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It is a necessary condition to obtain the fluid movement law and energy transfer

and loss mechanism in the impeller of the axial pump for achieving an efficient

and accurate design of the axial flow pump. Based on the shear stress transport

k-ω turbulence model, a three-dimensional unsteady numerical simulation of

the whole flow field of an axial flow pump was presented at different flow rates.

Combined with the Bernoulli equation of relative motion, the flow field

structure in the impeller under design condition was studied quantitatively in

the rotating coordinate system. The fluid movement law and energy transfer

and loss mechanism in the impeller of the axial flow pump was described in

detail. In the relative coordinate system, the mechanical energy of the fluid on

the same flow surface conserves. The dynamic energy is continuously

transformed into pressure energy from the leading edge to the trailing edge

and the dynamic energy is continuously transformed into pressure energy from

the leading edge to the trailing edge. The energy conversion is mainly

completed in the front half of the blade. The friction loss and the mixing

loss are the basic sources of losses in the impeller flow passage. Most

hydraulic losses of impeller flow passage are caused by friction and the

hydraulic losses near the trailing edge are dominated by mixing loss. This

research has certain reference significance for further understanding the

flow field structure in the impeller of the axial flow pump, improving its

design theory and method, and then realizing its efficient and accurate

design of the axial flow pump.
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1 Introduction

The deteriorating climate has made energy conservation and

emission reduction a common goal of all countries in the world.

Climatologists pointed out that only if the emissions of

greenhouse gas must be close to the peak by 2025 at the latest

and reduce by 43% before 2050, can the earth’s temperature rise

be controlled by 1.5°C (Skea, et al., 2022). As one of three

subtypes of blade pumps that consume 10% of global power

generation each year, the others being mixed flow pump and

centrifugal pump, axial flow pumps, also known as propeller

pumps, are used in applications requiring very high flow rates

and low pressures, such as long-distance water transfer, flood

dewatering, and irrigation systems and pumped storage.

Improving the efficiency of the axial flow pump is very

important for achieving the carbon peak. However, mastering

themovement law and energy transfer and loss mechanism of the

fluid in the axial flow pump, especially in the impeller is the

premise to improve the efficiency of axial flow pump.

In 1755, the Swiss mathematician Euler first proposed the

constitutive equation of ideal fluid motion (Euler equation). It

gave the law of fluid energy transfer in the pump theoretically and

provided a theoretical basis for the design of blade pumps for the

first time, but could not explain the cause of fluid energy loss in

the pump. In 1785, John Skeys applied for and registered the

structural patent of the axial flow pump, which is the earliest

prototype of the axial flow pump in the world; In 1850, British

scientist James Thomson installed guide vanes at the downstream

of the impeller to improve the efficiency of the axial flow pump;

In 1875, British scientist Osborne Reynolds designed the front

guide vane for the axial flow pump for the first time, which

further improved the efficiency of axial flow pump; In 1904,

Prandtl put forward the boundary layer theory creatively, which

was the first time to combine theoretical fluid mechanics and

engineering fluid mechanics closely. It is a milestone in the

history of fluid mechanics and fluid machinery. The boundary

layer theory provided a theoretical basis for explaining the cause

of fluid energy loss in the axial flow pump (Lazarkiewicz.and

Troskolanski, 1965).

The boundary layer theory was applied rapidly to the study of

the mechanism of fluid energy loss in the axial flow pumps.

Generally speaking, hydraulic losses in the axial flow pump

include inlet passage loss, impeller loss, guide vane loss and

outlet pipe loss. The loss of the inlet and outlet channels is

proportional to the square of the absolute velocity at the

corresponding position. The loss of the axial flow pump

impeller and guide vane is mainly in two forms: airfoil loss

(blade surface friction loss and wake mixing loss) and non-airfoil

loss due to limited wingspan (secondary flow loss in impeller

channel and leakage loss due to the tip clearance). Professor

Staritzky et al. (Srinivasan, 1966; Staritski, 1958; Staritski, 1964;

Stefanovski, 1940) believed that the non-airfoil loss at the design

operating point could be negligible compared with the airfoil loss

(it accounted for about 5% of the total loss), and relevant tests

also confirmed this argument (Csanady, 1964).

Some scholars tried to calculate the airfoil loss through the

thickness of the boundary layer (Loitsanski, 1959; Srinivasan,

1968; Mac-Gregor, 1952; Markoff, 1948; Stepanoff, 1962;

Proscura, 1954; Schlichting, 1979), and they gave the

calculation methods of airfoil loss in several cascade systems.

Some methods only considered the airfoil loss in the cascade,

while some methods also considered the loss caused by wake

mixing; Among them, the calculation method of Professor

Loitsanski, (Proscura, 1954; Schlichting, 1979) is more

accurate than other calculation methods.

Since the 21st century, CFD has been gradually applied in

various industrial fields including the axial flow pump. It makes

a big difference in studying the flow field structure of the axial

flow pump such as cavitation (Wang, et al., 2021), tip leakage

flow (Shen, et al., 2021; Zhang, et al., 2012), and pressure

fluctuation (Shen, et al., 2019; F. Yang, et al., 2022). At the same

time, it makes it possible to carry out quantitative research on

the mechanism of flow loss in pumps. (Kan, et al., 2022)

investigated the influences of the tip leakage vortex on the

axial flow pump as turbine through numerical simulations,

where the energy loss mechanism due to tip leakage flow was

revealed K. (Pu, et al., 2022) studied the influence of vortex on

steady flow and pressure fluctuation of circulating axial pump

through numerical simulations, where energy loss caused by

the low-speed vortex was analyzed quantitatively and the

structure position of the low-speed vortex can be predicted

Li et al. (Li, et al., 2021) studied the energy loss mechanism of a

mixed-flow pump under stall condition with the numerical

method. Especially, the combination of entropy generation

theory and numerical simulation can well conduct

FIGURE 1
Axial flow pump model.
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quantitative research on the hydraulic loss of the pump (Zhou,

et al., 2022; Xin, et al., 2022; Li, et al., 2020; Cui and Zhang,

2020) in recent years, which can describe the proportion of

hydraulic loss of each flow passage component of the pump

under different working conditions.

The Bernoulli equation of relative motion has given the

mechanism of the energy transfer from the impeller inlet to

the outlet in the view of theory. An unsteady numerical

simulation of the whole flow field of an axial flow pump was

carried out in this study based on the SST k- ω turbulence

model. Combined with the Bernoulli equation of the relative

motion and the numerical calculation results of the flow field

structure in the impeller, the mechanism of energy transfer and

loss in the impeller was revealed, which could provide a certain

reference for the enrichment of the design theory of the axial

flow pump.

2 Research project and method

2.1 Pump model

An axial flow pump with a design volume flow rate of

0.35 m3/s, head of 6.7m, and rotation speed of 1450 rpm was

chosen as the research object. The 3D model of the axial flow

pump is shown in Figure 1. The whole pump section consists

of five flow passage parts, namely the suction chamber,

impeller, guide vane, support, and pressurized chamber. In

addition, the diameter of pump impeller is 300 mm, the hub

ratio is 0.5, the tip clearance is 0.2 mm, the impeller has four

blades and the guide vane has seven blades.

2.2 Governing equations

Three governing equations, mass conservation equation,

momentum conservation equation, and energy conservation

equation, dominate the motion in the axial flow pump. For a

general axial flow pump, its working pressure is low and the

amplitude of the temperature change is small, so the density of

the fluid medium could be considered constant and the heat

transfer can be ignored. Eqs. 1, 2 show the tensor forms of the

mass conservation equation and momentum conservation

equation of the viscous incompressible medium.

zui

zxi
� 0 (1)

zui

zt
+ uj

zui

zxj
� Fi − 1

ρ

zp

zxi
+ υ

z2ui

zxjzxj
(2)

where,

ui is the velocity component in the x, y, and z directions

Fi is the mass force

p is the pressure

ρ is the medium density

υ is the medium kinematic viscosity.

SST k- ω turbulence model was selected for this study, which

can predict effectively the fluid separation point under the

condition of reverse pressure. At the same time, when solving

the low Reynolds number flow near the wall area, the SST k- ω

turbulence model has higher accuracy. Its basic equations are as

follows:

z ρk( )
zt

+ z(ρujk)
zxj

� z

zxj
(μ + μt

σk
) zk

zxj
[ ] + τij

zui

zxj
− β*ρωk (3)

z ρω( )
zt

+ z ρujω( )
zxj

� z

zxj
(μ + μt

σω
) zk

zxj
[ ] + γ

]t
τ ij

zui

zxj
− βρω2

+ 2 1 − F1( )ρσω2
1
ω

zk

zxj

zω

zxj
(4)

where, σk=1.176, σω=2, β=0.075, β*=0.09,

κ=0.41, γ1 � β/β* − σωκ2/



β*

√
.

F1 � tanh arg41( ) (5)

arg1 � min(max(


k

√
β*ωy

;
500]
y2ω

); 4ρk
CDσω2y2

) (6)

CD � max(2ρ 1
σω2ω

zk

zxj

zω

zxj
, 1.0 × 10−10) (7)

where, F1 is a mixed function. F1 = 1 in the area near the wall,

which means that the whole area uses the k- ω turbulence model,

and F1 = 0 in the area far always from the wall, which means that

the whole area uses the standard k- ε turbulence model, y is the

distance from the first layer of the grid to the wall, σω2= 1.168.

The limiting equation of eddy viscosity is as follows:

FIGURE 2
The y + distribution of grids near the wall.
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vt � a1k

max a1ω, SF2( ) (8)
vt � μt/ρ (9)

where, μt is turbulent viscosity, S is an invariant measure of strain

rate, F2 is also a mixed function, which is equal to 1 in the

boundary layer and 0 in the shear layer, and a1 is a constant,

equal to 5/9.

F2 � tanh arg22( )
arg2 � max 2



k

√
0.09ωy

;
500]
y2ω

{ } (10)

2.3 Computational setup

As a kind of low Reynolds number turbulence model, the SST

k-ω turbulence model requires that y + ≤ 1, which will ensure

that at least one layer of grid exists within the viscous sublayer.

However, it is a requirement that is almost impossible to meet

unless a large number of grids that ordinary servers cannot

afford are adopted. It has been shown in relevant research

(Tao, 2001)that the first layer of the grid near the wall will also

fall in the viscous sublayer when y + ≤ 5. The y+ near the

wall of the impeller and guide vane is shown in Figure 2,

where all the y+ near the blades is small than five and the final

average of y+ is 1.1, and the growth rate of the grids off the

wall is 1.1.

All the flow passage components of the axial flow pump

were meshed by hexahedral structured grids. The grid

independence was judged by the change of pump efficiency

with the increasing of the number of grids. When the efficiency

change amplitude did not exceed 2% with the increase of the

number of grids, it could be considered that the grid

independence verification was passed, which was shown in

Figure 3. In addition, the grid independence verification was

carried out under the condition that y+ meets the

requirements of the SST k-ω turbulence model. The final

grids of the computing domain verified by grid

independence were shown Table. 1 and Figure 4.

The whole numerical calculation was completed by

ANSYS-CFX 20.1 The medium is water with a density of

998.2 kg/m3 and a dynamic viscosity of 0.000889 Pas. The

rotating speed of the impeller was set to 1450rpm and all

the other flow passages were stationary. A mass flow boundary

(350 kg/s) with a turbulent intensity of 5% was adopted at the

inlet of the computational domain and a pressure boundary

(1 atm) was set at the outlet of the computational domain. All

walls were subject to non-slip-wall boundary condition. Since

the accuracy of the unsteady calculation results is higher than

that of the steady calculation results, the unsteady calculation

results were used in this study. However, the unsteady

calculation requires the steady calculation results as the

initial condition to accelerate convergence. The interfaces

between the rotating region and the stationary region

adopted the interface of the frozen rotor in the steady

calculation, while the sliding grids were used in the

unsteady calculation. The time-step size was set as

0.000115 s, which is the time for the rotor to turn for one

degree to obtain sufficient flow field solution accuracy (Lin,

et al., 2021). By changing the flow rate at the inlet boundary of

the computational domain, the numerical calculation of the

flow field structure in the axial flow pump under different flow

rate conditions was completed. In addition, to weaken the

influence of the inlet and outlet boundary conditions on the

calculation results of the flow field in the axial flow pump, it is

necessary to keep a sufficient distance between the inlet and

outlet boundary and the axial flow pump. The distance

between the inlet of the suction chamber and the impeller

inlet was set as 8 Rt, and the distance between the end of the

diffusion section and the outlet of the pressurized chamber

was set as 6 Rt.

FIGURE 3
Results of grid independence.

TABLE 1 Mesh details for each domain.

Domain Nodes/Million

Suction Chamber 0.87

Impeller 14.98

Guide Vane 15.98

Support 2.62

Pressurized Chamber 1.51
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FIGURE 4
Flow domains and grids.

FIGURE 5
Schematic map of the hydraulic test rig.
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2.4 Numerical calculation accuracy
verification

In order to verify the accuracy of numerical simulation, we

completed the external characteristic test of the axial flow pump

on the closed test bench. The schematic diagram of the test bench

is shown in Figure 5 and the experimental instruments are shown

in Figure 6, in which the uncertainty of the flowmeter is lower

than 1.5%, the speed uncertainty of the torque speed sensor is less

than 0.2% and the torque uncertainty of that is less than 1.5%,

and the uncertainty of the pressure sensors is less than 1%. The

external characteristic test at different flow rate was completed by

adjusting the regulating valve opening. All the data were

converted to digital form and stored in a computer database.

The numerical calculation results of the external

characteristic curves, the head, and efficiency, of the axial flow

pump were compared with the test results as shown in Figure 7.

The simulation results are in good agreement with the test results

near the design mass flowrate (0.35 m3/s) condition. However,

when the deviation from the design mass flow rate condition is

too large, there is an obvious difference between the test value

and the CFD value. Especially under the condition of small flow

rate, the difference between the test results and the CFD results is

the most obvious, which has lost reference value to the

engineering practice. So, the turbulence model SST k-ω has

sufficient accuracy in predicting the flow field structure under

the design mass flow rate condition of the axial flow pump.

3 Results and discussion

3.1 Energy transfer mechanism in the
impeller of the axial-flow pump

As we know, in the circumferential direction of specific

axial and radial coefficient positions, the pressure, velocity,

liquid flow angle, and other physical parameters in the

impeller passage of the axial flow pump are periodically

and symmetrically distributed. However, only the average

value in space is taken as the design value in the design

process of the axial flow pump. It also has been confirmed

that the average value of the impeller inlet flow field structure

in space is in good agreement with the theoretical design value

under the design condition (Guo, et al., 2022) which proved

that it is feasible to study the energy transfer and loss

mechanism in the impeller passage using the weighted

average treatment of the flow field structure in the impeller

passage. The energy transfer and loss mechanism in the axial

flow pump impeller was studied by using the method of the

weighted average of mass flow rate in the circumferential

direction in this study.

xMCA � ∑ Δm · x( )
m

(11)

where x is the physical variable, xMCA is the weighted average

value of x in the circumferential direction based on the mass flow

rate at the position of the specific streamwise location and radius

coefficient. So, the weighted average value based on the mass flow

of the parameters at different streamwise locations and different

radius coefficients could be studied on the meridional surface.

The data processing diagram is shown in Figure 8.

Equation 11 is the Bernoulli equation for the ideal fluid in the

relative coordinate system. For a horizontal axial flow pump, the

impeller inlet height is as same as the outlet center height,

namely, z1 � z2. And so are the diameter of the impeller inlet

and outlet. Then the circumferential velocity is the same, that is,

Eq. 11 is transformed into Eq. 12, from which, it could be

FIGURE 6
Measuring instruments: (A) data collector, (B) torque speed
sensor, (C) flowmeter and (D) pressure sensor.

FIGURE 7
External characteristic analysis.
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deduced that fluid maintains conservation of the mechanical

energy from the impeller inlet to the outlet in the relative

coordinate system and the dynamic energy is continuously

transformed into the pressure energy.

z1 + p1−t
ρg

+ V2
1−re − U2

1

2g
� z2 + p2−t

ρg
+ V2

2−re − U2
2

2g
(12)

p1−t
ρg

+ V2
1−re
2g

� p2−t
ρg

+ V2
2−re
2g

(13)

The pressure coefficients are defined as follows to represent

visually the energy change at the impeller inlet to a higher degree.

Cp � p − pin

0.5ρV2
in

, Cd � 0.5ρV2

0.5ρV2
in

, Ctot � Cp + Cd (14)

where, pin is the average pressure at the pump inlet, Cp is the

static pressure coefficient, Cd is the dynamic pressure coefficient,

Ctot is the total pressure coefficient.

The flow surface of radius 0.5 was taken as the research

object. The energy coefficients on the flow surface were processed

by weighted average based on the mass flow. Equation 12 is

changed into Eq. 13.

C1t−tot−rel−MCA � C2t−tot−rel−MCA (15)
C1t−p−MCA + C1−d−rel−MCA � C2t−p−MCA + C2−d−rel−MCA (16)
C1−tot−rel−MCA � C2−tot−rel−MCA + ΔC 1−2( )−tot−rel−MCA (17)

The coefficients are defined as follows to represent the energy

change visually in the impeller passage to a higher degree.

Cp � p − pin

0.5ρV2
in−re

, Cd � 0.5ρV2
re

0.5ρV2
in

, Ctot � Cp + Cd (18)

where,

pin is the pressure at the pump inlet

Vin−re is the relative velocity at the pump inlet

Cp is the pressure coefficient

Cd is the dynamic pressure coefficient

Ctot is the total pressure coefficient.

As shown in Figure 9, the total pressure coefficient in the

relative coordinate system decreases slowly from the impeller

inlet to the outlet and the decreasing range is very small, which

proves the correctness of the theoretical analysis. That is, the

mechanical energy of the fluid on the same flow surface in the

impeller channel is conserved. The reason why the total pressure

coefficient decreases slowly from the impeller inlet to the outlet is

the hydraulic loss caused by the viscosity as shown in Eq. 15. The

hydraulic loss consists of the friction loss caused by friction and

the mixed loss caused by the boundary layer separation. The

dynamic energy is constantly converted into pressure energy

from the impeller inlet to the outlet as a whole in the relative

coordinate system, which is the source of the pressure head of the

axial flow pump.

FIGURE 8
The diagram of the weighted average of parameters based on mass flow.

FIGURE 9
The distribution curve of the weighted average of the energy
head coefficient based on the mass flow on the flow surface of
R* = 0.5.
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However, it is easy to be noticed that the fluid dynamic

pressure coefficient increases slightly before decreasing rapidly.

On a specific flow surface of the impeller passage, it can be

regarded as an infinite plane cascade. The aerodynamic theory

has pointed out that a high speed and low pressure region will

appear at the suction surface of the airfoil near the leading edge

due to flow around the airfoil, so is the cascade in the impeller

passage as shown in Figure 11C.

The theoretical head of the pump is defined as the sum of the

dynamic head and the theoretical static head in the absolute

coordinate system, in which, the theoretical static head is the

difference between the theoretical pressure head from the

impeller outlet to the inlet (Eq. 17), and the dynamic head is the

difference of the velocity head in the absolute coordinate system

between the impeller outlet and the inlet (Eq. 18). According to the

relative Bernoulli equation, the theoretical pressure head difference

between the impeller outlet and the inlet is equal to the velocity head

difference between the impeller inlet and the outlet in the relative

coordinate system, as shown in Eq. 17. The inlet and outlet velocity

triangles of the impeller are shown in Figure 10. From the impeller

inlet to outlet, the relative velocity gradually decreases and the

dynamic energy is converted into the pressure energy. The reverse

pressure gradient always exists in the whole impeller channel.

The reverse pressure gradient will increase the thickness of

the boundary layer and then, lead to its separation, which will

cause great mixing loss. It is also the fundamental reason why

the efficiency of the axial flow pump is lower than that of the

axial flow turbine.

Ht � HP−t +Hd (19)

Hp−t � p2−t
ρg

− p1−t
ρg

� V2
1−re
2g

− V2
2−re
2g

(20)

Hd � V2
2−stn − V2

1−stn
2g

(21)

According to the velocity triangle, the relative velocity can be

expressed as Eq. 19.

V2
re � V2

m + U − Vu( )2 (22)

The normal inlet is always adopted in the design of the axial

flow pump, that is, Vu1 = 0 m/s and the impeller inlet and outlet

of the axial flow pump have the same diameter, that is, Vm1 �
Vm2 and U1 � U2 , The theoretical static head Eq. 22 can be

derived from Eqs. 20, 21.

V2
1−re � V2

m1 + U1 − Vu1( )2 � V2
m1 + U2

1 (23)
V2

2−re � V2
m2 + U2 − Vu2( )2 � V2

m2 + U2
2 + V2

u2 − 2U2Vu2 (24)

Hp−t � 2U2Vu2 − V2
u2

2g
(25)

Equation 23 could be derived from the further derivation of

Eq. 17.

Hd � V2
u2

2g
(26)

The dynamic head is completely determined by the

circumferential velocity component at the impeller outlet.

Equation 24 is the theoretical head expression for the axial

flow pump.

Ht � U2Vu2

g
(27)

The actual head of the impeller could be calculated by Eqs.

25, 26. The theoretical head can also be expressed by Eq. 27.

The actual head must be less than the theoretical head due to

the hydraulic loss. It is not difficult to find out that the actual

head and the theoretical head have the same dynamic head by

comparing Eqs. 26, 27. The difference between them mainly

exists in the static head. It has been described that the total

energy in the relative coordinate system will decrease slowly

because of the hydraulic loss in Eq. 15. The dynamic energy in

the relative coordinate system could not be completely

converted into the pressure energy without any hydraulic

loss. During the flow process, the dynamic energy must be

partially converted into internal energy in the form of friction

and mixing caused by boundary layer separation, and then

lost. The hydraulic loss is equal to the relative total energy

reduction.

H � Hp +Hd (28)

H � p2

ρg
− p1

ρg
+ V2

2−stn
2g

− V2
1−stn
2g

� p2

ρg
− p1

ρg
+ V2

u2

2g
(29)

Ht � p2−t
ρg

− p1−t
ρg

+ V2
u2

2g
� V2

1−rel − V2
1−rel

2g
+ V2

u2

2g
(30)

FIGURE 10
The velocity triangle at the impeller inlet and outlet.
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3.2 Energy transfer mechanism in the
impeller of the axial-flow pump

The weighted average value of the performance

characteristics such as Hd, Hp, H, Ht and ΔCtot−rel on the flow

surface of R* 0.5 based on mass flow were taken as shown in

Figure 11A and were recorded asHd-MCA, Hp-MCA, HMCA, Ht-MCA

and ΔCtot−rel−MCA (ΔCtot−rel−MCA = Ht-MCA- HMCA).

The static head is the main part of the axial flow pump

head. It is mainly obtained by converting the relative dynamic

energy into the pressure energy and the transformation is

completed in the front half of the blade. The static head shows

a trend of decreasing at first and then increasing on the whole

flow surface, which is consistent with the changing trend of the

static pressure coefficient in Figure 9. The negative static head

exists near the leading edge, which is caused by that the flow

around the blade will increase the relative velocity of the flow

field near the leading edge of the suction surface (Figure 11D).

This area is also the place most prone to cavitation. For the

axial flow pump with a specific size, the key to improving its

cavitation performance is to control the relative velocity at the

suction surface of the leading edge. The dynamic head

increases rapidly at the leading edge of the blade and then

tends to be flat. It is also obtained mainly in the front half of

the blade.

FIGURE 11
The energy transfer and loss mechanism on the surface of R* = 0.5: (A) The distribution curve of the coefficients of the head and relative total
pressure loss with the flow direction coefficient; (B) The distribution curve of the friction coefficient; (C) The relative total pressure loss coefficient
contour; (D) The relative velocity contour.

FIGURE 12
The distribution of the pressure coefficient on the blade
surface at the radial coefficient of 0.5.
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It is not difficult to infer that the actual head of the impeller

is also mainly obtained in the front half flow passage. From the

perspective of energy transmission, the torque formed by the

pressure difference between the pressure surface and the

suction surface is the fundamental source of the fluid

energy. As shown in Figure 12, the pressure coefficient

increases slowly from the leading edge to the trailing edge,

while the pressure coefficient of the suction surface decreases

rapidly near the leading edge and then up to be the same as that

of the trailing edge gradually. The negative pressure coefficient

at the front half of the whole blade is maintained on the

suction surface of the blade. Therefore, the pressure difference

between the pressure surface and the suction surface at the

front half of the blade is far larger than that at the second half

of the blade, which means that the torque on the front half of

the blade is far larger than that on the second half. That is the

reason why the actual head of the impeller is mainly obtained

in the front half flow passage.

The friction loss caused by the velocity gradient in the

boundary layer and the mixing loss caused by the separation of

the boundary layer is the basic source of losses in the impeller flow

passage. It can be seen from the distribution of the relative total

pressure loss coefficient from the impeller inlet to the impeller

outlet in Figure 11A that the gradient of the relative total pressure

loss coefficient near the leading edge (Area A) and the trailing edge

(Area B) is larger than that in the area between them, while the

gradient near the trailing edge is greater than that near the leading

edge. The relative velocity of the fluid near the leading edge at the

suction surface of the blade will increase significantly due to the

flow around the blade, which will result in a corresponding

increase in the friction shear stress coefficient at this location as

shown in Figure 11B. The greater the shear stress coefficient, the

FIGURE 13
The contour of the weighted average of the head and efficiency coefficients based onmass flow: (A) The theoretical head; (B) The head; (C) The
efficiency.
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greater the friction loss gradient. Then, as the relative velocity

decreases, the shear stress coefficient decreases, and the gradient of

the relative total pressure loss coefficient decreases. The impeller

passage of the axial flow pump, as we know, is basically under the

adverse pressure gradient, and the adverse pressure gradient at the

suction surface is obvious larger than that at the pressure surface.

The thickness of the boundary layer on the suction surface

increases gradually under the action of the adverse pressure

gradient and reaches the maximum at the trailing edge as

shown in Figure 11D. For the turbulent boundary layer, there

is violent mixing movement in its interior. The thicker the

boundary layer, the more mixing loss and therefore it can be

seen that the relative total pressure loss coefficient gradient

increases significantly at the trailing edge. In addition, the

wake jet is formed after the fluid leaves the blade and it will

result in more severe mixing loss. The gradient of the relative

total pressure loss coefficient will also further increase.

Overall, on the one hand, friction loss is the main form of

hydraulic loss in most areas of the impeller flow passage except

the trailing edge, and the gradient of the relative total pressure

loss coefficient is obviously greater because of the flow around

the blade. On the other hand, the mixing loss inside the

boundary layer and wake is the main form of hydraulic loss

at the trailing edge. The gradient of the relative total pressure

loss coefficient caused by mixing loss in the wake is the largest

in the whole impeller flow passage. The point to improve

pump efficiency is to avoid boundary layer separation in the

flow channel and to eliminate the wake as soon as possible to

prevent it from spreading in the downstream channel.

Figure 13 shows the distribution of the weighted average

value of Ht, H and η based on the mass flow on the meridional

surface of the impeller flow passage. The trend of the

theoretical head (Figure 13A) and the actual head

(Figure 13B) in the main flow area (Radial coefficient

between 0.05 and 0.95) are basically consistent. They

gradually increase from the impeller inlet to the outlet and

the impeller has high hydraulic efficiency. However, the

circumferential velocity component, Vu, of the fluid near

the hub (Radial coefficient between 0 and 0.05) is large due

to the rotation of the hub. According to the Euler equation,

the increase of the circumferential velocity component means

the increase of the theoretical head. The rotation of the blade

tip makes the fluid near the rim (Radial coefficient between

0.95 and 1) maintain a high circumferential velocity

component, while the flange wall makes the axial velocity

in the tip area attenuate rapidly. Therefore, the absolute

velocity of the fluid in this area is dominated by the

circumferential direction. According to the Euler equation,

this area will have a high theoretical head.

The actual head is the difference between the theoretical

head and the hydraulic loss head. The fluid in the pressure

surface will return to the suction surface of the blade through

the clearance between the tip and the rim under the effect of the

pressure difference between the pressure surface and the

suction surface, which is called tip leakage flow. The tip

leakage flow will cause complex leakage vortex, which will

damage the flow field structure at the rim seriously and

cause a lot of hydraulic loss. As a result, the actual head in

this area also decreases. The actual head in the rim is obviously

lower than that in other locations with the same streamwise

location as shown in Figure 13B.

Efficiency is the ratio of the actual head to the theoretical

head as shown in Figure 13C. It has been analyzed that the fluid

in the main flow area has higher hydraulic efficiency because of

that the main losses in this area are caused by the friction loss of

the airfoil surface and the wake mixing loss of the trailing edge,

which are small, while the hydraulic efficiency drops rapidly

near the hub and rim. The fluid near the hub area is mainly

affected by the corner separation, that near the rim area is

mainly affected by the leakage vortex.

4 Conclusion

In this study, we made a three-dimensional unsteady

numerical simulation of the whole flow field of an axial

flow pump at the design operating point. The flow field

structure in the impeller passage was analyzed

quantitatively and the fluid movement law and energy

transfer and loss mechanism were revealed from the

perspective of the relative coordinate system. The main

conclusions are as follows:

1) In the relative coordinate system, the mechanical energy of the

fluid on the same flow surface conserves. The dynamic energy is

continuously transformed into pressure energy from the leading

edge to the trailing edge and the whole flow surface is under the

adverse pressure gradient, which is the fundamental reason why

the boundary layer separation is prone to occur near the trailing

edge of the axial flow pump and the efficiency is lower than that

of the axial flow turbine as the prime mover;

2) The flow around the blade inlet will cause the relative velocity

of the fluid at the leading edge near the suction surface of the

blade to increase and the pressure to decrease, which will

result in a negative static head in this area. That is the basic

reason why cavitation is prone to occur at the leading edge

near the suction surface of the blade rim. The point to

improve the cavitation performance of the axial flow pump

is to reduce the maximum the relative velocity at the leading

edge near the suction surface of the blade;

3) On the axial flow pump impeller, the pressure difference

between the pressure surface and the suction surface in the

front half of the blade is far greater than that in the back half

of the blade, so the blade torque is mainly provided by the

front half of the blade, and the energy conversion is mainly

completed in the front half of the blade;
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4) The friction loss and the mixing loss are the basic sources of

losses in the impeller flow passage. On the one hand, there will

not be boundary layer separation in most areas of the impeller

flow passage except near the trailing edge under the design

condition, therefore, the hydraulic loss here is mainly in the

form of friction loss. On the other hand, the mixing loss inside

the boundary layer and wake is the main form of hydraulic

loss at the trailing edge. The gradient of the relative total

energy loss coefficient caused by mixing loss in the wake is the

largest in the whole impeller flow passage. The point to

improve pump efficiency is to avoid boundary layer

separation in the flow channel and to eliminate the wake

as soon as possible to prevent it from spreading in the

downstream channel;

5) The flow in the axial flow pump is obviously affected by the end

wall effect of the hub and the rim. The rotation of the hub and

the blade tip makes the theoretical head at the corresponding

position obviously higher than that in the main flow area. In

addition, the efficiency of the end wall area is significantly lower

than that of the main flow area, the reason is that the flow near

the hub is affected by the corner separation, and the flow near

the rim is affected by the tip leakage flow.
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Glossary

g Gravitational Acceleration, 9.8 m/s

C coefficient

H Head, m

p Pressure

Qv Volume flow rate m3/s

R Radius m

D Diameter, m

R* Radial coefficient

V Velocity, m/s

η Efficiency

ρ Density, kg/m3

U Circumferential velocity, m/s

Subscripts

f friction

h Hub

t Tip

u Circumferential component

1 Impeller inlet

2 Impeller outlet

p Pressure

d Dynamic

tot Total

in Inlet of the pump

MCA Mass flow circle average

Superscript

- Average

Frontiers in Energy Research frontiersin.org14

Guo et al. 10.3389/fenrg.2022.1106789

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1106789

	Numerical study on the mechanism of fluid energy transfer in an axial flow pump impeller under the rotating coordinate system
	1 Introduction
	2 Research project and method
	2.1 Pump model
	2.2 Governing equations
	2.3 Computational setup
	2.4 Numerical calculation accuracy verification

	3 Results and discussion
	3.1 Energy transfer mechanism in the impeller of the axial-flow pump
	3.2 Energy transfer mechanism in the impeller of the axial-flow pump

	4 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of Interest
	Publisher’s note
	References
	Glossary
	Subscripts
	Superscript



