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To study the internal flow characteristics and energy characteristics of a large bulb
perfusion pump. Based on the CFX software of the ANSYS platform, the steady
calculation of the three-dimensional model of the pump device is carried out. The
numerical simulation results obtained by SST k-ω and RNG k-ε turbulence models
are compared with the experimental results. Finally, SST k-ω is selected for
subsequent calculation. With the help of the flow line diagram and turbulent
kinetic energy table of the whole flow channel of the pump device, the flow
components of the pump device under different working conditions are analyzed,
and the pressure and velocity distribution at the impeller and guide vane are
analyzed by pressure cloud diagram and velocity cloud diagram. It is found that
there are three high-pressure areas in the impeller and guide vane section, and the
high-pressure regions aremainly distributed in themiddle of the impeller channel.
As the head decreases, the pressure at the impeller and guide vane positions
decreases gradually, and the flow rate increases. Based on the entropy production
principle, the wall entropy production and the distribution of mainstream entropy
production at the impeller and guide vane parts are analyzed.
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1 Introduction

In the middle and lower reaches of the Yangtze River along the Yangtze River in China, due
to the low-lying and flat terrain, there are many low-head axial flow pumping stations in these
places. These pumping stations have the characteristics of large flow, low head, and a high degree
of automation. The common types of low-head axial flow pumping stations along the Yangtze
River are vertical, oblique, tubular, and bidirectional (channel). The bulb tubular pumping station
has been widely used in the Yangtze River Delta (Liu, 2009) and the Pearl River Delta due to its
simple structure, shallow excavation depth, slight hydraulic loss, and excellent performance.
Therefore, the study of internal flow characteristics and entropy generation analysis of low-head
bulb tubular pumps play an essential role in the practical design of the flow components in the
bulb tubular pump, the economy, and the safety of the pumping station operation.

At present, most of the domestic and foreign scholars’ research on tubular pump station
focuses on the analysis of pump station’s internal and external characteristics and model
optimization. Yang et al. (Yang et al., 2020) studied the effect of adjustable inlet guide vane
Angle on hydraulic performance of axial-flow pump and impeller by numerical simulation
technique, and concluded that the pump efficiency first increased and then decreased with
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decreasing installation Angle. Zhang et al. (Zhang et al., 2017) artificially
analyzed the wear characteristics of the axial-flow pump with sewage as
the medium, and the research results showed the relationship between
the solid volume fraction and the sweep Angle of the pressure/suction
surface and the particle diameter. In order to reveal the influence of tip
clearance on the flow characteristics and pressurization performance of
spiral axial flow pump, Kan et al. (Kan et al., 2021) analyzed the flow
characteristics and energy characteristics of spiral axial flow pump and
found that tip clearance increased the possibility of cavitation and had a
great influence on the pressurization performance of spiral axial flow
pump. The damage of axial flow pump impeller in sandy water was
predicted and analyzed by Hua (Hua et al., 2018). Guo et al. (Guo et al.,
2022) conducted a quantitative study on the flow field structure at the
inlet of axial flow pump and found that there are obvious impeller
rotation effect and end wall effect in the inlet flow field of axial flow
pump. Zhang et al. (Zhang et al., 2022) tested the hydrodynamic
characteristics of the bidirectional axial flow pump on the high-
precision hydraulic mechanical test bench, and revealed the energy
characteristics and pressure pulsation propagation law of the
bidirectional axial flow pump during positive and negative
operation. Ji et al. (Ji et al., 2021) studied the difference between the
lowest saddle head of the axial flow pump and the axial flow pump
device and applied it correctly. They conducted energy performance
tests on the hydraulic model TJ04-ZL-06 and the corresponding pump
device, and obtained that the first saddle head of the axial flow pump or
the saddle head of the corresponding pump device can be used as the
control value of the highest lift of the pump station.Wei et al. (Shi et al.,
2020b) studied the pressure pulsation law of impeller guide vane under
different working conditions of a rear bulb tubular pump calculated and
analyzed the pressure pulsation in impeller guide vane area under
partial working conditions, and believed that the number of impeller
blades had a certain influence on the primary and secondary frequency
of pressure pulsation. Wang et al. (Wang and Dai, 2010) used RNG k-ε
turbulence model and slip grid technology to study the unsteady flow
inside the transect pump and analyzed it in the frequency domain. The
results show that the disturbance between impeller and tongue is the
main source of pressure pulsation. Wang et al. (Wang et al., 2008)
artificially accurately captured the unsteady flow field characteristics of
axial flow pump, and used Reynolds time-meanmethod and large eddy
simulation method to numerically simulate the unsteady turbulence of
axial flow pump. Zheng et al. (Zheng et al., 2017) and Ran et al. (Ran
et al., 2012) respectively studied the pressure pulsation characteristics of
axial flow pump and turbine under different working conditions. Ma
(Ma, 2021) carried out acceptance tests on themodel device of bulb flow
pump in Sihong Station, trial operation of real machine and other tests
at different stages. Qin et al. (Qin et al., 2009) introduced the structural
characteristics and hydraulic characteristics of bulb flow pump units
with different structure types.

Mu et al. (Mu et al., 2020) proposed a new groove flow control
technique for axial-flow pumps, which can be used to improve the
rotating stall problem that is prone to occur when the tubular pump
has a small flow rate. Shi et al. (Shi et al., 2020a) designed an axial-
flow pump impeller based on the surface element method, and
studied the influence of the impeller rotor on the hydraulic
performance of the all-tube pump, and found that the reduction
of the maximum running head of the all-tube pumpwas greater than
that of the axial flow pump. Pan et al. (Pan et al., 2021) proposed a
method to optimize the hydrodynamic characteristics of axial piston

pumps and the structural parameters of the distribution zone
considering the evolution of cavitation bubbles. Liang et al.
(Liang et al., 2018) used CFD numerical simulation technology to
optimize the design of the impeller and guide vane body of the
tubular pump in order to deeply study the performance of the
tubular pump device with rear bulb. In the process of analysis, the
operation range of the traditional tubular pump was broken
through, and the hydraulic model of the tubular pump with low
specific speed and high efficiency was obtained.

At present, entropy generation theory is also the focus of domestic
and foreign scholars. Zhang et al. (Zhang et al., 2008) in order to study
shaft tubular pump flow dynamic damage characteristics of the shaft
tubular pump internal flow field in the unsteady calculation, and using
the theory of entropy production of shaft tubular pump under different
traffic conditions flow loss characteristics of components, the results
show that the impeller is the main source of energy loss turbulent
dissipation, the entropy production rate of up to 92%. Song et al. (Wu
et al., 2011) analyzed the flow loss characteristics of the duct propeller
from the perspective of energy and revealed the characteristics of the
flow loss during the operation of the duct propeller. Yang et al. (Yang
et al., 2018a) entropy Generation Rates in two-dimensional Rayleigh-
Taylor (RT) mixing are investigated by Numerical Calculation. Hddad
et al. (Haddad et al., 2004) focused on the generation of forced
convective entropy of laminar flow in the entryway of concentric
rings. Finally, it is found that thermal entropy generation is
relatively dominant over viscous entropy generation. Osman et al.
(Koranteng Osman et al., 2019) investigated the energy losses of
LNG two-stage cryogenic submersible pumps and two-stage axially
split centrifugal pumps based on entropy production theory,
respectively, and showed that turbulent dissipation and wall friction
were the primary sources for generating hydraulic losses. David et al.
(David et al., 2012) evaluated the feasibility of optimizationmethods for
electric heat pumps with the help of entropy production dissipation
theory. An et al. (Yu et al., 2022) conducted a numerical study of the
energy characteristics of pumped storage pumping stations based on
entropy production dissipation theory.

In summary, there are relatively affluent domestic and foreign
studies on the internal and external characteristics and model
optimization of the bulb perforation pump device, but few
studies on the entropy generation analysis of the bulb perforation
pump device. This paper uses a large low-head bulb perforation
pump device as the research object based on computational fluid
dynamics methods and model tests. The internal flow characteristic
curve and the entropy generation characteristic of the main parts of
the bulb penetration pump without a distinct head are analyzed to
help study the fluid characteristics of the bulb irrigation pump.

2 Calculation model

2.1 Establishment of calculation model

The calculation model is a low-head bulb tubular pumping
station. The designed flow rate of a single pump station is
37.5 m3/s, the diameter of the pump impeller is 3,350 mm, and
the rotational speed is n = 115.4 r/min. There are three impeller
blades and five guide blades. The designed head of the low-head bulb
perfusion pump is 2.45 m, the highest head is 2.75 m, the average
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head is 2.10 m, and the lowest head is 1.25 m. Taking a single unit of
a pumping station as the calculation model for numerical simulation
to better simulate the inflow and outflow forms of inlet and outlet
channels, according to the design water level, the inlet extension
section and the outlet extension section are set before and after the
inlet channel. In order to ensure that the size and shape of the
calculation channel model are completely geometrically similar to
those of the prototype pump station channel model, the overall
calculation domain includes the inlet extension section, inlet conduit
and diversion pier, impeller, guide vane, bulb body, outlet conduit,
and outlet extension section. Figure 1 is the flow channel structure
diagram of the bulb tubular pump.

2.2 Turbulence model selection

In this paper, based on the continuity equation of three-
dimensional incompressible turbulence and the Reynolds time-
averaged N-S equation, the internal flow characteristics and
hydraulic performance of the bulb tubular pump device are
numerically calculated, ignoring the heat exchange effect and
ignoring the energy conservation equation. For the selection of
turbulence model, SST k-ω and RNG k-ε turbulence models are
usually used to simulate the water flow inside the low-lift bulb
tubular pump in the present study (Zhang et al., 2012; Ahn et al.,
2018; Yang et al., 2018b; Xie et al., 2018; Ma et al., 2019). In order to
compare the simulation authenticity of turbulence model, this paper
selects these two turbulence models based on CFX platform, carries
out numerical calculation respectively, and compares the calculation
results with the model test values (Figure 2). The model test is
carried out on the experimental equipment of Hitachi Industrial
Equipment Technology Tupu Research Institute. The impeller
diameter used in the model test is 315 mm, the rotational speed

is 1223 r/min, the number of impeller blades is 3, the number of
guide vane blades is 5, and the blade placement angle is 0°.

The pump performance data measured by the test bench are
converted according to “SL140-2006”pumpmodel and device model
acceptance test procedure prototype pump performance conversion
method. Numerical simulation results of prototype pump the
conversion formula of model pump characteristics:

QP

QM
� NPD3

P

NMD3
M

(1)
HP

HM
� N2

PD
2
P

N2
MD

2
M

(2)

FIGURE 1
Flow channel structure of bulb tubular pump device.

FIGURE 2
Comparison of numerical and experimental results fromdifferent
turbulence models.
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In the above calculations:
Qp、Qm—Flow rate of original and model pumps.
Hp、Hm—Original and model pump head.
Np、nm—Rotational speed of original and model pumps.
Dp、Dm—Impeller diameter of original and model pumps.
It can be seen from the curves that the numerical simulation

results obtained by the two turbulence models are similar to the
overall trend of the experimental data, but there is a deviation
between some data points near the design condition and the
experimental data points using the RNG k-ε model data.
Relatively speaking, the consistency between the results obtained
by SST k-ω model and the data is better than that of the RNG k-ε
model. Therefore, the SST k-ω turbulence model is comprehensively
considered for subsequent steady calculation.

2.3 Grid division

In order to consider the later calculation efficiency and accuracy, the
ICEM CFD software under the ANSYS platform is used to generate a
hexahedral mesh for the impeller part of the calculation model. By
controlling the nodes on each topological line, the degree of mesh
refinement of the impeller part is ensured. The other parts use theMesh
software of ANSYS platform to generate tetrahedral mesh. Formeshing,
the smaller the grid size and the higher the number of grids, the higher
the computational accuracy. The number of grids will also directly affect
the computational time. It is necessary to analyze the irrelevance of the
computational grid to save computational resources asmuch as possible
to satisfy sure computational accuracy. In this paper, the grid
independence test of the impeller part of the large bulb tubular
pump is carried out under the design condition of stable operation
(Figure 3A). On the premise of not reducing the quality, the number of
grids is changed, and the number of grids at the impeller is gradually
increased to verify the rationality of grid subdivision. After analysis, it is
found that when the number of grids in the computational domain
reaches about 2 million, the control range of hydraulic loss change is

within ±5%, which meets the requirements of grid independence test.
Therefore, the total number of grid cells in the fluid region is set to
4.5 million. In order to verify the quality of the grid, the y + analysis of
the grid of the impeller blade position is carried out in this paper.
Because the turbulence model SST k-ω selected in this paper is a high
Reynolds number model, it is considered that the y + value is between
30 and 300 in the case of this model. The grid quality is better. It can be
seen from Figure 3B that the y + value of the blade does not exceed 100,
so the grid quality is considered to be better.

2.4 Boundary condition setting

The inlet boundary adopts the quality inlet condition, which is set as
37,500 kg/s, and is imported on the section of the extended section at a
certain distance from the inlet port. The outlet boundary adopts the
pressure outlet condition, taking 1 atm, set in the distance of the outlet
channel. There is no slip condition and no heat transfer at the solid side
wall, and the wall function is used in the near wall region. The blade
surface is set as amoving wall. For the pump station, it includes rotating
impeller, stationary guide vane and inlet and outlet channels, wherein
the inlet channel and impeller, impeller and guide vane have mutual
flow coupling effect, and the dynamic and static interface treatment is
set as frozen rotor other interfaces are static interfaces, which are set as
general interfaces. The calculation scheme is set as first-order upwind,
and the convergence accuracy is 10–4.

3 Internal flow characteristics of flow
passage components under different
head conditions

3.1 Full flow pattern of pump unit

In order to comprehensively study the flow pattern of the whole
flow channel of the pump device, four schemes are selected

FIGURE 3
Model grid analysis. (A) Distribution of y + on impeller. (B) Grid independence verification.
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according to the characteristic head. The characteristic head is
2.45 m in design, 2.75 m in maximum, 2.10 m in average, and
1.25 m in minimum. The corresponding flow rates are 37.5 m3/s,
36.2 m3/s, 40.0 m3/s, and 47.13 m3/s, respectively.

The flow line diagram of the entire flow path of the pump device
axis surface is shown in Figure 4. It can be seen that the flow line of
the inlet channel position is smooth in the impeller position due to
the rotation of the blade to produce ring volume, so the flow speed in
this position is accelerated, after the guide vane rectification flow line
to restore smooth, but due to the bulb body tail end of the over-flow
cross-section changes dramatically in making the region appeared
obvious destructive flow pattern. By comparing different working
conditions, we can see that the flow line diagram at the end of the
bulb body can be seen, the maximum head, design head, and average
head working conditions all appear to have evident vortex
distribution in this location, the minimum head working
conditions in this area of the vortex distribution is less, but in
the bulb body at the end of the apparent off-flow phenomenon.

Water disturbance will cause flow disorder and increase the
turbulent kinetic energy. Turbulent kinetic energy is the kinetic
energy of unit mass fluid due to turbulent fluctuation. The greater
the turbulent kinetic energy is, the higher the turbulent degree of the
flow field is, and the instability of the flow increases. As shown in
Table 1, the turbulent kinetic energy of each characteristic head is
compared. It can be seen that with the rise of the head, the flow rate

decreases, resulting in the decrease of the turbulent kinetic energy.
However, the change of the turbulent kinetic energy is small in the
range from the average head to the design head. At this time, the flow
state of the whole pump device is relatively stable in the high-
efficiency area. When the head increases to the maximum head, the
turbulent kinetic energy decreases rapidly, and the decline rate in
this section reaches 45% of the total decline. This is because, with the
increase of the head, the flow rate decreases correspondingly, the
disturbance between the water particles falls, and the guide vane has
a better rectification effect for the water body under the condition of
a small flow rate under the condition of constant rotational speed.

3.2 Internal flow characteristics at impeller

The impeller rotation work provides energy for water flow, and
its structural parameters and motion state play a decisive role in the
overall pump device. In order to further analyze the flow pattern in
the impeller area, the impeller inlet section 1–1 and the impeller
pressure surface are analyzed. The impeller inlet section 1-1 is
0.284D away from the impeller center line. The section diagram
is shown in Figure 5.

The pressure contours of impeller cross-sections 1–1 are shown
in Figure 6A. The distribution of cross-section pressure under
different head conditions is the same. There are three

FIGURE 4
Full flow channel flow chart and velocity distribution contour
chart. (A) Maximum head. (B) Design head. (C) Average head. (D)
Minimum head.

TABLE 1 The change of turbulent kinetic energy under different characteristic
head conditions.

Head/m Turbulent kinetic energy/m2/s2

2.59 0.71

2.48 0.82

2.03 0.83

0.87 0.97

FIGURE 5
Characteristic section diagram of impeller.

Frontiers in Energy Research frontiersin.org05

Tian et al. 10.3389/fenrg.2023.1183086

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1183086


high-pressure zones and three low-pressure zones, the high-pressure
zone and the low-pressure zone interval distribution, and the
number of blades is consistent. The high-pressure area is mainly
concentrated in the impeller head, and the low-pressure zone is
focused primarily in the impeller tail. The center of the high-
pressure site is close to the rim, and the pressure decreases from
the periphery to the hub. The center of the low-pressure zone is also
located at the boundary, gradually increasing to the hub. It can be
seen that with the decrease of the head, the pressure gradient at the
cross section gradually decreases, and the range of the high-pressure
area expands. At the minimum head, the high-pressure area is close
to the hub part.

The pressure contours of the impeller pressure surface are
shown in Figure 6B. When the impeller runs in a rotating state,
the flow pattern at the impeller is complex, so the pressure on the
blade surface is also problematic. The high-pressure zone of the
blade is mainly distributed in the root of the blade, which is due to
the existence of lousy flow patterns such as off-flow and secondary
reflux at the basis of the blade. The high-pressure zone gradually

decreases to the outer edge of the impeller, and the low-pressure area
is located at the outer edge of the blade, and the range is enormous.
When the head decreases from the average head to the design head,
the area of the high-pressure zone of the blade increases
significantly, which is because the increase of the water flow
velocity at the impeller will increase the impact pressure on the
blade, increasing the area of the high-pressure zone.

3.3 Inflow characteristics of guide vane

The guide vane is located at the outlet of the impeller domain,
which mainly acts as a rectifier. Through the guide vane, the flow
direction is changed, and the energy loss caused by the
circumferential flow of water is reduced, so that it flows into and
out of the water pipeline in a relatively stable flow state. In order to
further understand the influence of guide vane on water flow, the
characteristic section is taken for analysis. The characteristic section
1–1 is the interface between the inlet of the guide vane and the outlet

FIGURE 6
Impeller domain pressure contour. (A) Impeller cross-section 1-1 section (a) Maximum head. (b) Design head. (c) Average head. (d) Minimum head.
(B) Impeller blade (suction surface). (a) Maximum head. (b) Design head. (c) Average head. (d) Minimum head.
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of the impeller, 0.322D away from the center line of the impeller. In
order to find out the law of internal pressure and flow velocity in the
guide vane domain, a 2-2 section is set inside the guide vane domain.
Section 2–2 is located in the middle of the guide vane, 0.597D away
from the center line of the impeller. Section 3–3 is located at the
outlet of the guide vane. The schematic diagram of section 1.018D
away from the center of the impeller is shown in Figure 7.

The pressure contours of the 1–1 section of the guide vane body
is shown in Figure 8A The 1–1 section is located at the junction of
the guide vane and the impeller domain. The pressure contour of this
section mainly shows the distribution of large water pressure before
entering the guide vane body. Due to the rotation of the impeller in the
front of the section, there are three main high-pressure areas in the
1–1 section. However, due to the rectification effect of the guide vane
body on the water body, there are also small-scale high-pressure areas in
the position of the guide vane of the section. The high-pressure area is
mainly distributed in the edge of the wheel to gradually reduce the
pressure in the direction of the hub, and the low-pressure area is mainly
concentrated in the hub. With the decrease of head, the flow rate
increases gradually, the range of high-pressure area in the section cloud
image decreases, the pressure gradient increases, and the section
pressure is gradually uniform.

The pressure contours of the 2–2 section of the guide vane body
is shown in Figure 8B. Section 2–2 is located in the middle of the
guide vane body, which mainly shows the internal pressure change
of the guide vane body. The guide vane body of the section is divided
into five parts, but the high-pressure area is still concentrated in the
projection position of the impeller blade, but it is smaller than the
range of section 1–1. There is a low-pressure zone under each head
condition, and the low-pressure zone is mainly distributed in the
pressure surface of the guide vane. With the decrease of the head, the
range of the high-pressure zone and the low-pressure zone of the
section decreases, and the pressure change trend is consistent with
that of section 1–1, and gradually tends to be uniform.

The pressure contours of the 3–3 section of the guide vane is
shown in Figure 8C After the rectification of the guide vane, the
water flow ahead of the spiral is blocked by the guide vane blade, and
the direction of movement is changed, so that the flow pattern of the
guide vane outlet is more stable, and the range of the high-pressure
area and the low-pressure area of the section are reduced compared
with those of the 1–1. The pressure variation trend of each head

working condition is basically consistent with that of 1–1 section
and 2–2.

The velocity contours of the 1–1 section of the guide vane is
shown in Figure 9A. When the maximum head reaches the average
head, there are three high velocity regions in the section and the
position corresponds to the position of the blade. This is because the
rotation of the blade makes the flow have a large velocity at this
position. However, at the minimum flow rate, due to the mismatch
between the blade speed and the flow rate, the flow is limited affected
by the rotation of the blade. Therefore, the flow velocity at the cross
section is relatively chaotic and there is no obvious division of high
flow velocity area, and the overall flow velocity at the cross section is
large.

The velocity contours of the 2-2 section of the guide vane are
shown in Figure 9B. Due to the speed loop generated by the impeller
rotation, three high velocity zones are generated at the
corresponding position of the guide vane, and they are mainly
distributed at the rim position and decrease to the hub. However,
the range of high flow velocity area is large and the distribution is
still relatively chaotic under the minimum head condition due to the
mismatch between blade speed and flow. The velocity contour of the
3-3 section of the guide vane body is shown in Figure 9C. By
comparing with the velocity contour of the 2-2 section, it can be seen
that after the rectification of the guide vane body, the area of the high
velocity area and the low velocity area of each working condition
section is reduced, and the velocity of the section water body is more
uniform after the rectification of the guide vane body.

4 Analysis of entropy generation
characteristics of overcurrent
components

4.1 Entropy production theory

Due to the simple model experiment is difficult to measure the
energy loss in the pump device, so calculating the pressure difference
between the inlet and outlet of the flow components is often used to
analyze the energy loss of the pump device. However, this method
can only calculate the energy loss of the whole flow channel of the
pump device, and it is difficult to analyze the energy change of each
component and even each characteristic section in detail. Therefore,
the entropy production theory is introduced in the hydraulic
analysis. Entropy production is due to the dissipation effect
caused by irreversible factors in the process so that the
mechanical energy lost by the system is converted into internal
energy. In the pump system, since the flow we studied is constant
temperature and there is no form of heat transfer in the process of
movement, the increase of water entropy is mainly caused by the
negative flow patterns such as flow separation and vortex, and the
influence of solid wall viscous force on the pump device during
operation. In turbulent flow, the fluid velocity includes two parts:
average velocity and fluctuating velocity, and the corresponding
entropy production rate also consists of two parts: one is the entropy
production rate produced by the average flow movement. Second,
the entropy production rate caused by turbulent kinetic energy
dissipation caused by turbulent fluctuating velocity. The analysis of
energy loss in the flow channel of the pump device utilizing entropy

FIGURE 7
Characteristic section diagram of guide vane.
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generation theory can intuitively show the size and distribution of
energy dissipation in the pump device. Therefore, when optimizing
the structure of the pump device, we can focus on the intensive area
of entropy generation and excess in the pump.

For turbulent flow, the entropy production dissipation based on
the Reynolds time average can be divided into two parts: the viscous
entropy production dissipation caused by fluid viscosity ΔSpro, �D and
the turbulent entropy production dissipation caused by turbulent

pulsation ΔSpro,D′.In addition, the wall entropy production
dissipation due to wall friction loss is ΔSpro,w.

The total entropy production dissipation of the whole device can
be obtained from Equation 6 ΔSpro.

ΔSpro � ΔSpro, �D + ΔSpro,D′ + ΔSpro,w (6)

The entropy production dissipation due to the time-averaged
velocity can be calculated as follows.

FIGURE 8
Guide vane domain pressure contour. (A)Guide vane 1-1 section. (a) Maximum head. (b) Design head. (c) Average head. (d) Minimum head. (B)Guide
vane 2-2 section. (a) Maximum head. (b) Design head. (c) Average head. (d) Minimum head. (C) Guide vane 3-3 section. (a) Maximum head. (b) Design
head. (c) Average head. (d) Minimum head.
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FIGURE 9
Guide vane domain velocity contour. (A)Guide vane 1-1 section. (a) Maximum head. (b) Design head. (c) Average head. (d) Minimum head. (B)Guide
vane 2-2 section. (a) Maximum head. (b) Design head. (c) Average head. (d) Minimum head. (C) Guide vane 3-3 section. (a) Maximum head. (b) Design
head. (c) Average head. (d) Minimum head.
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Where μeff is the dynamic viscosity (Pa-s). �u、 �v; �w is the time-
averaged velocity in the direction x, y, z components, (m/s).

The entropy production dissipation of turbulent dissipation due
to velocity fluctuations can be calculated by the following
Equation 8.

_S
D′
D � β

ρωk

T
(8)

Where β = 0.09. Ω is the turbulent eddy frequency (s−1) and k is
the turbulence energy (m2/s2).

The local entropy production dissipation integral of the
computational domain is shown in Equations 9, 10.

ΔSpro, �D � ∫
V

_S �D
‴ dV (9)

ΔSpro,D′ � ∫
V

_S
D′
D dV (10)

The wall entropy production dissipation can be calculated using
the equation.

ΔSpro,w � ∫
A

�τ · �]
T

dA (11)

Where, �τ is the wall shear stress (Pa),A is the area (m2). �τ denotes the
first grid velocity near the wall (m/s).

The entropy production of low head bulb perfusion pump under
different characteristic head conditions is analyzed. Figure 10 is the
total entropy production under other working conditions, and
Figure 11 is the percentage of entropy production per flow
component. The total entropy production of the impeller is the

highest in the flow components, reaching more than 100,000 W/K,
and has an increasing trend with the decrease of the head. The ratio
of the entropy production of the impeller to the total entropy
production increases significantly under the condition of a small
head. The entropy production generated by the outflow channel
ranked second and gradually decreased with the decrease of the
head. Under the condition of a large head, the flow was small, and
the flow was greatly affected by the velocity circulation, which was
spiral forward. The flow pattern was disordered at the guide vane
outlet, resulting in the entropy production reaching more than
40,000 W/K. When the head comes to the minimum head, the
flow pattern in the outlet channel is improved, and the entropy
production decreases sharply or even falls below the entropy output
value of the inlet. When the head increases to the average head, the
entropy production changes little. The entropy production at the
guide vane decreases with the increase of the head, indicating that
the recovery effect of kinetic energy increases with the addition of
the flow rate. The total entropy production of the inlet decreases
with the increase of the head but only accounts for 1% of the total
entropy production. The channel has little effect on the entropy
production loss of the pump device. The entropy production ratio at
the impeller position increases gradually as the head decreases.
When the head reduces from the complete head to the minimum
head condition, the entropy production ratio at the impeller rises by
10%, the most apparent change among all overflow components.

4.2 Entropy production loss of each
component

4.2.1 Entropy generation characteristics at
impellers

The distribution of mainstream entropy production of impeller
inlet 1–1 section is shown in Figure 12A. The mainstream entropy
production around the flange and hub of impeller 1–1 section and

FIGURE 10
Total entropy production under different working conditions. FIGURE 11

Percentage of entropy production per flow component.
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near the blade is relatively high. From the flange and hub, the
entropy production gradually decreases to the center of the flow
channel, and there is a very obvious change gradient at the edge wall
of the section. The high value range of mainstream entropy
production increases with the decrease of head. When head
decreases, the flow rate increases with the increase of flow
velocity, which increases the collision between water flow and
wall and causes the increase of entropy production loss. In the
mainstream region, the flow pattern is good, and there is no obvious
energy conversion, so the entropy production loss is small.

The entropy production distribution at the impeller’s overall
wall is shown in Figure 12B. The entropy production of the
impeller hub is significantly lower than that of the blade surface
and the rim. The hub is selected for local amplification to analyze
the distribution of entropy production. The rotation of the blade
drives the flow to produce centrifugal force, which makes the flow
and the pump shell have considerable friction. Therefore, the
entropy production of the impeller rim and the wall of the blade
domain is higher than that of the hub. The maximum entropy

production rate on the blade is also at the rim. The entropy
production rate decreases from the impeller rim to the hub,
showing a gradient distribution.

4.2.2 Entropy generation characteristics at guide
vane

The distribution of the main entropy production of the 1-
1 section of the guide vane is shown in Figure 13A. Under
different head conditions, the main entropy production has a
high value area at the rim and hub. There are three high value
areas of equal spacing around the hub, mainly due to the rotation of
the blade at the impeller outlet section, whichmakes the water have a
certain amount of circulation, resulting in the loss of entropy
production caused by intense friction between the water and the
wall. When the head is reduced, the high value distribution range of
entropy production around the hub is further reduced, indicating
that the entropy production distribution at the inlet of the guide
vane is obviously affected by the impeller rotation under small flow
conditions.

FIGURE 12
Entropy production dissipation contour in impeller domain. (A) Impeller section 1-1 mainstream entropy production dissipation contour. (a)
Maximum head. (b) Design head. (c)Average head. (d) Minimum head. (B) Impeller section wall entropy production dissipation contour. (a) Maximum
head. (b) Design head. (c) Average head. (d) Minimum head.
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The main entropy production distribution of guide vane 2-
2 section is shown in Figure 13B. Due to the influence of guide vane,
the section is divided into five channels, and the high value area of
entropy production is still mainly distributed at the outer rim.
However, at high lift, due to the small flow rate and low flow
velocity, adverse flow patterns such as vortex or backflow are
generated in the guide vane, which increases the entropy
production loss. However, in the case of small head, the flow
pattern of the water body is improved due to the increase of the

flow velocity, but the friction between the water body and the wall
increases, resulting in the increase of the high value area around the
rim, hub and guide vane.

The mainstream entropy production distribution of the
3–3 section of the guide vane is shown in Figure 13C. The
entropy production distribution of this section is still roughly
divided into five parts with the same law. Under the high head
condition, the bad flow pattern is improved after the guide vane
rectifying the water body, and the range of high value area in the

FIGURE 13
Mainstream entropy production dissipation in guide vane domain. (A)Guide vane 1-1 section. (a) Maximum head. (b) Design head. (c) Average head.
(d)Minimum head. (B) Guide vane 2-2 section. (a) Maximum head. (b) Design head. (c) Average head. (d) Minimum head. (C) Guide vane 3-3 section. (a)
Maximum head. (b) Design head. (c) Average head. (d) Minimum head.
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section is reduced. The high entropy production area under low
head condition is still mainly located near the rim, hub and
guide vane.

The wall entropy production contour of the guide vane
computational domain is shown in Figure 14. The entropy
production of the wall is lower than that of the mainstream
entropy production, indicating that the mainstream entropy
production is dominant at the guide vane. At the inlet of the
guide vane body, the water has a certain amount of circulation
due to the rotation of the impeller, and there is a strong impact and
friction on the pump shell and the guide vane blade at the guide vane
domain, resulting in a large loss of wall entropy production at this
position. However, after the recovery of the water circulation by the
guide vane, the wall entropy production of the water flow pattern
gradually stabilized at the outlet of the guide vane decreases
significantly, and there is a significant change gradient from the
inlet to the outlet.

5 Conclusion

This paper mainly studies low-head bulb perfusion pumps’
internal flow characteristics and analyzes essential components’
entropy production.

(1) Firstly, through the comparative analysis of the numerical
simulation experiment and the experimental data of the
model machine, it is considered that the SST k-ω turbulence
model can better match the experimental data in this paper.

(2) The streamline analysis of the pump device’s whole flow
channel shows that the inlet channel’s streamline is usually

good. After the impeller is rotated, the water body will have a
certain amount of circulation. After the guide vane is recovered,
the flow pattern is improved. The flow pattern is chaotic after
the water flows through the bulb. The turbulent kinetic energy
of water increases gradually with the decrease of the head.

(3) The high-pressure zone at the impeller is mainly located at
the wheel rim, decreasing towards the hub, with a
transparent gradient of variation, and the extent of the
high-pressure zone gradually increases as the head
decreases. The pressure variation in the impeller section
also results in the water flow velocity at the impeller position
being most excellent at the rim and reducing towards the
hub. The guide vanes have a particular rectification effect on
the water body. The cross-sectional analysis shows that the
flow pattern of the water body through the guide vanes is
improved to a certain extent and that the flow velocity of the
water body at the guide vanes position gradually increases
with decreasing head.

(4) The water entropy production head decreases and increases
gradually, and the ratio of entropy production at the impeller to
total entropy production is the largest. The mainstream entropy
production at the impeller is mainly distributed around the
blade because the impeller rotation reduces the water body. The
entropy production of the wall is primarily located at the pump
shell. The primary stream entropy production of the guide vane
is under the non-design condition. Due to the instability of the
water flow pattern, there is a lousy flow pattern inside the guide
vane, which leads to a decrease in the turbulent entropy
production. The wall entropy production at the inlet of the
guide vane is more extensive, and there is a significant gradient
change at the outlet.

FIGURE 14
Guide vane section wall entropy production dissipation contour. (A) Maximum head. (B) Design head. (C) Average head. (D) Minimum head.
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