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Abstract: With the development of modern fluid machinery, the energy density of pumps is gradually
being improved, and at the same time, higher demands are being placed on the cavitation perfor-
mance, hence the introduction of the inducer and centrifugal impeller to form a dynamic-dynamic
series structure. However, there are strict constraints on the axial size of pumps in fields such as fire-
fighting and aerospace. The traditional empirical formula no longer satisfies the need to fit the axial
dimensions between the induced wheel and the impeller at high velocities. Therefore, based on the
wave-piercing theory, the drag reduction coefficient is introduced to explore the optimal axial fit size
from the perspective of energy characteristics. This paper focuses on the influence of the inducer’s
wake on the energy characteristics of downstream impellers, and conducts the following research: by
adjusting the axial matching dimensions between the upstream inducer and the centrifugal impeller
in the initial model, ten sets of axial distance models with matching dimensions of KD are designed,
and the drag reduction coefficient is embedded to determine the optimal axial distance. The results
show that the optimal axial distance is 0.2D, which is far lower than the axial distance value of 0.42D
obtained from the traditional empirical formula for axial matching dimensions. Meanwhile, this
paper uses tangential velocity, the inlet flow angle of the impeller, entropy production theory, and
other indicators to analyze the internal energy loss of the high-speed vehicular fire pumps one by one.
All of them confirm that the impeller in the high-speed vehicular fire pump has the lowest energy
loss and optimal performance at an axial distance of 0.2D. Specifically, at this axial distance, the head
can reach 259 m, and the hydraulic efficiency is as high as 83.62%. Thus, the feasibility of determining
the axial placement of the impeller using the drag coefficient is validated. This research provides new
insights into determining the axial coordination dimensions between the inducer and the impeller.

Keywords: impeller; inducer; wave-piercing theory; optimal axial distance; energy loss

1. Introduction

With the continuous development of industrial modernization, the requirements for
scientific and technological innovation research are gradually increasing, and researchers in
the field of fluid machinery are also facing similar challenges. The application of the fluid
mechanical pump has penetrated into all fields of work and life. In addition to industrial
applications, it is also widely used in agricultural irrigation, municipal water supply,
power station cycle water supply, urban pollution treatment, and other fields. Therefore,
the performance requirements of fluid mechanical pumps have also been improved, and
optimization of their design has become particularly important to improve their efficiency.

Currently, research on the axial fit between the inducer and the impeller in centrifugal
pumps primarily focuses on investigating how variations in axial distance impact the
performance of these pumps. Baoling Cui [1] emphasized the significance of investigating
the axial fit between the inducer and the impeller in order to optimize the structure of
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centrifugal pumps. The study concluded that the energy loss in the impeller decreased with
the increase in axial distance. The study conducted by R Campos-Amezcua [2] revealed
that the variation in the axial distance has a significant impact on the overall performance
of the inducer. Specifically, it was observed that an increased axial distance corresponds
to a higher critical cavitation number. Wang Wenting et al. [3] studied the influence of the
relative position of the front inducer and the impeller on the pump performance and found
that the axial length of the front inducer and the impeller was too small, which would
cause uneven flow in the impeller, thus reducing the pump performance. Leng Hongfei
et al. [4] studied the axial distance between the front inducer and the impeller, and the
results showed that the head and efficiency increased with the increase in the axial distance,
while the NPSH decreased. The study conducted by Lu Jinling et al. [5,6] investigated the
impact of three different axial lengths on the front inducer and impeller of a centrifugal
pump. Their findings revealed that increasing the axial distance between the inducer and
the impeller resulted in a gradual improvement in both the head and the efficiency of the
pump, consequently influencing the magnitude and direction of the radial force exerted on
the impeller.

To enhance the observation of the internal flow state, the absolute flow angle, entropy
production theory, and other relevant judgment indexes are considered for further analysis
of the internal flow state and energy loss. Yabin Liu et al. [7] found that an appropriate
range of swirl angle can effectively improve the energy performance of centrifugal pumps
and expand their effective operating range. TianXin Wu et al. [8-10] used the entropy
production theory to analyze energy losses and flow characteristics in pumps. Tang Xin
et al. [11] introduced the entropy production theory to analyze the distribution law of
hydraulic losses in turbine centrifugal pumps. The entropy production theory is often
used to analyze the energy losses in rotating machinery and is frequently used in the
study of pumps and turbines [12-14]. Therefore, this paper will the utilize absolute flow
angle and entropy production theory to analyze the internal flow patterns of the pump’s
overflow components.

High-speed truck-mounted fire pumps are characterized by strong mobility, fast
response time, and high firefighting efficiency, and thus are often used in the firefighting
field. At present, high-speed truck-mounted fire pumps are often assembled in the high-
speed inducer to meet the requirements of the high cavitation ratio speed, and the axial
distance between the inducer and the impeller will affect the overall performance of the
pump; therefore, reasonable adjustment of the inducer and the impeller between the axial
distance has become critical. The fit size of the inducer and the impeller is mainly given
according to the empirical formula, and the foothold of the fit research is mainly the impact
on the performance of the centrifugal pump; the impact on the cavitation performance of
a centrifugal pump equipped with an inducer will also be considered. This paper aims
to study the wake flow of the inducer by using the important index of the drag reduction
coefficient, so as to determine the optimal axial position of the impeller and make the
performance of the impeller optimal. The research focuses on the wake of the inducer, and
a detailed analysis of the energy loss of the wake of the inducer will be conducted. This
paper will not describe the cavitation performance too much, and a subsequent article will
conduct a detailed analysis of the cavitation performance.

2. Three-Dimensional Model and Grid Independence Verification
2.1. Three-Dimensional Model

The research subject is based on a model of a high-speed medium-pressure vehicle-
mounted fire pump, which is mainly composed of three overflow parts: front inducer,
impeller, and volute. The main design parameters are as follows: design flow rate,
Q=216 m3/h; design head, H = 255 m; rated rotational speed, n = 5000 rpm; the number
of impeller blades, Z; = 6; the number of inducer blades, Z, = 3; and the inlet diameter of
the impeller, D1 = 75 mm.
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The simulation outcomes presented in this section derive from the initial model of the
vehicle-mounted fire pump with 0.1D axial distance. The simulation results in this section
are based on the original model of a vehicle-mounted fire pump with an axial distance of
0.1D, in which the basic straight pipe inlet and outlet are selected for the overall assembly
of the model. The 3D assembly diagram of the model is shown in Figure 1.

Inducer

Figure 1. 3D model of fire pump.

2.2. Mesh Characteristics

The entire water area of the fire pump is partitioned into two domains: the rotating
domain and the stationary domain. The rotating domain comprises the inducer, axial
pitch, and impeller, while the volute casing constitutes the stationary domain. To take into
account the full development of turbulence, the inlet is extended by a factor of five and
the outlet by a factor of three. Unstructured mesh with strong adaptability to irregular
shapes is used, and mesh encryption was done at the inducer blades and the volute shell
tongue as shown in Figure 2, so as to make the results of the flow field calculation and the
distribution of the flow field more accurate.

(a) (b)

Figure 2. Calculation domain grid of (a) inducer, (b) volute.
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2.3. Numerical Method

The commercial flow solver ANSYS FLUENT was used for the time-invariant calcula-
tions. The shear stress transfer SST k-w (Menter 2009) [15,16] turbulence model was adopted
to close the equations. For the setting of the rotating domain, it was set as a moving wall
surface relative to the adjacent unit. The working medium of the model is water, and the
boundary conditions of the pressure inlet and mass flow outlet are set with a convergence
accuracy of 1.0 x 107°. The pressure-velocity coupling is performed using the SIMPLEC
algorithm, and the second-order windward format is used for the differential format.

2.4. Grid-Independent Verification

The results of CFD numerical simulations are influenced by multiple factors. To mitigate
the impact of grid quantity on numerical calculation accuracy and ensure the simulation data
become more accurate and reliable, five sets of models with different grid quantities were
selected for simulation analysis: 2 million, 4 million, 5 million, 6 million, and 8 million grid
quantity models. The performance of each grid model’s head was observed.

As can be seen from Figure 3, with the increasing grid encryption, the pump head
gradually tends to be stable after 5 million grids, and the head deviation range is within
0-4%, that is, the number of grids has little influence on the simulation results. Considering
that a large number of grids requires higher computer performance and takes more time,
and a small number of grids may make the calculation results inaccurate, 5 million grids
are selected here for the subsequent simulation.
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Figure 3. Grid-independent.

2.5. Comparison Experiment vs. Simulation

Previously, the vehicle-mounted fire pump for the relevant performance test exper-
iments was set up as shown in the Figure 4 of the experimental bench. In the grid-
independence verification, the number of 5 million grids is selected as the basis for the
subsequent simulation, so the full traffic simulation in this section is carried out based on
the 5 million grid model.
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Figure 4. Fire pump test bench.

The fire pump model was simulated for seven operating points to fit the head and
efficiency performance curves shown in Figure 5: H, 1; are experimental data, Hcrp
and #cpp are simulation calculation data. Considering that there will be unit loss in the
experiment, the simulation efficiency here is the product of hydraulic efficiency, volumetric
efficiency, and mechanical efficiency. The calculation results show that the accuracy of the
head simulation data is within the range of 0-12%. Because the balance hole is not installed
in the impeller part and the front and rear cover plates are not installed in the volute during
the simulation calculation, and the leakage loss is ignored, the simulation performance is
good. At this time, the simulation accuracy of 0-12% can be used as a judgment basis.
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Figure 5. Experimental-simulation performance curves.

The focus of this study is mainly on the influence of the wake characteristics of an
inducer on a downstream impeller, and the optimal axial distance is selected accordingly.
Therefore, the model simplification of a vehicle-mounted fire pump was carried out, the
front inducer and impeller were selected as the main body for the study, and in order to
avoid the influence of the volute case on the simulation results, it was replaced with a
simple structure of the disc outlet for the following related research.
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3. Determination and Validation of the Optimal Axial Distance
3.1. Based on Wave-Piercing Theory-Elicitation of Drag Reduction Coefficients

Yuan et al. [17] revealed for the first time the reason why waterfowl formation movement
can maintain individual energy expenditure by studying the phenomena of wave-piercing
and wave-riding in ducklings, and proposed the theory of wave-piercing, that is, by keeping
the trailing duckling at the same speed as the mother duck, a stable wave-riding state can be
achieved effortlessly, thus maintaining the energy expenditure. Here, the inducer is analogous
to the leading mother duck and the impeller is the trailing duckling, and the correspondence is
shown in Figure 6; the effect of the inducer trails on the impeller was investigated for different
axial distances in order to determine the optimum axial distance.

Figure 6. The relationship of duckling and pump.

This paper aims to investigate the impact of the inducer’s wake on the impeller,
essentially studying the influence of fluid discharged from the inducer on the impeller. By
assessing the magnitude of this influence, the optimal axial distance between the inducer
and the impeller is determined. The fluid flows from the inducer to the impeller, and the
fluid has rotation energy brought by the inducer, and then through the axial distance into
the impeller. However, the magnitude of the axial distance variation has a notable impact
on the loss of rotational kinetic energy. Excessive or insufficient axial distance can diminish
the rotational kinetic energy acquired from the inducer, leading to a loss of rotational kinetic
energy and consequently affecting the impeller’s performance. In Yuan’s study [17], the
primary investigation focused on the wave drag comparison between the duckling and
the mother duck. Similarly, by analogy with the fire pump, the study aimed to explore the
wave drag between the inducer and the impeller, thereby examining the extent of their
mutual influence. The calculation method is outlined as follows:

After the simulation, the obtained results were subjected to thorough analysis and
calculation. To evaluate the magnitude of resistance on the inducer and the impeller, the
concept of resistance T was introduced. Resistance T refers to the force that impedes fluid
flow inside a pump, arising from factors such as friction with the walls and internal fluid,
the influence of changes in flow channels, and the action of rotating components (such as
the impeller). The calculation formula is as follows:

T =pQ(V; — Vo) )

Q: mass flow rate, kg/s; Vj : export velocity, m/s; Vp: import velocity, m/s.

Calculate the resistance values at the outlet of the inducer and the inlet of the impeller
in models with different axial distances. Then, according to Cpr, an important index for
characterizing the strength of wave resistance proposed by Yuan et al. [17], calculate the
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drag reduction coefficients of the inducer and the impeller in models with different axial
distances. R in the text is the size of the wave drag suffered by the ducklings swimming in
formation, Rg the size of the wave drag suffered by a duckling on a calm water surface, the
relationship between the inducer and the impeller for the specimen text is as follows, and
the drag reduction coefficient is calculated as

R
Cpr = (1 - ) % 100% )
Rs

R: the axial distance of 0 impeller resistance; Rs: impeller resistance after different
axial distances.

3.2. Optimal Axial Distance

Here, 10 sets of models with different axial distances KD (K =0, 0.05, 0.1, ...,0.5,0
being the original model) were selected for the study, where D represents the inlet diameter
of the impeller.

After simulating 10 groups of models with different axial distances, the simulation
data were processed, and the drag reduction coefficient was calculated to plot the drag
reduction coefficient, as shown in Figure 7, where the x-axis represents the K value of
10 sets of axial distance coefficients, and the y-axis represents the drag reduction coefficient
values of the inducer and the impeller.

—&— Impeller-Cp,
—A— Inducer-Cpy

Impeller-Cpp
Inducer-Cp,

Figure 7. The drag reduction coefficients of inducer and impeller at different axial distances.

When Yuan et al. [17] proposed the drag reduction coefficient as an important indicator
for quantifying the intensity of hydrodynamic interaction, they pointed out that wave drag
decreases at Cpr > 0, there is no interaction force at Cpr = 0, wave drag increases at Cpg <0,
and wave drag is converted to propulsive force at Cpr > 100%. From Figure 7, it can be seen
that the drag reduction coefficient shows a similar periodic variation in the axial range of
0D-0.5D, the impeller has the highest drag reduction coefficient at 0.2D axial distance, and
the drag reduction coefficient Cpr > 0, namely, the impact of the inducer’s trailing edge on
the impeller, becomes more pronounced; at this time, the drag reduction coefficient of the
inducer is close to 0, and in the range of axial distance of 0D-0.5D, and its drag reduction
coefficient is relatively high. Meanwhile, it can be seen that the inducer in the 0.05D when
the drag reduction coefficient is the highest, due to the distance at this time is too short,
the fluid from the inducer to the impeller trailing changes in the case of small, so that the
influence of this place is small, and thus there is a large drag reduction coefficient value;
however, in the 0.05D when the impeller drag reduction coefficient reaches the lowest
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value, the impeller is subject to the greatest influence, which will lead to the performance
of the impeller deteriorating.

At an axial distance of 0.2D between the inducer and the impeller, the impeller drag
reduction coefficient reaches its peak. This indicates that at this point, the wave drag
between the inducer and the impeller is minimized, requiring the smallest amount of work
to overcome. Consequently, the drag reduction coefficient of the inducer also achieves a
relatively high value at this juncture. Thus, it can be introduced here as the optimal distance
between the inducer and the impeller, so that the impeller reaches the highest efficiency,
which means that 0.2D is selected as the optimal axial distance between the inducer and
the impeller.

3.3. Validation of Empirical Formulae for Optimum Axial Distance

In this paper, the magnitude of the drag reduction coefficient is used to determine the
axial distance between the inducer and the impeller in fire pumps. The Fundamentals of
Cavitation in Pumps [18] states that there should be a smooth axial flow channel between
the fit of the inducer and the impeller as shown in Figure 8, points out that the size of this
axial channel will have an effect on the performance curve of the pump, and thus gives the
empirical formula for the specific axial fit of the inducer to the impeller.

%
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Figure 8. The distance between inducer and impeller [18].

The empirical formula for the axial fit of the inducer to the impeller is

Dy .
linde =~ sinpr ©

The formula is as follows: Dy, represents the impeller outlet hub diameter; Z represents
the number of blades; § represents the flow angle at the impeller outlet.

Moreover, the axial empirical formula requires ’gd" < 0.4; otherwise, the suction

performance of the pump will significantly deteriorate. Slimplified, itis ljyg . < 0.4D;.
The impeller outlet rim diameter Dy, = 262 mm and outlet flow angle By, = 25.05° are
measured, and substituted into the empirical formula of axial distance l;,; . = 58.08 mm,

and 'tz — 03872 < 0.4,
1
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The optimal axial distance between the inducer and the impeller is obtained from the
drag reduction coefficient in the previous section as follows: [;;,; . = 0.2D. The impeller

can achieve the highest head and efficiency at this time. Although 1‘5% < 0.4, the numerical
difference is nearly 50%. The physical mechanism when the axial distance satisfies the axial
empirical formula will be further explored.

4. Results and Discussion
4.1. Impeller Performance

The purpose of this paper is to observe the influence of the wake characteristics of the
inducer on the impeller, so the emphasis is placed on the analysis of the performance of the
impeller. The scatter plot of impeller performance at different axial distances is shown in
Figure 9. and the head-efficiency of the impeller with axial distance of 0D (blue dotted line:
H =255m, 11 = 81%) is selected as the benchmark data. It can be seen that the head-efficiency
is the highest at 0.2D, and is above the benchmark data. Therefore, it is feasible to determine
the placement position of the impeller by the drag reduction coefficient.

265 100
e H
_— The highest point of head ® 7
[e] 195
] . 3
. H=255m
255 o s semmses S s SRl it = s seme S S Se e
. > + 90
—~ ® —_
T =
The highest point of efficiency - 85
245 1 [e]
& & o ® o o o
I U
=81% -
240 - oL 7o ol
235 y T T T y T y T y 1 5
0.0 0.1 0.2 0.3 0.4 0.5
K

Figure 9. Impeller performance for some K values.

The diagram of the impeller’s head-efficiency reveals that the maximum head-efficiency
is attained at an axial distance of 0.2D, followed by a relatively higher efficiency value
at 0.05D; however, the corresponding head level remains undesirable. Therefore, the ve-
locity vector diagrams of the inducer—axial distance-impeller under two different axial
distances are presented in Figure 10. It can be seen that, with the change of axial distance,
the direction of the velocity vector at the impeller inlet will be different. The comparison
reveals that at an axial distance of 0.2D, the velocity vector distribution at the impeller inlet
exhibits greater uniformity, facilitating a more stable and consistent flow of fluid towards
the impeller. Consequently, the performance of the impeller is enhanced at this specific
axial distance. In order to further observe the inducer-axial distance-impeller energy loss
at each axial distance, the internal flow analysis will be conducted below.
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Figure 10. Velocity vector.

4.2. Analysis of Wake Loss

Fluid flows from the inlet pipeline to the inducer and is transmitted to the impeller
through the rotating kinetic energy of the inducer. Consider whether the wake kinetic
energy of the inducer has an impact on the impeller at this time, and how much the different
axial distances between the inducer and the impeller have an impact on the wake loss of
the inducer.

4.2.1. Wake Flow Field behind Inducer

Under the influence of the pre-inducer, the fluid is discharged after the inducer
performs its function and subsequently passes through varying axial distances before
reaching the impeller, where the tangential velocity is also different. Draw the tangential
velocity diagram of different axial distances as shown in Figure 11. The red datum line
V =112 m/s in the figure is the tangential velocity when the axial distance is 0D.

Miao Fei et al. [19] studied the energy loss in the water behind the propeller and
concluded that a decrease in tangential velocity means a decrease in the loss of rotating
wake energy. The following formula is used to express the rotational kinetic energy of
unit water area behind the inducer, so as to illustrate the relationship between tangential
velocity and kinetic energy:

E, = % fj VEpdm = % ff (V}g + sz)prder 4)

Vi: tangential velocity, m/s; (Vy, V) : the component of velocity in the (y, z) direction,
m/s.

It can be seen from the formula that the reduction in tangential velocity leads to a
corresponding decrease in the kinetic energy of the impeller. The conclusion of Miao Fei
et al. [19] shows that the loss of the rotating wake energy of the impeller is reduced.
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Figure 11. Tangential velocity distribution of the trailing inducer for some K values.

In this paper, the wake energy loss of inducer at different axial distances is explored.
The tangential velocity of wakes generated by the front inducer has a great influence on the
distribution of the inlet velocity field of the impeller, and the tangential velocity affects the
kinetic energy of the impeller to a certain extent. Figure 11 shows the tangential velocity
values of the wake flow of the inducer at different axial distances. It can be seen that
the tangential velocity values at 0.2D, 0.35D, and 0.45D are all lower than at 0D, and the
tangential velocity is relatively low at this time. Therefore, a kinetic energy calculation is
conducted and the kinetic energy data are parameterized (the difference between kinetic
energy and the average value AEy/the average kinetic energy Ey;) to draw the kinetic
energy distribution diagram shown in Figure 12. It can be seen that the kinetic energy of
axial distances of 0.2D, 0.35D, and 0.45D is also relatively small, which means that the wake
energy loss of the inducer is small at this time. The wake loss of the inducer will affect the
flow state of the impeller inlet. In order to observe the impeller inlet flow condition further,
the following impeller inlet liquid flow angle study is carried out.

0.3
n
" AR/E
0.2 -
[ ]
0.1
E‘ <
‘Ex . "
g 0.0 S .
L
-0.1 | |
n
L |
'O.Z_
T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Figure 12. Distribution of kinetic energy for some K values.
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4.2.2. Inlet Flow Angle of Impeller

The fluid is directed into the inducer through a bell mouth, where it is guided and
accelerated by the blades. As the inducer rotates, it imparts a rotational angle to the fluid,
influencing its direction and speed before entering the impeller. This pre-swirl enhances
pump performance. At the same time, the pre-swirl effect helps to improve the speed
and pressure at the inlet of the impeller, and makes the fluid more evenly distributed on
the impeller, which can maximize the use of fluid kinetic energy and increase the power
output of the pump. Under the influence of pre-swirl, the velocity and pressure of the
fluid entering the impeller after flowing through different axial distances will be different.
Meanwhile, as can be seen from the inlet velocity triangle of the impeller in the figure
below, the inlet velocity angle of the impeller after pre-swirl by the inducer will change
accordingly. As can be seen from the drag calculation Formula (1) in the drag reduction
coefficient, the main influencing factor of the drag is its velocity. Therefore, the flow angle
at the impeller inlet was introduced to observe the flow conditions at the impeller inlet
of models with different axial distances after pre-swirl. The flow angle « at the impeller
inlet refers to the angle between the flow direction of the fluid entering the impeller and
the impeller inlet, and is the absolute flow angle « at the inlet as shown in the velocity
triangle at the impeller inlet in Figure 13. It determines the direction and velocity of the
fluid entering the impeller, and the formula is

o= arcsin@ (5)

1

With
Without inducer

inducer : 1)

=~

Figure 13. Velocity triangle of impeller inlet.

Vm1: the axial component of the impeller inlet; V;: absolute velocity for the inlet.

In the last section, three axial distance models of 0.2D, 0.35D, and 0.45D were selected
based on the tangential velocity of the wake field behind the inducer to lower the wake
energy loss. At this time, the tangential velocity is small, the inlet rotation distortion
disturbance is small, and the absolute flow angle at the inlet of the impeller is large.
Figure 14 shows the radar chart of the absolute flow angle at the impeller inlet of different
axial distance models to observe the flow state at the impeller inlet. Circular data of 0.05-0.5
in the figure represent different axial distances KD, and data of 18.5-22.0 represent the
absolute flow angle at the impeller inlet. It can be seen that the flow angles at the impeller
inlet of different axial distance models are quite different. Draw the blue baseline with flow
angle of 21.2°, which allows for a better separation of the axial distance models with the
largest impeller inlet flow angle, and observe that the three groups of axial distances of
0.2D, 0.35D, and 0.45D are all greater than or equal to 21.2° from the inlet flow angle of the
model impeller. At this time, the inlet flow angle is relatively large, that is, the inlet negative
impulse angle is reduced, the impact loss is reduced, the turbulence effect is reduced, and
the hydraulic performance is improved.



Water 2024, 16, 1385

13 of 21

0.45

0.4 0.2

0.35 0.25

0.3

Figure 14. Absolute flow angle at impeller inlet for some K values.

4.3. Analysis of Energy Loss of Fire Pump Based on Entropy Production Theory

In the process of fire pump operation, the fluid is affected by the rotating force and
drag of the impeller, which will lead to energy loss in the pump. According to the drag
calculation Formula (1), the drag of the inducer-impeller in the same working condition
model is only related to its inlet and outlet velocity. However, the velocity and change of
fluid flow in the fire pump will affect the motion state of the fluid. When the fluid flows at
low velocity, it will present a more orderly laminar flow state. With the increase in velocity,
the fluid flow will present a more disordered turbulent state, causing different degrees of
vortex structure in the flow field, resulting in energy loss inside the pump. Therefore, the
entropy production theory is introduced to analyze the energy loss.

According to the second law of thermodynamics, the production of irreversible entropy
may arise from unstable turbulent factors. Simultaneously, the production of entropy leads
to hydraulic and energy losses in the pump. The entropy production theory is a method
used to analyze energy losses. Currently, a significant amount of research has applied
this theory to centrifugal pumps [20,21]. During the operation of centrifugal pumps, the
acceleration of fluid in the impeller produces a certain amount of entropy increase, which
affects the pump’s efficiency. In order to accurately analyze the loss characteristics of
centrifugal pumps, this section adopts the entropy production analysis method from the
second law of thermodynamics. It qualitatively analyzes the increase in entropy during the
flow process and the flow losses generated as a result.

Based on the (SST) k-omega method numerical simulation, the entropy production in
a turbulent flow field can be divided into entropy production caused by average velocity
and entropy production caused by pulsating velocity. In other words, entropy production
in a turbulent flow field can be regarded as the sum of time-averaged entropy production
and pulsating entropy production, also known as local entropy production.

- I . - 1

Sp = Sp + Sy (6)

The formula for entropy production induced by averaged velocity.

7\ 2 X0 2 W 2 u XU AU 2 Xw  au 2 XU QW 2
+l=) +(=) [+5|[l=+=) +|=+=) +|=+— (7)
wy nz T|\ax ay ax az az  ay

The formula for entropy production caused by pulsating velocity.
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In a numerical calculation, turbulent pulsating cannot be directly represented but is
instead accounted for using the ¢ equation.
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T (RNS numerical calculation)
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§ = ﬁkaw (SST k — w models) (10)

The above refers to the entropy generation rate of the system per unit time, which
is recorded as the entropy production rate. By integrating the above entropy production
rate, we can obtain the average velocity entropy production and the turbulent fluctuation
entropy production, respectively.

S5 = /V Sg/dV (11)

- 1"

S/:/S/dV
D VD

In this paper, the SST k-w method is chosen for numerical calculation, so the SST k-w
model is selected for turbulent pulsating calculations. So in this paper, entropy production

is = Equation (11) + Equation (12):
a7 ai\? 0w o\ a7 aw\?
—t— | |+ =] +| =+
ax ooy ax - az az oy
Equation (7) shows that the entropy production caused by the average velocity is only
related to the flow velocity, Equation (10) is the entropy production caused by turbulent
pulsation. It can be seen that the entropy production is related to the turbulence eddy
frequency and the turbulence kinetic energy. It also further explains that the turbulent
motion state of fluid caused by velocity change will affect the energy loss of the pump.

Next, the EPR (Entropy production) distribution maps of different situations will be drawn
to analyze the internal energy loss of the pump.

(12)

pkw

+ +p22 3)

lia
T

4.3.1. Entropy Production Distribution of Each Overflowing Component

Entropy production is directly related to energy loss, and entropy production mainly
occurs in the flow-through parts of fire pumps, that is, the energy loss in the flow-through
parts is the largest. Therefore, it is crucial to analyze the entropy production distribution
inside fire pumps for energy loss analysis. In order to analyze the internal loss distribution
of each flow component between different axial distances, the entropy production and
dissipation distribution of the flow field in the pump were analyzed.

In order to observe the entropy production proportion of each flow-passing compo-
nent under each axial distance, the following entropy production percentage distribution
diagram is drawn, where EPR;, is the sum of the entropy production value of the flowing
parts, compared with the inducer and the impeller, and the inlet pipe of the fire pump has
a relatively simple structure, low flow rate, simple turbulence structure, and low entropy
production value. The proportion of flowing parts in the figure does not show the inlet
entropy production. Since the axial distance is located at the subsequent design to the
centrifugal impeller inlet, the entropy production of the axial distance is taken as a part
of the entropy production of the impeller. It can be seen from the entropy production
ratio chart that the highest entropy production of each model occurs at the impeller. Since
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the focus of this paper is to analyze the inflow situation in the impeller area, the entropy
production of the impeller is analyzed in this paper. As can be seen in Figure 15, the
entropy production ratio of the axial segment and the impeller is relatively low at 0.2D,
0.35D, and 0.45D, all being 40%. However, there is a 1% difference in the axial distance
ratio of 0.2D compared with that of 0.35D and 0.45D at this time. Since the total entropy
production values of each model are different at this time, the entropy production ratio
chart cannot reflect the actual entropy production, so there is a 1% difference in the entropy
production ratio.

[ Outlet [ Impeller [ Axial distance [ Inducer
100 9

13%
26%| = [26% 25% | | [24% 24%
804 2% 1335 |31% 35% 36%
< o | OB ] ] -
o [[39% || [39% 1358 |oay lnaw (40K | | 39
& 34% 34%
§ 40 ||
3 | Tl Tl (6 w188 T e (o0 o
FE L SRS e 5 e =
20
28%| [29%) 28%| |28%| |28%| [28%| |27%| |95/ [28% [25%| [28%

0 T T T T T T T T T T T
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

K

Figure 15. Percentage diagram of entropy production of overflowing components for some K values.

To further observe the real value of entropy production inside the impeller, Figure 16 is
drawn to show the absolute value distribution of entropy production between the impeller
and the axial distance under different axial distances. It can be seen that the three groups of
models with the same proportion of entropy production of the impeller-axial distance, 0.2D,
0.35D, and 0.45D, have significant differences in the absolute value of entropy production.
In the 0.2D model, the entropy production value generated by the axial distance is the
smallest, and the entropy production value generated by the impeller is also relatively
low. At this time, the overall entropy production value of the impeller is the lowest, which
means that the energy loss of the impeller is the smallest when the axial distance is 0.2D. In
order to further observe the internal energy loss of the impeller, the entropy production
distribution from the impeller inlet to the outlet will be carried out below.

9

=4 Impeller [ ] Axial distance

0 T T T T T T T T T T T
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

K

Figure 16. Absolute value of entropy production of axial distance-impeller for some K values.
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4.3.2. Distribution of Entropy Production from Impeller Inlet to Outlet

In order to explore the influence of the wakes of the inducer on the performance of
downstream impellers, the analysis focuses on the impellers. Based on the above, the
entropy production distribution maps from the impeller inlet to the impeller outlet of
the three groups of models with axial distances of 0.2D, 0.35D, and 0.45D are drawn to
quantitatively analyze the changes in the entropy production inside the fire pump impeller
with different axial distances.

As can be seen from Figure 17, the entropy production values of the three groups of
axial distance models at the impeller inlet all show a gradual increasing trend, and the
entropy production values fluctuate in a small range within the interval a-b. The entropy
production value reaches a high point at b and then shows a downward trend, and the
entropy production value gradually becomes stable at ¢ and then shows a sharp increase. It
can be seen that the overall trend of entropy production fluctuation of the three groups of
models is relatively consistent, and at this time, the corresponding positions of each entropy
production value in the impeller are the same, so the entropy production value fluctuation
trend is relatively similar. However, it can be clearly seen that the entropy production value
of the impeller from the inlet to the outlet in 0.2D is significantly lower than that in 0.45D
and 0.35D. The detailed analysis of each region is as follows.

14,000

0.2D ——0.35D ——0.45D
12,000 4 i i

10,000
8,000

6,000

EPR [Wm?K']

4,000

2,000 4

0 T - T T g T
0.00 0.22 0.44 0.66 0.88 1.10

Impeller inlet Streamwise Location Impeller outlet

Figure 17. Entropy production distribution from impeller inlet to outlet (a, b, ¢ correspond to the
front, middle and rear regions of the impeller).

The entropy production value of the axial distance of 0.2D at the inlet of the impeller
is lower than the axial distance of 0.35D and 0.45D, because the flow out of the 0.2D
axial distance is more uniform and stable when entering the impeller. Figure 18 shows
the pressure distribution cloud map of the impeller inlet section. It can be seen that the
pressure distribution of the inlet section of the impeller with an axial distance of 0.2D
basically maintains the radial gradient without obvious circumferential distortion. At this
time, the inlet flow is more uniform. After entering the impeller, the flow rate of the fluid
from the impeller inlet to the blade inlet will change due to the influence of the geometry of
the impeller, resulting in an increase in the entropy production value at the position of 0-a.
In order to further observe the internal velocity distribution, Figure 19 is drawn to show the
blade velocity expansion diagram of inducer—axial distance-impeller. It can be seen that
when the fluid flows from the axial distance to the impeller, the absolute velocity increases
rapidly after the superposition of the inflow velocity and the relative velocity; at the same
time, the fluid obtains the energy transferred by the impeller, and the high-speed zone
appears at the leading edge of the blade (the characteristics of the front-loaded cascade).
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Since entropy production is related to flow velocity caused by the average velocity of the
fluid, the entropy production curve in the leading-edge region of the blade 0-a in Figure 17
climbs rapidly.

Pressure
250.00

234.00
218.00
202.00
186.00
170.00
154.00
138.00
122.00
106.00

90.00
[kPa]

Velocity
30.00

Figure 19. Expanded flow surface diagram of inducer-axial distance— impeller velocity (the first row
of blades is inducer, and the second row is impeller, D@@ @G ® is the vortex generating region).

The entropy production value in the a-b region exhibits a phenomenon of persistent
oscillation. Due to the influence of the impeller blade inlet, fluid separation and flow occur
in this region. As can be seen from the blade velocity expansion diagram in Figure 19, the
velocity is obviously reduced after the separation flow occurs at the impeller blade, and
the fluid flow is unstable at this time. The impeller blade area is prone to the formation of
non-equilibrium strong transport turbulence. Figure 20 shows the turbulent kinetic energy
distribution at 0.2D, 0.35D, and 0.45D impeller blades and hub. It can be seen that the six
impeller blades are accompanied by different degrees of turbulence at the flow separation
respectively. According to Equation (11), entropy production caused by turbulent pulsation
is related to the size of turbulent energy. Therefore, the oscillation of the entropy production
value in the a-b region is due to the periodic flow separation of blades at this location,
which intensifies the production and dissipation of turbulent energy, thus causing entropy
production and energy loss. Figure 20 shows that the turbulent kinetic energy distribution
ranges of the 0.35D and 0.45D models are significantly larger than that of the 0.2D model. In
addition, at the @@ @G ® selected in the blade expansion diagram shown in Figure 19,
it can be seen that the three groups of axial models all produced vortices at the blade suction
surfaces to varying degrees. When looking at the position of ®®@®), it can be seen that the
position (D corresponding to the 0.2D axial distance model has a high absolute flow angle
(Figure 14) accompanied by a low angle of attack, so the streamline of the suction surface
is not prone to flow separation and the distribution is more uniform. On the contrary,
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there are large-scale separation vortices at the position of @(@®). Therefore, the size of the
distribution range of turbulent kinetic energy and vortex shows that the flow of the model
with an axial distance of 0.2D is more uniform and stable at the impeller blade, so the
entropy production value is lower here.

TKE
I 12.00
9.60

Figure 20. Turbulent energy cloud map.

The b—c region is located in the middle part of the impeller blade. At this time, after
the leading-edge separation flow mixes with the mainstream flow, the flow gradually tends
to be stable, so the entropy production value first decreases and then tends to be stable.
Then, the entropy production value increases sharply at the exit of the impeller (c-1.0).
Ren Y et al. [22] proposed that the flow loss at the impeller outlet in centrifugal pumps is
primarily attributed to the dynamic and static interference effects, as investigated through
the application of entropy production theory. Figure 21 is the expansion diagram of the
impeller-outlet velocity. The velocity of the fluid suddenly increases when flowing from
the impeller to the outlet. It can be seen that high-speed zones of different sizes appear at
@®@® places. At this point, which is located at the junction of the impeller and the outlet,
the pressure decreases at a faster velocity. Moreover, the dynamic and static interference
effect at the outlet of the impeller, namely the blocking effect of the outlet on the wake of
the blade, causes a sharp increase in the velocity, which in turn causes an increase in the
entropy increase curve c-1.0. Meanwhile, it is evident that the high-velocity zone at the
outlet of the 0.2D axial distance model exhibits a significantly smaller extent compared to
those of the 0.35D and 0.45D models, that is, the 0.2D axial distance model is less affected
by the dynamic and static interference effect, so the entropy production value of the 0.2D
axial distance model in the c¢-1.0 region in Figure 17 is the lowest.

m
w

Velocity

l 36.00

18.00

9.00

Figure 21. Impeller-outlet velocity flow plane expanded diagram (the first row of blades is impeller,
and the second row is outlet, @® ) is the region of static and dynamic interference).
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As can be seen from the blade velocity expansion diagram and turbulent kinetic energy
cloud diagram, the blade of the impeller is the part where turbulence is formed and the
vortex core is generated, and the part where the entropy production value accounts for
the highest proportion in the impeller and the blade suction surface is the main part of the
blade. In order to further observe the entropy production distribution at the impeller blade,
the 0.2D axial distance model is selected to draw the entropy production distribution cloud
map of the pressure surface and the suction surface of the impeller blade, as shown in
Figure 22. In order to make the entropy production distribution area clearer, the upper limit
range of the ruler is set to a relatively low value for better observation, as shown below:

EPR
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H 9,000
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6,000
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2,000
1,000
0
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Figure 22. Entropy production distribution of the pressure surface-suction surface of the impeller (the
first row is the pressure surface of the blade, and the second row is the suction surface of the blade).

It can be seen from Figure 22 that the entropy production on the pressure side of the
impeller blade is significantly lower than that on the suction side, so the energy loss on
the suction side of the impeller blade is higher. Mainly due to the fluid passing through
the blade, there appears to be a non-uniform flow, that is, the change of flow velocity, flow
direction, etc. The production of these non-uniform flows will lead to a severe vortex and
turbulent movement of the fluid passing through the blade, which makes the fluid form
turbulence on the back of the blade, thus increasing the entropy production. According to
the above, it can be seen that the vortex mainly occurs at the suction surface of the blade,
so the entropy production at the suction surface is significantly higher than that at the
pressure surface.

In summary, the entropy production of the impeller mainly occurs at the suction
surface of the impeller blade. Because the change of the fluid velocity at this point leads to a
non-uniform flow at the blade, the fluid produces a vortex and turbulent motion, resulting
in increased energy loss and entropy production value. After comparison, it is found that
the axial distance model of 0.2D has the lowest entropy production and the minimum
turbulent kinetic energy, which means that the energy loss of this axial distance model is
the minimum and the performance is the best. Therefore, 0.2D is the optimal axial distance.

5. Conclusions

This article aims to utilize the wake characteristics of the upstream inducer to enhance
the performance of the downstream impeller, and to explore the impact of the wake of the
upstream inducer on the energy characteristics of the downstream impeller, focusing on the
wave-piercing theory. The drag reduction coefficient in the wave-piercing theory is used as
a discriminating index of the optimal axial model to characterize the mutual interference
strength between the inducer and the impeller, so as to determine the optimal axial fit size
between the inducer and the impeller. The specific research conclusions are as follows:

1.  When the axial distance between the inducer and the impeller is 0.2D, the drag
reduction coefficient is the highest and the mutual influence between the inducer and
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the impeller is the smallest. At this time, the effect of the wake of the inducer on the
impeller is the best, that is, 0.2D is selected as the optimal axial distance between the
inducer and the impeller. There is a large gap between the 0.2D axial distance data
and the traditional empirical coefficient.

2. The analysis of the flow velocity field in the inducer by comparing the ten groups of
axial distance models shows the following: In the 0.2D model, the tangential velocity
of the wake flow of the inducer is the smallest. The benefits of wake mixing loss are
the highest. At this time, the absolute flow angle of the downstream impeller inlet
is larger, the distortion disturbance of the inlet flow field is smaller, the flow is more
uniform, and the impact loss of the impeller inlet is reduced. Therefore, the 0.2D axial
distance has the optimal internal flow characteristics.

3. Through analyzing the fluid fields of the model with the entropy production theory, it
is found that the energy loss mainly occurs in the impeller area downstream of the
inducer. Influenced by the separation flow at the impeller blade, the fluid velocity
changes and the fluid flow is uneven, which leads to turbulent motion and vortex
structure, resulting in a high entropy output value of the impeller. The comparison
shows that the entropy production of the 0.2D axial distance model is the lowest, and
the energy loss mainly occurs at the suction surface of the impeller blade, which is the
main part of the rotating eddy current, so the entropy production is the highest.

4. The entropy production distribution from the impeller inlet to the outlet is as follows:
the entropy production value shows a gradual rising trend from the impeller inlet
to the blade inlet, which is affected by the separation flow. Influenced by the fluid
uneven flow, vortex and turbulent motion occur at the impeller blade, resulting in
instability of entropy production at the impeller blade. Then, the flow tends to be
stable at the blade outlet, which leads to a gradual decrease in the entropy production
value. Finally, the entropy production value increases sharply at the impeller outlet
due to the dynamic and static interference effect.
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