct dissipative entropy production, AS,, r is the turbulent dissipa-
tive entropy production, and ASy, p is the total entropy production.

The entropy production and total entropy production in each flow passage before and
after the optimization under different working conditions obtained via Equations (10)—(13)
are shown in Figure 13. With the increase in the flow rate, the value of total entropy
production increased. The entropy production generated at the volute section was the
largest, while that at the entrance section was the smallest. With the increase in flow rate,
the entropy production changes in both the impeller and entrance sections were small.
However, it significantly increased in the volute section, where the largest concentration
of the entropy production occurs. It was found that the values of entropy production in
each flow passage were significantly smaller after optimization compared to the original
scheme. This indicates that the optimized compound impeller stabilized the flow inside
the pump and reduced the energy loss.

Figure 14 shows the entropy production ratio of each flow passage component before
and after the optimization under different flow conditions. The entropy production at
the entrance section was relatively small and decreased with the increase in flow rate;
similarly, the entropy production at the impeller section decreased continuously. However,
the entropy production at the volute section continuously increased, indicating that the
increase in flow rate would strengthen the fluid turbulence in the volute and increase
the energy loss. With the increase in the flow rate, the entropy production in the volute
section also increased. After comparing the entropy production ratio of each flow passage
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component before and after the optimization, it was found that optimization reduces the
entropy production ratio of the volute. This indicates that the optimized compound impeller
has a greater impact on the flow in the volute, which greatly reduces entropy production.
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Figure 13. Components of entropy production and total entropy production in each flow passage.
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Figure 14. Proportion of entropy production of each flow passage component: (a) original scheme

and (b) optimization scheme.

Figure 15 shows the distribution of local entropy production in the axial cascades
under the design condition, where EPR represents the entropy production rate. It was
found that the high EPRs were mainly concentrated at the middle and outlet of the axial
cascades. The higher EPR at the middle of the axial cascades was mainly generated by the
tip leakage vortex, which collided with the flow in the mainstream direction. On the other
hand, the higher EPR at the outlet of the axial cascades was mainly generated by the shock
loss due to the change in the flow direction (from axial to radial). Some axial vortices (such
as that shown in Figure 11) blocked the flow passage resulting in energy loss. As compared
to the original scheme, the area of high EPR was significantly reduced after optimization.
Hence, the energy loss was reduced, which was the intrinsic reason for the improved pump
performance after optimization.
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Figure 15. Distribution of local entropy production in the axial cascades: (a) original scheme and (b)
optimization scheme.

4.2. Comparison of Optimization Scheme under the Rotating-Volute Condition

The above-described optimizations were all carried out under the assumption that the
volute was stationary. However, when the volute was rotating, the hydraulic characteristic
tests were difficult to carry out, as shown in Figure 1. To determine if the optimization
effect was also suitable under the rotating-volute condition, a test bench for the new
type of dishwasher pump design was firstly built to measure its performance and to
provide reliable boundary conditions for the numerical simulations. Meanwhile, the
numerical simulation method was used to reveal the essential reasons for the performance
improvement of the optimization scheme under the rotating-volute condition.

Figure 16 shows the test bench (real machine test), which can measure the passive
rotational speed of the twin-volute as well as the pressure pulsation under the rotating-
volute condition. The test bench is mainly composed of a 1:1 restoration of the water tank
with the prototype pump model, a rotating pressure pulsation test device, a data-acquisition
system, a tachometer, the proposed dishwasher pump (real model), a motor, and its speed
controller. The pressure sensor installed on the rotary pressure pulsation test device can
rotate along with twin-volute, enabling the rotary pressure pulsation test. The SCYG314
miniature pressure sensor used has a measurement range of —20-20 kPa with an accuracy
of 0.25% FS. All pressure data were collected through the data-acquisition system. The
DLY-2301 tachometer used has an accuracy of +0.1% n, where # is the rotational speed
(n =2.5~99,999 rpm).

Figure 16. New type of dishwasher pump, real test bench. 1: water tank, 2: dishwasher pump.
3: data-acquisition system, 4: computer. 5: software interface, 6: rotating pressure pulsation test
device, 7: tachometer, and 8: motor speed controller.
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Through repeated measurements, the twin-volute rotation speeds before and after
the optimization could be obtained. The passive rotational speed of the twin-volute was
60 rpm before optimization and 70 rpm after optimization. The passive rotational speed
of the twin-volute increased after optimization. Meanwhile, the data-acquisition system
showed a significant improvement in the power consumption of the dishwasher for the
same rinse time. On the other hand, the performance of the pump under the rotating-volute
condition was improved.

Since it is difficult to measure the performance of the real new type of dishwasher,
unsteady numerical simulations of the proposed dishwasher pump design based on the
passive rotation speed of twin-volute were carried out. The pump head and efficiency
were obtained, as shown in Figure 17. The data were recorded every 15 simulation steps
under the rated conditions. Under the rotating-volute condition, both the pump head
and efficiency always fluctuated around the average value. However, after optimization,
their values were significantly higher as compared to those before optimization. Through
processing the results of unsteady simulation via the time-average method, the pump
head increased from 1.07 m to 1.61 m, and the efficiency from 20.47% to 27.93%. In
other words, after optimization, the pump head increased by 0.54 m, while its efficiency
increased by 7.46%. This confirms that the optimization scheme also holds under the
rotating-volute condition.
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Figure 17. Unsteady hydraulic performance curves of the last three cycles under rated conditions:
(a) pump head and (b) pump efficiency.

Figure 18 shows the time-averaged pressure coefficient distribution curve from the
inlet to the outlet under the rated condition before and after the optimization. High-pressure
(non-dimensional pressure, as shown in Equation (14)) was mainly concentrated near the
radial blades of the compound impeller. When the liquid entered the radial blades, the
compound impeller pressure increased rapidly both before and after optimization. It was
found that the pressure coefficient in the compound impeller channel after optimization
was considerably higher than that before the optimization. Therefore, the performance of
the new type of dishwasher pump was also improved under the rotating-volute condition.

« _ P~ Pavg

P="1 (14)
3o

where p represents the pressure at the measuring point, pavg is the average pressure of the

middle section of the radial part of the impeller, u* is the peripheral speed of the outer edge

of the impeller, and 7 is the rotational speed of the impeller.
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Figure 18. Time-averaged pressure coefficient distribution curve from inlet to outlet of compound
impeller before and after optimization under the rated condition.

Figure 19a,b shows the distribution of the time-averaged pressure coefficient at
0.8 blade height and time-averaged velocity distribution at 0.5 blade height in the im-
peller passage before and after the optimization, respectively. As shown in Figure 19a, the
pressure on the blade pressure side (PS) was higher than that on the blade suction side
(SS), which gradually increased from the axial cascade inlet to the outlet. Moreover, the
low-pressure area at the axial cascade inlet practically disappeared after optimization. On
the other hand, the high-pressure area at the axial cascade outlet increased significantly,
causing the compound impeller to convert the kinetic into pressure energy more efficiently.
Figure 19b shows that the velocity magnitude near the PS was greater than that near the SS.
The high-speed zone at the inlet gradually developed from the SS to the PS and developed
downstream along with the PS.
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Figure 19. Time-averaged pressure coefficient distribution at 0.8 times blade height (a) and
time-averaged velocity distribution at 0.5 times blade height (b) in impeller passage before and
after optimization.

The low-speed zone was mainly concentrated near the axial cascade outlet and was
caused by axial vortex blockages in the radial blade, an example of which is shown in
Figure 11. It can be seen that the flow in the axial cascade was improved in that the
velocity distribution became more uniform after optimization. In particular, the low-
speed area at the axial cascade outlet was significantly reduced, which reduced the flow
blockage effect and the flow loss in the impeller passage and hence improved the compound
impeller efficiency.

Figure 20 shows the distribution of entropy production and total entropy production
for each flow passage component under the rotating-volute and rated operating conditions.
Furthermore, Figure 21 shows the proportion of entropy production of each flow passage
component corresponding to Figure 20. As shown in both figures, the entropy production at
the volute section was the highest, as well as its proportion. On the other hand, the entropy
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production at the entrance section was the lowest, and its entropy production was negligibly
small. This distribution trend was the same as that under the static-volute condition. When
the volute rotated, the entropy production of each flow passage component decreased
compared with the static-volute condition. Additionally, the volute rotation angle had
a limited effect on the entropy production. The entropy production after optimization
was evidently lower than that before optimization. Furthermore, the proportion after
optimization was further reduced, verifying that the optimization scheme also reduced the
energy losses in the new type of dishwasher pump under the rotating-volute condition.
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Figure 20. Distribution of entropy production and total entropy production of each flow passage com-
ponent.
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Figure 21. Proportion of entropy production of each flow passage component: (a) original scheme
and (b) optimization scheme.

5. Conclusions

A new type of dishwasher pump was innovatively developed to form a new sink-
type dishwasher, and its special compound impeller was firstly optimized based on the
orthogonal test method. Through experiments and numerical simulations, the adaptability
of the orthogonal optimization method was demonstrated, and the essential reasons for the
influence of some parameters were revealed. The main findings of the study are as follows:
(1) Six geometrical parameters, including key geometric parameters of traditional pumps
(i.e., tip diameter of axial cascade D1, impeller outlet diameter Dy, and impeller outlet
width bp) and some special geometric parameters of this new type of pump (i.e., blade
shape of axial cascade named profile line L, hub cover height &, and setting the angle
of blade outlet j; affecting the passive rotational speed of volute), were selected as
the test factors to optimize. Orthogonal tests show that the main factors affecting the
pump head and efficiency were impeller outlet diameter D, and profile line L.
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(2) A specially designed test bench under the assumption of static-volute conditions was
built to solve the difficult problem of the new pump without a pipeline system and
its volute rotation to obtain hydraulic performances. By comparing the results of the
original scheme, direct analysis, and range analysis, the scheme obtained by the range
analysis was used to optimize the compound impeller, which yielded an increase of
0.3 m in the pump head and 2.99% in the pump efficiency under the rated condition.

(38) Steady numerical simulations confirmed that the pump head and efficiency after
optimization were significantly higher than that of the original scheme for all cases
under the static-volute condition. After optimization, the internal pump pressure
coefficient became considerably higher. Meanwhile, the flow uniformity and velocity
magnitude in the compound impeller channel was also improved. Based on the
entropy production analysis, the highest value of entropy occurred in the volute
section, followed by the impeller. It was confirmed that the entropy production in
each flow passage component of the new type of dishwasher pump was significantly
reduced after optimization.

(4) A specially design test (real machine test) bench for the new type of dishwasher pump
was firstly built to obtain the passive rotating speed of the twin-volute, and corre-
sponding test results confirmed that the optimization scheme, for which the passive
rotating speed of the twin-volute was increased by 10 rpm as compared to the original
design, remained feasible under the rotating-volute (actual operation) condition.

(5) Unsteady numerical simulations confirmed that the pump head was increased by
0.54 m, and the pump efficiency increased by 7.46% after optimization. Meanwhile,
the pressure difference between the inlet and outlet of the axial cascade increased,
and the low-speed zone in the axial cascade outlet was improved. Based on the
entropy production analysis, the volute rotation angles had little effect on the entropy
production, but the entropy production at the impeller decreased significantly under
the rotating-volute condition. Further, the entropy production of each flow passage
component after the optimization was also smaller than that of the original design.

(6) Based on the results of the hydraulic performance test, steady simulation, real machine
test, and unsteady simulation, it was confirmed that the orthogonal optimization
test was feasible in the application of the new type of dishwasher pump to solve
the problem that the performance of this kind of pump is difficult to measure and
optimize. The proposed method and the obtained results herein provide a useful
reference for the development of subsequent hydraulic models of dishwasher pumps.
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