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Abstract: Multi‑stage pump as turbine (PAT) has a wider range of heads and application intervals
compared to single‑stage PAT. In our research, we have conducted experimental and numerical sim‑
ulation studies on this issue. In this paper, based on experimental research, numerical simulation is
applied to calculate themulti‑stage PAT flow field. The flow characteristics of multi‑stage PAT under
different working conditions are studied using the entropy production theory. Finally, the Pearson
correlation coefficient is used to evaluate the relationship between the hydraulic loss and entropy
production of the impellers and guide vanes. The entropy production theory is used to determine
the location where the multi‑stage PAT energy loss occurs compared with the traditional pressure
drop assessment method. The results show that the trend of the numerical simulation results is con‑
sistent with the experimental results. The energy loss in the multi‑stage PAT is calculated combined
with the impeller and guide vane which accounts for 69.1–73% of the total energy loss under all flow
conditions. The total entropy production rate of each component under design flow conditions is
listed in decreasing order: impeller, guide vane, front and back chamber, a balance disk, and inlet
and outlet volute. The first stage component has a larger energy loss compared with the rest of the
stages. The magnitude of energy loss is closely related to physical quantities such as flow field veloc‑
ity and skin friction coefficient. Furthermore, the distribution of streamlines and vortex cores at the
impellers reflects that flow domain stability increases from the first stage impeller to the fifth stage
impeller. The correlation between entropy production and hydraulic loss was evaluated by the Pear‑
son correlation coefficient. Therefore, using the entropy production theory can effectively identify
the characteristics of the flow field and the location of energy losses. It provides a reference for the
targeted optimization of multi‑stage PAT.

Keywords: multi‑stage PAT; entropy production theory; energy loss; vortex; Pearson correlation
coefficient

1. Introduction
With the rapid development of industrial processes, energy consumption is increas‑

ing, and problems such as energy shortage and environmental pollution are becoming
more serious. Therefore, studying high‑pressure liquid energy recovery technology is im‑
portant to save energy, reduce pollution and develop hydraulic machinery design theory.

Pumps as Turbine (PAT) is an important form of hydraulic turbine, which is widely
used in the field of liquid energy recovery. At present, scholars in China and overseas have
completed a lot of research on pumps running as turbines and proposed a variety of meth‑
ods to predict the performance of pumps as turbines based on pumpparameters. However,
most of these studies are based on single‑stage pumps [1,2]. Research on multi‑stage cen‑
trifugal pumps for turbulence is relatively little which is limited to theoretical analysis and
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numerical simulation to obtain the flow rate and head of the multi‑stage centrifugal pump
at the best efficiency point under turbine mode. There is also a scarcity of experimental
data to validate. In the prediction of turbine performance. Shahram Derakhshan [3] pre‑
dicted the performance of a reversing centrifugal pump and selected single‑stage centrifu‑
gal pumps with different specific speeds (14 < ns < 56) for turbine operating tests to obtain
the distribution of a series of dimensionless performance parameter curves for low specific
speed centrifugal pumps and the trend of the ratio of the two operating conditions perfor‑
mance parameters at the best efficiency point. Williams [4] compared prediction methods
for the centrifugal pump as a turbine. Si Huang et al. [5] used the impeller‑volute match‑
ing principle to predict the performance of centrifugal pumps as a turbine. Mdee Ombeni
John et al. [6] analyzed and evaluated the head and flow rate off‑design characteristics
based on the pump as turbine applications. Tao Wang, Ming Liu, Sun‑Sheng Yang, and
Guangtai Shi [7–10] derived the conversion equation between a turbine and pump condi‑
tions by conducting theoretical, experimental, and numerical studies on centrifugal pumps
as turbines. Mosè Rossi [11,12] fitted a dimensionless prediction equation for off‑design
flow conditions based on data from 32 different pumps in the relevant literature, and sub‑
sequently its prediction of the optimal operating point and performance curve of the PAT
using artificial neural networks. Ema Frosina [13] used a numerical calculation method to
predict the performance of the turbine. Sun‑Sheng Yang [14–18] et al. analyzed the effects
of blade number, impeller trim, the radial clearance between the impeller tip and volute
tongue spacer, impeller size, and blade thickness on turbine performance. In terms of the
influence of structural parameters on the turbine. Senchun Miao et al. [19] and Wangtao
et al. [7] analyzed the effect of blade profile on turbine performance. FengXia Shi [20] stud‑
ied the effect of the number of guide vanes on turbine performance. J. Delgado, Shi Feng
Xia, et al. [21,22] studied the effect of rotational speed on turbine performance. Maxime Bi‑
nama et al. [23] analyzed the effect of the blade trailing edge position on the pressure field
of PAT. Sanjay V. Jain, Wenguang Li, et al. [24,25] conducted experimental and simulation
studies on the cavitation characteristics of PAT. In terms of the influence of the transport
medium on the turbine performance. Wen‑Guang Li, Sina Abazariyan, et al. [26,27] inves‑
tigated the effect of fluid viscosity on turbine performance using numerical simulations
and experiments, respectively, and M. Stefanizzi, Shi Fengxia, et al. [28,29] studied the ef‑
fect on turbine performance under gas‑containing conditions. In the area of hydraulic loss
research. Hydraulic losses are correlated with dissipation and transportation effects in a
domain. Researchers are in agreement that the total pressure difference between the inlet
domain and outlet domain is equal to the hydraulic loss of the whole domain. However,
there are varying opinions regarding the physical quantity that accurately captures the dis‑
tribution of the hydraulic loss. Bo Qian [30] considered that hydraulic losses are equal to
energy dissipation and evaluated the internal flow quality of a model centrifugal pump in
terms of energy distribution and entropy production, using the Eulerian head to measure
the energy of the fluid inside the impeller and a dissipation function to represent the distri‑
bution of dissipation effects in the domain. Wilhelm et al. [31] divided the hydraulic loss
into the energy transported by viscosity, the energy transported by Reynolds stress, the
energy dissipation through viscosity and the production of turbulent kinetic energy.

However, there are few studies on multi‑stage PAT in China and overseas. We have
conducted experimental and numerical simulation studies on this issue. This paper con‑
siders the beneficial characteristics of multi‑stage PAT such as wider head range and ap‑
plicability interval, investigating the multi‑stage PAT. Meanwhile, considering the high
complexity of multi‑stage PAT, this paper analyzes the internal flow and energy loss of
multi‑stage PAT based on the experimental study and performs the correlation analysis of
entropy production and hydraulic loss. The research results can provide a reference for
the targeted optimization of multi‑stage PAT.

This paper is organized as follows. The approach to correlate hydraulic losses and
entropy production is demonstrated in Section 2 along with the application of the entropy
production theory to the assessment of energy consumption. Section 3 describes the ex‑
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perimental scheme of the multi‑stage PATs system and the geometrical parameters of the
multi‑stage pump. Section 4 describes the numerical model and numerical method for this
study. Section 5 analyzes the results obtained from the numerical simulations by apply‑
ing the entropy production theory as well as the correlation coefficients. Finally, Section 6
concludes this paper.

2. Methodology
2.1. Definition of Hydraulic Loss

In turbulent flow, the average kinetic energy equation is shown in Equation (1), which
is further transformed into Equation (2) according to the definition of hydraulic energy,
and the term on the right‑hand side of Equation (2) can be regarded as a hydraulic loss.
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where Sij is the shear strain rate tensor, µ is the viscosity.
In addition, the eddy viscosity µt is chosen to evaluate the turbulence effect (Equation (3)).

Thus, the final formof the hydraulic loss can bewritten as Equation (4), where the hydraulic
loss can be considered as a combination of the dissipation effect and transportation effect.
It should be noted that µe f f in Equation (5) refers to the effective viscosity, calculated by
viscosity µ and eddy viscosity µt.
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2.2. Entropy Production Theory
In order to quantify the effect of energy loss of each component in a multistage PATs

system, entropy production theory was introduced [32–37]. The entropy transport equa‑
tion can be expressed as:
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The Φ
T and Φθ

T2 in Equation (6) are produced by energy dissipation due to irreversible
processes. Among these two dissipation source terms, the former is caused by viscous dis‑
sipation, while the latter is contributed by heat transfer over a finite temperature gradient.
The specific expressions for Φ

T and Φθ
T2 can be formulated as:
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Since the multi‑stage PAT operates at normal temperature, the temperature of the
flowing medium does not change a lot. The energy dissipation generated by the temper‑
ature gradient is minimal compared to the viscous dissipation of the fluid. Therefore, the
dissipation term Φθ

T2 affected by the temperature gradient in Equation (6) is smeared out.
At this point, Equation (6) is simplified as follows:
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where s is the specific entropy, u1, u2 and u3 are the velocity components in the Cartesian
coordinate system. x1, x2, and x3 are the coordinate components.

→
q is the heat flowdensity

vector and T is the temperature.
According to the Reynolds time averaging method, the specific entropy s is decom‑

posed into the time‑averaging term s and the pulsation term s′(s = s + s′). The velocity
component ui is the time‑averaging term u1 and the pulsation term u′

i
(
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i
)
. So,

Equation (9) may be transformed into Equation (10).
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The entropy production rate is divided into the time‑averaged term
.
Spro,D, and the

pulsation term
.
Spro,D′ , as shown:

.
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where
.
Spro,D is the specific entropy production rate driven by the time‑averaged velocity

gradient, i.e., direct entropy production, and
.
Spro,D′ is the specific entropy production rate

induced by the pulsating velocity gradient, i.e., turbulent entropy production. Both are
local entropy production rates and can be defined as follows.
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where
.
Spro,D′ is not closed in the equilibrium equation, the entropy source due to turbulent

dissipation is calculated using the method presented by Kock and Herwig et al. [38,39],
which is given as follows.

.
Spro,D′ =

ρε

T
(14)

It was found that the large velocity gradient near the wall provoked a strong wall
effect due to the fluid viscosity. Moreover, the integration region for viscous and pulsat‑
ing entropy production does not include the core region near the wall, and errors are pro‑
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duced during the calculation of the entropy production equation. According to Zhang and
Duan [40,41], the wall entropy production can be written as Equation (15).

.
Spro,W =

→
τ ·→v

T
(15)

where
.
Spro,W ,

→
τ , and

→
v represent the wall entropy production, the wall shear, and the

velocity of the first mesh near the wall, respectively.
Based on the entropy production theory, the total entropy production rate Spro can be

expressed as

Spro =
∫

V

.
Spro,DdV +

∫
V

.
Spro,D′dV +

∫
A

.
Spro,WdA = Spro,D + Spro,D′ + Spro,W (16)

2.3. Pearson Correlation Coefficient and p‑Value
With the help of numerical simulation, the value of entropy production and hydraulic

loss can be exported as two sets of data. Pearson correlation coefficient and p‑value are used
to assess the correlation between hydraulic loss and entropy production. The equation of
Pearson correlation is calculated by:

ρ =
cov(X, Y)

σXσY
=

E[(X − µX)(Y − µY)]

σXσY
(17)

where cov(X, Y) is the covariance of X, Y and σX , σY are the standard deviations of X, Y,
respectively.

The p‑value reveals the probability that the sample difference is attributable to sam‑
pling error. p‑value within 0.01 indicates a highly significant relationship between the two
values. The Pearson correlation coefficient and the criteria for the p‑value are listed in Ta‑
bles 1 and 2. In the present paper, computational fluid dynamics results provide sufficient
data to guarantee a p‑value within 0.01 according to the Tests of Significance in statistics,
which indicates that hydraulic loss and entropy production show a very significant rela‑
tionship.

Table 1. Pearson correlation coefficient standard.

Parson Correlation Coefficient Range Correlation Level

0.8–1.0 Very strong correlation
0.6–0.8 Strong correlation
0.4–0.6 Medium correlation
0.2–0.4 Weak correlation
0.0–0.2 Very weak or no correlation

Table 2. p‑value standard.

p‑Value Range Significance Level

<0.05 Significant
<0.01 Very significant

3. Experimental Research
3.1. Experimental Setup and Process

Figure 1 shows the test setup of the multi‑stage PAT. The assembly of the test system
is shown in Figure 1a. The multi‑stage PAT was connected directly with an eddy current
dynamometer (ECD) as depicted in Figure 1b. The test system consists of a booster pump,
multi‑stage PAT, ECD, pressure transmitters, flow meters, control valves, a water tower,
and a data collection platform. The booster pump provides high‑pressure fluid for the
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multi‑stage PAT, the pressure at the inlet and outlet of the multi‑stage PAT was monitored
by pressure transmitters, and the flow rate was adjusted by control valves and measured
by flowmeters. The speed and torque of the multi‑stage PAT are tracked and modified by
the ECD, and water is supplied by the water tower. The ranges and accuracies of the test
instruments are shown in Table 3.

Figure 1. Test system: (a) Test rig. (b) Multi‑stage PAT and ECD.

Table 3. Measurement apparatus’s range and accuracy.

Measurement Apparatus Range Accuracy (%)

Flow meter 2.121–106 m3/h ±0.3
Pressure transmitter 1 0–5 MPa ±0.2
Pressure transmitter 2 0–2.5 MPa ±0.2

Torque sensor 0–70 N m ±0.3
Speed sensor 0–13,000 rpm ±0.01

The test procedure is as follows. First, close valves 1 and 2 and evacuate the air in
the system. Set the ECD load power to the maximum, open valve 2, then quickly click the
start button of the motor to ensure the direction of rotation properly, and subsequently,
start the motor. Reduce the ECD load gradually to stabilize the multi‑stage PAT rotation
speed at 2900 rpm, and record the flow rate, inlet and outlet pressure, torque, and recovery
power of themulti‑stage PAT simultaneously. Finally, by controlling the opening of valves
1 and 2 synchronized with changing the ECD load, the characteristics of multi‑stage PAT
at different flow rates and rotational speeds can be obtained.

3.2. Geometric Parameters
The main geometric parameters of the multi‑stage PAT are provided in Table 4, along

with the flow rate, head, speed, and design‑specific speed of 27.5 m3/h, 216 m, 2900 rpm,
and 56.7, respectively.

Table 4. Main geometric parameters of the Multi‑stage PATs.

Parameter Value

Nominal rotating speed n, r/min 2900
Nominal flow rate Qd, m3/h 27.5

Specific speed ns 56.7
Blade number Z 5

Impeller inlet diameter D1, mm 146
Impeller outlet diameter D2, mm 56

Impeller inlet width b, mm 6
Inlet volute diameter, mm 40
Outlet volute diameter, mm 50
Blade inlet angle β, deg 27
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4. Numerical Analysis
4.1. Computational Model and Mesh Generation

The multi‑stage PAT fluid domain is displayed in Figure 2, which included inlet and
outlet volute, front and back chambers, balance disc, impeller, and guide vane. A hexa‑
hedral mesh is constructed using ICEM software, and the Refined Boundary Mesh (RBM)
method is used to increase the number of mesh nodes close to the walls. Five mesh grids
are generated to conduct the grid convergence, the efficiency and head of the multi‑stage
PAT corresponding to different grid numbers at the optimal operating condition are given
in Figure 3. When the number of grids is exceeding 10.78 million, the efficiency and head
fluctuation of the multi‑stage PAT was less than 0.5 %. Therefore, a mesh scheme with a
grid number of 10785025 is used for further numerical simulations in order to capture the
turbulence details of the multi‑stage PAT and to save computational resources. The mesh
and local mesh details of the multi‑stage PAT are exhibited in Figure 4.

Figure 2. Multi‑stage PAT fluid model.

Figure 3. Effect of the number of grids on efficiency and head.
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Figure 4. Mesh model and local encrypted mesh of Multi‑stage PAT. (a) global mesh, (b) local detail.

The discretized error data of the grids utilized for the calculation were obtained to an‑
alyze the error verification of the grids, as demonstrated in Table 5. N1/N2/N3 corresponds
to different grids of the total number of grids, respectively. φ1/φ2/φ3 are the parameters of
the flow characteristics within the multi‑stage PAT under the corresponding grids, respec‑
tively. The numerical errors of the head coefficient and the efficiency coefficient are 1.87%
and 1.06%, respectively. The discretization error of the grids is small enough to ensure the
accuracy of the calculation.

Table 5. Analysis of grid errors.

Parameters φ = Head (m) φ = Efficiency (%)

Number of cells (million) N1/N2/N3 14.6/10.8/7.0 14.6/10.8/7.0
Grid refinement factor r21/r32 1.106/1.156 1.106/1.156
Computed variables φ1/φ2/φ3 203.01/202.46/201.49 54.01/53.87/53.59
Apparent order P 1.647 2.654

Extrapolated value φ21
ext 206.65 54.94

Approximate relative error e21
a 0.27% 0.26%

Extrapolated relative error e21
ext 1.76% 1.69%

Grid convergence index GCI21
f ine 1.87% 1.06%

4.2. Solution Modeling
The RNG k‑εmodel with higher accuracy and precision is applied in this paper. For

the steady calculation, water at 25 ◦C is chosen as the flow medium, and the effects of
temperature and compressibility are not considered. The total inlet pressure was set as
the inlet boundary condition, and the outlet boundary condition was given by mass flow
rate. In the unsteady state, the rotating domain intersection is converted into a transient
frozen rotor, and the impeller is rotated every 3◦ as one timestep. The characteristics of the
multi‑stage PAT under different operating conditions are obtained by altering the outlet
mass flow rate.

4.3. Comparison of Experimental and Numerical Simulation Results
The head H, recovery power P, and efficiency η of multi‑stage PAT at different flow

conditions are calculated by the following equations.

H =
P1 − P2

ρg
(18)

P =
2πnT

60
(19)
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η =
P

ρgQH
× 100% (20)

In the above equation, P1 and P2 represent the inlet and outlet total pressure, T is the
torque, n is the rotational speed, and Q is the mass flow rate.

The results of the comparison between the numerical simulation and the experiment
are presented in Figure 5. In general, the trend of the numerical simulation results is con‑
sistent with the experimental results. It is observed that a slightly deviate between the
numerical and experimental results. Since the mechanical losses and partial volumetric
losses are not taken into account in the simulation, the simulated efficiency is larger than
the experimental value. While the simulated outlet pressure is larger than the experimen‑
tal value, resulting in a smaller simulated head than the experimental value. The numerical
simulation results deviate from the experimental values under part‑load conditions, with
a maximum deviation of efficiency of 10.8%. Under the design condition, the deviation
is smaller. According to the performance results of multi‑stage PATs under different flow
conditions, the high‑efficiency range of multi‑stage PAT is quite narrow. The efficiency de‑
creases significantly under part‑load conditions. Under the over‑load condition, the drop
in efficiency is relatively flat, and the recovered power and head increase with the increase
of flow rate.

Figure 5. Comparison of numerical simulation and test results.

Figure 6 represents the relationship between different stages within the multi‑stage
PAT. The head of the single‑stage includes the impeller, guide vane, and the front and
back chambers as seen in Figure 6a. The first stage is connected to the inlet volute without
a negative guide vane, so the head of the first stage component is relatively high. Figure 6b
indicates the head variation of the multi‑stage PAT through stages. It is evident that the
head increases with the number of stages, almost in a linear relationship. From the results,
themulti‑stage PAT has a greater range of applications comparedwith the single hydraulic
turbine, and the required head can be acquired by changing the number of stages in multi‑
stage PAT.
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Figure 6. Head curves of multi‑stage PAT with different stages, (a) Head of different single‑stage
impellers, (b) Head of impellers in different stages.

5. Energy Loss Analysis
5.1. Comparison of Energy Loss Calculation Methods

The conventional hydraulic loss calculation method is derived from the pressure dif‑
ference between the domain inlet and domain outlet, namely the pressure drop method
(PDM), as shown in Equation (21). However, the energy loss of the specific components
cannot be obtained by PDM. Figure 7 represents the comparison results of the losses ob‑
tained by the entropy production method (EPM), as shown in Equation (16), and PDM
calculations. It is clear that the errors of EPM and PDM are small around the design con‑
ditions, and significant errors exist in the small flow conditions, which are inappropriate
intervals for the operation of multi‑stage PAT. Moreover, the loss power obtained by EPM
aligns greatly with the hydraulic loss derived from PDM, and the accuracy is higher in
the applicable interval. Instantaneously, the use of EPD allows for quantitative analysis
of the energy losses and identification of the location where the losses occur at individual
components within the multi‑stage PAT. Therefore, using EPD to evaluate the energy loss
within the multi‑stage PAT is reliable.

Hydraulic Loss = ρgQH − P (21)

Figure 7. Comparison of calculate methods of total loss.
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5.2. Distribution of Entropy Production of Each Component with Flow Rate
Entropy production rate (EPR) and total entropy production variations for each part

of themulti‑stage PAT are shown in Figure 8. Since there are numerous componentswithin
the multi‑stage PAT, all domains are first combined for analysis and comparison, and then
each stage is analyzed subsequently. Figure 8 shows the volume‑averaged EPR distribu‑
tion under different flow conditions. Overall, the energy loss of the multi‑stage PATs sys‑
tem varies smoothly at the lower flow conditions and increases with the flow rate. While
the energy loss increases significantly at high flow conditions. When the discharge is larger
than 20 m3/h, there is no observable change in EPR at the inlet and outlet volute, which
implies that the energy loss density in this area is minimal. The EPR of the balance disc
and the front and back pump chambers increases slowly as the flow rate increase. The im‑
peller and diffuser are the main concentrated parts of multi‑stage PAT, the energy loss at
the impeller is more focused compared with the diffuser. The energy loss density of differ‑
ent parts under Qd condition is in descending order: impeller, guide vane, front chamber,
back chamber, balance disc, outlet volute, and inlet volute.

Figure 8. Comparison of energy loss of different components in multi‑stage PAT.

Figure 8 shows the volume‑averaged EPR of the various components of the multi‑
stage PAT at different flow conditions. Overall, the impellers and guide vanes are the
main energy‑loss components of the multi‑stage PAT. Therefore, the internal flow charac‑
teristics of these components determine the energy conversion performance of the multi‑
stage PAT. The entropy production is mainly divided into three types: direct entropy from
viscous dissipation, turbulent entropy from turbulent dissipation, and wall entropy from
the boundary layer effect. The proportion of each type of entropy production is repre‑
sented in Figure 9 to better clarify the composition of entropy production under different
flow conditions. Direct entropy production accounts for only 0.16–0.33% of total entropy
production, which is dominated by turbulent entropy production and wall entropy pro‑
duction accounting. As a result, turbulent dissipation and wall friction are regarded as the
primary causes of irreversible energy loss. Both the proportion of turbulent dissipation
and wall friction are becoming smoother around the design condition. As the flow rate
rises, the percentage of wall entropy production gradually decreases while the fraction of
turbulent entropy production gradually increases after the design condition.
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Figure 9. Different dissipation components versus the flow rate conditions.

Figure 10 portrays the volume‑averaged EPR production difference of single‑stage
components in amulti‑stage PAT. The variation of EPRof the single‑stage guide vane under
different flow conditions is featured in Figure 10a. The EPR of the first‑stage guide vane is
markedly higher than the other stages. This is because the first‑stage guide vane is directly
connected to the inlet volute without the reverse guide vane and is impacted by the water
streaming from the inlet volute. So, the intensity of the energy loss generated is notably
greater than the other stages, and the EPR of the remaining guide vanes are quite similar.
Figure 10b presents the internal energy loss of the impellers within different stages under
different flow conditions. The energy loss of the first stage impeller is slightly lesser than
the other impellers under small flow conditions, whereas under high flow conditions, the
energy loss of the first stage impeller grows faster. The energy loss in the back chamber
tends to diminish and then rise with the flow rate shift in the single‑stage components
(Figure 10c,d), while the front chamber increases steadily and then rapidly. The front and
back chambers of the first stage have remarkably higher energy loss than the other stages,
namely because the first stage guide vane does not have a reverse guide vane and the flow
is not stable enough, resulting in greater energy loss. On the contrary, the energy loss of the
remaining chambers is not clearly distinguishable. The energy loss in the fifth stage front
chamber is lower than the others because it is connected with the outlet volute, leading to
smoother flow. Overall, the impellers and guide vanes of the single‑stage play a key role
in the energy loss of the multi‑stage PAT, while the impact of the front and back chambers
is limited.
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Figure 10. Comparison of volume averaged EPR of multi‑stage PAT of components in different
stages: (a) guide vanes, (b) impellers. (c) front chambers. (d) back chambers.

To conduct a quantitative analysis of the contribution of various components in the
multi‑stage PAT to the entire energy loss. Figure 11 conveys the energy loss of each piece
in the overall energy loss with the multi‑stage PAT, and the energy loss is calculated com‑
bined with the impeller and guide vane which accounts for 69.1–73% of the total energy
loss under all flow conditions. The proportion of both the impellers and guide vanes is rel‑
atively stable through the overall loss. The ratio of energy loss at the impellers is relatively
large under low flow conditions, but it gradually decreases and then stabilizes as the flow
rate increases. The percentage of energy loss at the guide vane increases and subsequently
stabilizes with the growth of the flow rate. For the front and back chambers, the energy
loss contributes about 10.2−13.6% of the total energy loss, and it decreases slightly as the
flow rate increases. Revealing that the front and back chambers pattern tends to stabilize
in the process of the flow rate rises, the energy loss ratio of the front chambers is slowly
reduced, while it increases at the back chambers. When the flow rate increases, the ratio
of energy loss ratio at the balance disc gradually decreases as the flow rate increases. Un‑
der low flow conditions, the proportions of energy loss at the inlet and outlet volutes are
pretty tiny, which can be negligible. Besides, the total energy loss of a multi‑stage PAT is
governed by the impeller and guide vane.
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Figure 11. Proportion of each component energy loss in the overall energy loss of the multi‑
stage PAT.

5.3. Distribution of Entropy Production in Flow Field
The overall volumetric entropy production distribution (VEPR) of multi‑stage PAT

under the design condition is detailed in Figure 12. The energy loss occurs merely in the
impellers and guide vanes, with the first stage guide vane having greater energy loss than
the rest of the stages. There is a greater VEPR distribution at the junction of the impellers
and guide vanes because the fluid hits the impeller bladeswhen entering the impeller from
the guide vanes. There is a greater relative velocity and a chaotic flow field, resulting in
greater energy loss. In the middle stages, there is no discernible difference in the energy
loss of the impellers and guide vanes. Synchronously, the recognizable energy loss can be
seen at the connection of the return pipe with the balance disc and the outlet volute. There
is a greater relative velocity when the fluid enters the outlet volute from the return pipe,
resulting in greater energy loss.

Figure 12. Distribution of VEPR at the mid‑span section.



Processes 2022, 10, 2488 15 of 26

Figure 13 shows the distribution of VEPR and streamlines at the different span‑wise
surfaces at the first and fifth stage impeller under various flow rates. Under low flow con‑
ditions, VEPR is mainly distributed at the trailing edge of the blade. Combined with the
streamlines that can be seen, the streamlines are more uniform near the hub. At Span = 0.5
the blade pressure surface appears to return vortex, there is a large number of return vor‑
tices near the shroud. There is a relatively uniform streamlined distribution for impeller
5 relative to impeller 1. Under the design condition, the streamlines are more uniform.
VEPR distribution is mainly concentrated in the blade trailing edge and blade suction sur‑
face. The return vortex appearance in the impeller 1 Span = 0.5, impeller 5 is almost no
return vortex. Under high flow conditions, VEPR distribution is mainly concentrated in
the blade trailing edge and blade suction surface. Many small return vortices appear at the
blade trailing edge. As the flow rate increases, entropy production grows rapidly, resulting
in greater energy loss.

Figure 13. VEPR and streamlines distributions at the different span‑wise surfaces of impeller1 and
impeller5 with different various flow rate conditions: (a) impeller1 in 0.73Qd, (b) impeller5 in 0.73
Qd, (c) impeller1 in 1.0 Qd, (d) impeller5 in 1.0 Qd, (e) impeller1 in 1.45 Qd, (f) impeller5 in 1.45 Qd.
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Figure 14 depicts the distribution of the VEPR and the streamlines at the first, middle,
and last stage impellers. Figure 14a–c shows the distribution of the VEPR on the cross‑
section of impellers within three stages, and Figure 14d–f shows the distribution of the
streamlines on the cross‑section of impellers within three stages. The flow pattern of the
first stage impeller is more complicated, and the vortex exists in all the pressure surfaces of
the blades. At the middle stage, the streamlines at the bottom of the impeller are gradually
smooth, and the vortex still exists at the top and the left and right sides of the impeller.
The vortex region decreases slightly, and the streamlines are smoother at the impeller of
the fifth stage. The distributions of VEPR are similar to these three impellers, while the
streamlines diagram is more varied. The area with large VEPR also has a high velocity.

Figure 14. Comparative analysis of the VEPR and velocity streamlines between impellers. (a) VEPR
of impeller1, (b) VEPR of impeller3, (c) VEPR of impeller5, (d) Streamlines of impeller1, (e) Stream‑
lines of impeller3, (f) Streamlines of impeller5.

The wall entropy production rate (WEPR) is closely related to the wall friction distri‑
bution. To investigate the relationship between WEPR and the wall friction distribution,
the skin friction coefficient τ′ is defined as shown in Equation (21). Figure 15 shows the
distribution of WEPR and surface friction coefficient at the first, third, and fifth‑stage im‑
pellers. WEPR is the main present at the hub of impellers and the blade inlet. It has a
similar distribution of skin friction coefficient. The Pearson correlation coefficient and p‑
value analysis of both WEPR and skin friction coefficient are shown in Figure 16. The
results show that the distribution of the surface friction coefficient is strongly correlated
with WEPR, and the p‑value is always less than 0.01, suggesting that the WEPR has a very
significant relationship with its skin friction coefficient.

τ′ =
τ

0.5ρu2 (22)
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Figure 15. Comparative analysis of the WEPR and skin friction coefficient between impellers.
(a) WEPR of impeller1, (b) WEPR of impeller3, (c) WEPR of impeller5, (d) τ′ of impeller1, (e) τ′

of impeller3, (f) τ′ of impeller5.

Figure 16. The correlation between WEPR and skin friction coefficient, (a) Pearson correlation coef‑
ficient, (b) p‑value.

The distributions of VEPR and the streamlines of the first, third, and fifth stage guide
vane are depicted in Figure 17. The VEPR exists mainly at the positive guide vane and
reaching to its peak at the leading edge of the guide vane. The reverse guide vane rep‑
resents quite a low entropy production value, whereas the first stage guide vane without
reverse guide vane for buffering has a larger entropy production distribution resulting in
greater energy loss than the third and fifth stage guide vane. The distributions of the third
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and fifth stage guide vane entropy production are similar. From the flow diagram, the
same greater relative velocity exists at the positive guide vane blades, while flow vortices
occur on the inlet of the guide vane. Additionally, the shock phenomena appear near the
leading‑edge region, and the EPR in these regions is relatively high.

Figure 17. Contour of the VEPR and streamlines at guide vanes.

The vortex core distributions of the first, third, and fifth stage impellers are displayed
in Figure 18, and the Q criterion is used to identify the vortex core structure, where the Q
standard equivalent surface is Q* = 0.03, and EPR is used for coloring. When comparing
the vortex cores of impellers through different stages, the first stage impeller is subjected
to direct fluid impact, and the vortex band at the junction of the leading edge of the blade
and the guide vane is the longest. The interaction between the vortex bands causes the
vortex core structure to change, resulting in flow domain instability. From the third stage
impeller to the fifth stage impeller, the vortex band length at the leading edge of the blade
is shortened, and the stability of the flow field will be improved.
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Figure 18. Vortex core distribution of different impellers at 1.0 Qd, where the Q criterion was used
with the iso‑surface of Q* = 0.03 and colored by the EGR; (a) the first stage, (b) the third stage, (c) the
fifth stage.

The relationship between the dissipation effect and entropy production with each
component of the impeller hydraulic losses at each stage of the multi‑stage PAT is pictured
in Figure 19. The figure shows that the viscous entropy production has a strong correla‑
tion with the dissipation effect at all flow conditions, while the other components have a
weak correlation. In fact, viscous entropy production accounts for a small portion of total
entropy production, while turbulent entropy production and wall entropy production are
more indicative of dissipation. For the first two impeller stages, there is a higher corre‑
lation between turbulent entropy production and total entropy production at 1.0 Qd, and
the last three impellers have a better correlation at higher flow conditions. In conclusion,
the strongest correlation is between viscous entropy production and the dissipation effect,
while the other entropy production components are weakly correlated or below.
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Figure 19. Correlation between dissipation effect and entropy production. (a) impeller1, (b) im‑
peller2, (c) impeller3, (d) impeller4, (e) impeller5.

5.4. Correlation Analysis
The relationship between the transportation effect on each component of entropy pro‑

duction in the hydraulic loss at each impeller is illustrated in Figure 20. The figure demon‑
strates that the correlation of viscous entropy production is more stable and settles near
the medium. The correlation of each component in the first two impellers is high at 1.0Qd,
while the last three impellers are stable around the weak correlation. The variation of each
component varies in each stage of the impeller, reflecting the high complexity of the flow
in the multi‑stage PAT, which requires further investigation.
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Figure 20. Correlation between transportation effect and entropy production. (a) impeller1, (b) im‑
peller2, (c) impeller3, (d) impeller4, (e) impeller5.

The relationship between the dissipation effect and entropy production with each
component of the guide vane hydraulic losses at each stage of the multi‑stage PAT is pic‑
tured in Figure 21. The turbulent entropy production in each stage of the guide vane shows
a very strong correlation at all flow conditions. The rest of the components show large
fluctuations with the changing flow conditions. The turbulent entropy production and the
total entropy production in the first‑stage guide vane are always around a strong correla‑
tion. The viscous entropy production is always around the medium correlation, while the
wall entropy production shows a weak correlation. In the second‑stage guide vane, the
turbulent entropy production has the strongest correlation. The remaining components
show a trend of increasing and then decreasing with the flow rate when the wall entropy
production has a strong correlation. The same trend exists in the latter three impellers,
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except that each component of turbulent entropy production has large fluctuations under
different flow conditions.

Figure 21. Correlation between dissipation effect and entropy production. (a) guide vane1, (b) guide
vane2, (c) guide vane3, (d) guide vane 4, (e) guide vane 5.

The relationship between the transportation effect and entropy production with each
component of the guide vane hydraulic losses at each stage of the multi‑stage PAT is pic‑
tured in Figure 22. Large fluctuation cases exist for each component under different flow
conditions. In the first‑stage impeller, the viscous entropy production is a strong correla‑
tion. The correlation of the total entropy production is similar except for the second‑stage
guide vane. Where thewall entropyproduction in the last four stages is a strong correlation
at all flow conditions. The turbulent entropy production is increasingly correlated as the
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flow rate changes. The high complexity of the multi‑stage PAT leads to great differences
in each flow condition, and further research is necessary.

Figure 22. Correlation between transportation effect and entropy production. (a) guide vane1,
(b) guide vane2, (c) guide vane3, (d) guide vane 4, (e) guide vane 5.

6. Conclusions
In this paper, based on the experimental study, numerical simulation is applied to

calculate the multi‑stage PAT. The flow characteristics of multi‑stage PAT under differ‑
ent working conditions are studied using the entropy production theory, and the physical
fields and energy loss quantities are correlated by correlation analysis. The following con‑
clusions are obtained.

(1) Based on entropy production theory, the energy loss calculation method can statisti‑
cally investigate each component of the multi‑stage PAT. Unlike the traditional meth‑
ods, entropy production theory can predict the locations where losses occurred ac‑
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curately. The guide vane, impeller, inlet and outlet volute, front and back chambers,
and the balance disc are the main sources of energy loss in multi‑stage PAT. The total
entropy production rate of the impellers and the guide vanes increases dramatically
as the flow rate increases. The total entropy production rate of each component un‑
der design flow conditions is listed in decreasing order: impeller, guide vane, front
and back chamber, a balance disk, and inlet and outlet volute. The energy loss is com‑
monly observed near the leading edge of both the impeller blades and the positive
guide vanes. The entropy production of each factor is referenced in decreasing order
as turbulent entropy production, wall entropy production, and direct entropy pro‑
duction. The entire energy loss is larger at the first stage because there is no reverse
guide vane. The entropy production rate of each impeller is not clearly distinguish‑
able. Therefore, using the entropy production theory can effectively identify the char‑
acteristics of the flow field and the location of energy losses. It provides a reference
for the targeted optimization of multi‑stage PAT.

(2) The flow domain versus entropy production of impellers and guide vanes indicates
that the energy loss is closely related to other physical quantities in the flow domain.
The distributions of streamlines with the impellers and guide vanes versus VEPR
prove that higher relative velocity accompanies larger energy loss. Furthermore, the
distribution of streamlines and vortex cores at the impellers reflects that flow domain
stability increases from the first stage impeller to the fifth stage impeller. When the
distributions of WEPR and skin friction coefficient at the impeller are compared, the
WEPR is discovered to be significantly relevant to the wall friction distribution.

(3) There is a correlation between hydraulic loss and entropy production. The Pearson
correlation coefficient is used to evaluate the relationship between the hydraulic loss
and entropy production of the impellers. According to the findings, viscous entropy
production has the strongest correlation with the dissipation effect, followed by tur‑
bulent entropy, total entropy, and wall entropy. The dissipation and transportation
effects are also strongly associated.
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