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Abstract: The conventional method cannot explicitly confirm the location and type of the energy loss, therefore
this paper employs the entropy production theory to systematically analyze the category, magnitude and location
of hydraulic loss under different blade thickness distribution. Based on the analysis, the turbulent entropy and
viscosity entropy produced by the separation of boundary layer at the trialing edge are major factors leading to the
hydraulic loss. In addition, the separation of the boundary layer can not only cause the energy loss, but also block
the passage of the impeller and reduce the expelling coefficient of the blade. Therefore, the hydraulic performance
of the blades with increment thickness distribution is obviously better than the decrement one. Further, the flow
rate has different influence on the three types of entropy production. Meanwhile, the pressure pulsation on the
working surface was investigated. It was concluded that with flow rates increasing, the amplitude of pressure
pulsation firstly decreases and then smoothly improves, and reaches the minimum under design flow rate. Finally,
the optimal blade was obtained, and the relevant hydraulic performance test was performed to benchmark the

simulation result. This research can provide the theoretical reference for designing the reasonable thickness

distribution of the blades.
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1. Introduction

With the variation of the global climate, the water
resource shortage is becoming the noticeable restriction
of the agricultural production. Therefore, it is imperative
to improve the irrigation efficiency to ensure the water
demands of crops [1-2]. However, the irrigation
efficiency is limited by the pump energy loss. In recent
years, numerous efforts have been made in reducing the

energy loss of the pump by test and numerical simulation.

Wang et al. [3] combined the computational fluid
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dynamics and energy loss model to analyze the energy
loss mechanism of multistage centrifugal pump. Sung et
al. [4] investigated the efficiency loss of the double-
suction centrifugal pump with different internal surface
roughness, and found that roughness of the outward
shroud surface exerts a great effect on the pump
performance. Zhang et al. [S] proposed a novel design
method of the impeller based on the quasi-3D hydraulic
design, the boundary vortex flux diagnosis and the
genetic algorithm, while the relevant hydraulic performance
tests were conducted, the efficiency of the optimized

E-mail: Wdshi2012@126.com
Iwjiangda@ujs.edu.cn

www.springerlink.com



CHANG Hao et al.

impeller are increased by 2.5%. Wang et al. [6] designed
the forward-curved blades, and studied the influence of
the blade inlet angles on the energy loss within the
impeller. Jeon et al. [7] selected the impeller upper blade
height and hub height as the design variables to study the

efficiency and pressure under the operating flow condition.

Li et al. [8] assessed the hydraulic and cavitation
performance of engine cooling water pump based on the
blade outlet widths (11 mm, 13 mm and 16 mm).

However, most previous researches concentrated on
the improvement of efficiency through adjusting the
geometrical parameters of the impeller; few researchers
analyze the thickness distribution of the blades to reduce
the energy loss. Meanwhile, due to the limitations of the
traditional methods, it is difficult to indicate the type and
the location of the energy loss. Therefore, the entropy
production theory is introduced to analyze the hydraulic
loss of pump. In 1983, Bejan et al. [9] investigated the
entropy generation minimization based on considerable
researches. Li et al. [10] studied the hysteresis
characteristic of the pump and proposed the wall
equation based on the wall effects of entropy production.
Hou et al. [11] presented the hydraulic loss of Liquefied
Natural Gas (LNG) cryogenic submerged pump, and
obtained the magnitude and location of the different
entropy generation rate. Herwig et al. [12-13] analyzed
the influence of different roughness wall on the entropy
production, and distinguished the four entropy production
sources. Pei et al. [14] simulated the six low-head pumps
with different distances between impeller and guide vane,
and hydraulic loss mechanisms were obtained by
employing the entropy production method. Hence, the
entropy production theory is an effective method to
investigate the energy loss of the internal flow.

This paper proposes a novel self-priming pump to
improve the efficiency of self-priming. Meanwhile, in
order to investigate the energy loss of the internal flow
field, entropy production theory is introduced. The three
types of energy loss under different thickness distribution
blades are obtained, and the pressure pulsation on the
working surface of the blades are analyzed. The
performance test of optimal design was conducted to
benchmark the numerical simulation. Finally, the reasonable
thickness distribution of the blade is recommended.

2. Structure and Mechanism of Novel
Self-Priming Pump

As shown in Fig. 1, the novel self-priming pump is
comprised by jet self-priming system, the compressor
and pump. The jet self-priming system consists of nozzle
A, the nozzle C, inlet round turnbuckle B, globe valve,
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filter, vent hose and hose connectors (Fig. 2).

The high-speed air is generated in the compressor and
injected into the jet self-priming system through hose.
The cross section of the nozzle C firstly decreases
sharply and then increases smoothly. Hence, the velocity
of the air is obviously enhanced after flowing through the
nozzle C, and the negative pressure is created near the
inlet round turnbuckle B, which leads to that the air in the
value box is carried out with the high-speed air into the
nozzle A and discharges to the atmosphere. Consequently,
the negative pressure is generated in the value box. When
the pressure upon the globe valve is larger than the
gravity, the globe value is separated from the value seat,
and the air in the value box is connected with the pump
by the through-hole of value seat. Finally, with the
declines of the air, the pump is filled with water. When
the globe valve is submerged in the water, it will fall
back to the value seat and block the through-hole, and
then the self-priming process is accomplished. In this
system, the well cooperation between jet nozzle and the
globe value can achieve quickly self-priming velocity
and the self-closing.

Fig. 1 Structure of the novel self-priming pump

hose joint

valve box

plain cushion
globe valve

valve seat
filter

suction casing

Fig. 2 Structure of the jet self-priming system

The blade, as a necessary working unit of the novel
self-priming pump, plays an essential role in the energy
conversion. In this paper, the blades are designed based
on the empirical correlation equation, which is obtained
by plenty of outstanding hydraulic models. The design
specifications of the novel jet self-priming pump are
shown as follow: O = 500 m’/h, head H = 45 m, rotation
speed 7 = 2200 r/min and specific speed n, = 172. Table 1
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lists the principal geometric parameters of the pump.
Nine different thickness distribution blades are proposed
relied on the casting technique and engineering
experience [15], and the schemes with different blade
thickness distribution are shown in Table 2.

Table 1 Principal geometric parameters of the pump

Impeller outlet Impeller inlet Impeller outlet Number
diameter diameter width of blade
280 mm 200 mm 44 mm 6

Table 2 Blades with different thickness distribution

Thickness of Thickness of Thickness of
Scheme leading middle part trailing edge /mm
edge/mm /mm
1 3 3 3
2 6 6
3 3 6 3
4 3 45 6
5 6 45 3
6 3 6 6
7 6 6 3
8 3 3 6
9 6 3 3

Scheme 1 Scheme 2 Scheme 3

Scheme 4 Scheme 5 Scheme 6

Scheme 7 Scheme 8 Scheme 9
Fig. 3 The 3D model of blades with different thickness
distribution
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3. Analysis Model and Numerical Method

3.1 Computational domain and method

As shown in Fig. 4, the computational domains of the
self-priming pump are composed with inlet, impeller,
volute, outlet and suction casing of self-priming system.
In order to obtain the stable incoming flow and fully
developed outflow, the inlet and outlet were extended
five times of the pipe diameter respectively. ANSYS
CFX was employed to perform the numerical calculation;
the SST k-w is chosen as the turbulence model [16], and
normal temperature water as the flow media. The
computational domains of the inlet, volute, outlet and
suction casing of self-priming system were set as the
stationary one, while the domain of impeller was set as
rotation. The interfaces between impeller with inlet and
suction casing of self-priming were set as the frozen rotor
interfaces, while other interfaces were set as general grid.
In order to reflect practical surface of the pump, the wall
roughness was selected as 50 pm, and the boundary of
the inlet and outlet were set as total pressure and mass
flow, respectively. In addition, the high resolution was
adopted as advection scheme, and the convergence of the
residuals was set as 0.00001.

Volute

Impeller

Suction casing of
self-priming

Fig. 4 Computational domains

3.2 Grid generation

The quantity and quality of the grid play an important
role in credibility of simulation [16]. With the grid
quantity increasing, the deviation of simulation gradually
declines, but considerable time and the expensive
simulation resources are consumed. Therefore, it is
imperative to select a reasonable grid number. In this
paper, the structured grids are employed to discretize the
calculation domain. The grid independency analysis was
conducted. When the number of the elements exceeded
2671710, fluctuation of the head and efficiency is less
than 1%, and Y+ < 60. The suitable element numbers of
inlet, outlet, volute, impeller and suction casing of self-
priming system are 504000, 696000, 720480, 478998 and
272232, respectively.
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12 1.9 26 3.4 46 53
Grid number/million

Efficiency/%

1.2 1.9 26 3.4 46 5.3
Grid number/million

Fig. 5 Analysis of grid independent
4. Analysis of Simulation Results

4.1 Analysis of the pressure distribution

The pressure distribution on the working surface
within four conditions is shown in Fig. 6. Owing to that
the blades transform the kinetic energy into the potential
energy, the pressure on working surface increases from
leading edge to trailing edge, and the local low-pressure
is generated in the leading edge of blade where is prone
to cause the cavitation. In Fig. 6 (a), it is interesting to
find that an obvious elliptical high-pressure area (EHPA)
exists at the trialing edge of the blade under Q = 100
m>/h. The thickness distribution of the blade is different,
which leads to a diversity of the magnitude of EHPA. At
the same time, the EHPA of the blades with decrement
thickness distribution (scheme 2, 3, 5, 7 and 9) is larger
than the blades with increment thickness distribution
(scheme 1, 4, 6 and 8), and the scheme 2 reaches the
maximum at Q = 100 m*/h.

With the flow rate increasing to 300 m*/h, the intensity
of the EHPA at the trialing edge of the blade is improved,
while the area of EHPA and the low-pressure at the
leading edge of the blades significantly decreases. The
reason for above results are ascribed to that the flow in
the impeller are comprised by the uniform flow and axial
vortex flow. When the pump operates under small flow
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rates, the two flows are in the opposite direction on the
working surface of the blade, which results in the relative
low velocity near the working surface. Therefore, the
positive angle of attack is generated, leading to the
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(a) The pressure distribution on working surface under Q = 100 m*/h
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(b) The pressure distribution on working surface under Q =300 m’/h
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(¢) The pressure distribution on working surface under Q = 500 m*/h
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(d) The pressure distribution on working surface under Q = 700 m’/h
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Fig. 6 The pressure distribution on working surface
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insufficient control of the fluid boundary layer on the
working surface, thus the separation of unstable
boundary layer at the blade trialing edge is occurred. Due
to the difference in blades thickness, inducing the
discrepancy of the attack angle on the working surface of
blade, so the intensity of EHPA also exists difference.

Fig. 6 (c) presents the different negative pressure at
the leading edge of working surface under Q = 500 m’/h.
As the thickness of the blade leading edge in scheme 2, 5,
7 and 9 is thicker, the meridional velocity is improved
and the blade expelling coefficient is reduced. Meanwhile,
the negative pressure of the scheme 2, 5, 7 and 9 is more
obvious. What is more, the EHPA of each scheme on the
working surface vanishes at the design flow rate. When
the flow rate increases to the 700 m’/h, gradient of
pressure distribution on the working surface becomes
more uniform. But with increment thickness distribution
of the trailing edge of working surface, the local low-
pressure occurred. The relative velocity at the trialing
edge is high under large flow rates, and the movement of
liquid in volute based on free vortex theory, the velocity
vector at the blade trailing edge changes significantly.
Hence, the local low-pressure can be found at the trailing
edge of the blade with increment thickness distribution.

Importantly, more attention should be paid to EHPA
on the trailing edge of the working surface; it not only
leads to the irreversible transformation of energy into
thermal effect, which causes the hydraulic loss, but also
blocks the passage of blade, decreasing the expelling
coefficient and the ability of streaming. Therefore,
entropy production theory is introduced to analyze the
hydraulic loss in the pump, which can give a reference
for designing the thickness of the blades based on the
hydraulic loss minimization.

4.2 Entropy production theory

Entropy production analysis is a method based on the
second law of thermodynamics, which combines the heat
transfer theory and hydrodynamics to calculate the actual
process of energy loss. Entropy production represents the
irreversibility of the system and the magnitude of energy
loss in flow. The entropy production is comprised by four
parts: viscosity entropy production, turbulent entropy
production, wall entropy production and temperature
entropy production. Considered that the entropy
production is the state parameter, the entropy production
rate is introduced to express the transport equation of
incompressible fluid [17].

p[@+u@+v@+wﬁj :div(1J+9+% @)

o ox 0oy 0z T) T T1?
where s is the entropy production; u, v and w are the
velocity on three directions (x, y and z) respectively; ¢ is
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the density of heat flow rate; @ represents the entropy
production generated by the viscous dissipation, @
stands for the entropy production generated by the
temperature variation. The temperature entropy production
can be ignored in the operation as the temperature
variation in the self-priming pump is slight. Gong et al.
[18] proposed the formulae which can directly calculate
the viscous dissipation of the incompressible fluid:

o2 {5]-(E);

ou Ov g Eau awjz ov ow 2
— | | =t +| —+—
oy Ox 0z Ox 0z 0Oy

Since the transient motion is the superposition of the
time average motion and fluctuating motion, the entropy
production rate can be divided into the time average entropy
production and fluctuating entropy production [13]:

-2 ()]

(3)
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where syp stands for entropy production rate generated
by viscosity dissipation; srp stands for entropy
production rate generated by turbulent dissipation.

As the fluctuating velocity is difficult to measure,
Herwig et al. [12] established a model by employing the
rate of turbulent dissipation instead of the fluctuating
velocity field. The model established the relationship
between the turbulent dissipation rate and entropy
production:

pE

s =2 (5)
where p represents the density of fluid; & stands for the
turbulent dissipation rate.

Due to the effect of viscosity, there exists obvious
velocity gradient on the wall surface, when the fluid
transition from the turbulence core region to the laminar
boundary layer. Calculation error is generated by
employing the formula of the viscosity entropy. Therefore,
it is necessary to calculate the entropy production at the
wall separately. Zhang et al. [19] gave a method to
calculate the entropy generation of wall. The fluid
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velocity on the wall is assumed to zero, and the entropy
generated by the fluid near the wall can be solved by
integrating the entropy production rate of the wall region:

TwV
Sy =[ =4S (©6)

where Sy stands for wall entropy production rate, zj is wall
shear stress; vp is the average velocity of fluid at the center
of the first layer near the wall.

Sp = IstddV (7
v

Syp :jsvddV ®)
v

The total viscosity entropy production and turbulent
entropy production can be calculated through formulae (7)
and (8), that is, to sum the entropy production of each
grid volume in the computational domain.

Fig. 7 shows the relationship between flow rates and
viscosity entropy production based on the entropy
production theory, which indicates that the viscosity
entropy production raises smoothly with the flow rate
growing, except for the scheme 2 and 5 with rapid
increase. The rising rate of scheme 2 is obviously larger
than other schemes, which still improves with the
increase of the flow rates. Meanwhile, the turbulent
entropy production of each schemes within different flow
rates are shown in Fig. 8, and the amount of turbulent
entropy production declines with the rising of flow rate.
The linear relationship between the turbulent entropy
production and flow rates is generated from 0.20Q to 1.00,
while the rate of reduction is decreasing from 1.00Q to
1.40Q, and the minimum rate of variation is obtained at
the 1.40. What is more, the turbulent entropy production
of scheme 2 under 0.2Q is obviously larger than other
schemes.

Fig. 9 indicates the wall entropy production for
different flow rate conditions. The wall entropy
production first declines and then rises, and the minimum
is obtained at about 0.9 O condition. In general, the
decrease rate is less than increase rate. The minimum of
wall entropy production with thick thickness blades
(scheme 2) is significantly larger than thin thickness
blades (scheme 1). By comparing the three types of
entropy production within different flow rates, it is
concluded that the flow rate can influence the entropy
production. The turbulent entropy production and
viscosity entropy production are greater than the wall
entropy production, which can be regarded as the major
factors leading to energy loss. Considering the working
surface of the blades plays an important role in the
energy transmission from mechanical energy to the
internal energy of water, therefore, the distributions of
turbulent entropy production rate and viscosity entropy
production rate on the working surface are analyzed.
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Fig. 7 The viscosity entropy production

6.00E+010 Schemet

——Scheme2

5.50E+010
——Scheme3
5.00E+010 4 ——Schemed
4.50E+010 ——Scheme5
——Scheme6
4.00E+010 ——Scheme7
¥ 3.50E+010 ——Schemes
—— Scheme?

S 3.00E+010+
[
@ 2.50E+010 -
2.00E+010 4
1.50E+010 -|
1.00E+010
5.00E+009 -
T T T T T T T T T T T
0.2 04 0.6 038 1.0 1.2 14
Q/m3h"
Fig. 8 The turbulent entropy production
1.2x10" Sehdmen
1 ——Scheme
1’1)(107 —— Scheme2
1.1x10" 7 ——Scheme3
1.1x107 ——Scheme4
1.0x107 4 ——Scheme5
9.5x10° ——Scheme6
= 3 —— Scheme7
T 6
X 9A0x105 N ——Scheme8
585’(10 1 \\ > ——Scheme9 _+~
= 8.0x10° NN
D 7 5x10° 4 N
7.0x10° >
6.5x10° 4
6.0x10° 4
5.5x10° 4
5.0x10° 4
451001
0.2 0.4 06 0.8 10 12 14
Q/m*h"

Fig. 9 The wall entropy production

4.3 Distribution of the viscosity entropy production
rate on working surface

Distribution of viscosity entropy production rate
within four flow rates is shown in the Fig. 10. The
viscosity entropy production is mainly caused by the
irreversible viscous dissipation, and the large area of
viscous dissipation is found at the trailing edge of the
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working surface under the small flow rates (0.2Q and
0.40). Meanwhile, due to the relatively low velocity of
water flow through the blade under small flow rates with
a positive attack angle on the working surface, the
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(a) The distribution of viscosity entropy production rate on working
surface under Q = 100 m*h
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(b) The distribution of viscosity entropy production rate on working
surface under Q = 300 m’/h
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(c) The distribution of viscosity entropy production rate on working
surface under Q = 500 m*/h

S O
Q’O @ o (/]
LN o ©

O X X X X

Svd [kg? m* s K]
NN

s @ s @ @ @ & ra e
e SN P A T RN PR

schel sche2 sche3 sche4 scheS sche6 sche7 sche8 sche9

(d) The distribution of viscosity entropy production rate on working
surface under O = 700 m*/h
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Fig. 10 The distribution of viscosity entropy production rate
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boundary layer is separated; the stability of the internal
flow is destroyed and the viscous dissipation is caused.
Therefore, the viscous dissipation of the thick blade
scheme 2, 5 and 7 is obviously higher than that of other
cases. With the increase of flow rates, the positive angle
of attack gradually declines and the area of the boundary
layer separation decreases. Moreover, the leading edge of
the scheme 2, 5 and 7 are thicker than other schemes, and
the overcurrent area of impeller is reduced, which results
in that the working surface exists obvious flow impact
within the large flow rates, and the high viscous dissipation
are generated at the leading edge of the scheme 2, 5 and 7.
Contrarily, viscous dissipation of the scheme 6 is the
lowest, because the increment of blade thickness from
leading edge to the trailing edge will not only decrease
the positive attack angle under the small flow rates, but
also decline the flow impact on the inlet of the impeller.

4.4 Distribution of the turbulent entropy production
rate on working surface

The distribution of turbulent entropy production rate
on the working surface is presented in Fig. 11. Compared
with the viscosity entropy production rate, the turbulent
entropy production rate is quite small. The turbulent
dissipation is related to the turbulent entropy production.
A large turbulent entropy production region can be
observed at the trailing edge of the working surface
under small flow rates. What is more, the turbulent
dissipation on the working surface of the scheme 2 is
much more serious than other schemes, which ascribes to
that the separation of boundary layer blocks the impeller
passage, thus the turbulent vortexes are generated at the
trailing edge of the working surface. At the same time,
with the increase of the flow rates, the smaller attack
angles are formed on the working surface, which leads to
the decrease of the boundary layer separation and
turbulent vortexes.

Therefore, according to the theory of the entropy
production, it is concluded that the thickness distribution
of the blade plays a decisive role in the energy loss.
Compared with the energy loss of the different thickness
distribution blade, the blade with the decrement distribution
thickness can not only lead to obvious separation of the
boundary layer small flow rates, but also generates the
strong impact on the leading edge under large flow
conditions. On the contrary, the turbulent entropy
production and viscosity entropy production of the blade
with increment thickness distribution are lower than the
decrement one. More importantly, the energy loss of the
scheme 6 with increment thickness distribution is the
lowest among the nine schemes. In other words, the
blade thickness distribution of 3-6-6 is more in line with
the regularity of ideal liquid flow.
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(b) The distribution of turbulent entropy production rate on working
surface under Q = 300 m*/h
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(c) The distribution of turbulent entropy production rate on working
surface under Q = 500 m*/h
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(d) The distribution of turbulent entropy production rate on working
surface under Q = 700 m*/h
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Fig. 11 The distribution of turbulent entropy production rate
5. The Analysis of Hydraulic Performance

The head, as an important index of the fluid machine,

reflects the energy gained from pump by unit mass liquid.

The equation of the head can be represented as:

2 2
H=Lda"Ps Y= (7 _7) 9)
rg 2g
where P,and P, stand for the liquid pressure of the pump
outlet and inlet respectively; v, and v, represent the liquid
velocity of the pump outlet and inlet respectively; Z; and
Z, represent the distance from the inlet and outlet of
pump to the base level respectively.

In order to reduce the deviation, the non-dimensional
treatment is carried on the head and flow rates. The non-
dimensional head and flow rates can be given as:

92 (10)
D, byuy
gH
= 11
us /2 (an

where Q is the flow rates; n is the rotation speed; D, is
the impeller outer diameter; H is the head of the pump; b,
is the impeller outlet width; u, is the circumferential
velocity at the impeller outlet which can be obtained as
follow:
60
Eq. (12) is substituted into Eq. (10) and Eq. (11):
b 600
7z2D22b2n
2gH x3600
7r2D22n2 (14)

As illustrated in Fig. 12, the head of the blades with
increment thickness distribution is obviously larger than
that of the blades with decrement thickness distribution.
This phenomenon is ascribed to the increase of meridional
velocity and angle of attack with the decrease of the
thickness distribution of blades, and the boundary layer is
severely separated, leading to significant viscosity
entropy production. At the same time, the separation of
the boundary layer can not only cause the energy loss,
but also block the passage of the impeller and reduce the
expelling coefficient of the blade. Therefore, the head of
the scheme 1 is lower than scheme 2 from 250 m*h to
450 m*/h, which is caused by the collision of the liquid,
rather than energy conversion through blades. As shown
in the Fig. 13, although the head of the uniform thick
blade of scheme 2 is higher than that of the thin blade of
scheme 1, the efficiency of the liquid collision is still
lower than the thinner blade, considering that the impact
of the liquid is accompanied by severe viscosity
dissipation. Importantly, the hydraulic performance of the
blades with increment blades thickness distribution is
better than that of scheme 1 with thin blades, which
indicated that the preferable hydraulic characteristics can
be obtained by applying the blades with increment blades
thickness  distribution.  Therefore, the thickness

(12)

5

(13)
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distribution of blades is of great significance to internal
flow field of the impeller.
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Fig. 13 The efficiency curves of each scheme
6. Analysis of the Pressure Pulsation

The axial or radial vibration of the blades can be
generated under the effect of unsteady flow conditions,
and the vibration can not only lead to the fatigue failure,
but also cause the crack on the working surface, which
can affect the service life of the impeller seriously. In
order to ensure the high-efficiency and safety operation
of the blades for a long time, the pressure fluctuation of
the impeller is analyzed, which can present the unsteady
characteristic of the flow field on the working surface
clearly. Due to that the wrapping angle of the blade is
120°, the monitoring points are set on the middle
streamline of the working surface every 20° from leading
edge to the trailing edge (Py, Py, Py, P3;, P4 and Ps), as
shown in Fig. 14.

y

P,
Py

71

* /M

Fig. 14 Location diagram of pressure monitor points
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The unsteady calculation is carried out on the basis of
the steady simulation result, the blade rotation speed is
set as 2200 r/min, and the total simulation time is 0.22 s.
Meanwhile, a time step is obtained when the blades
rotate 3°, namely, every time step will cost 2.27x10™*s. In
order to acquire the convergent results, the pressure
fluctuation data of the 9" rotation period are analyzed. At
the same time, the pressure coefficient C,, is introduced to
reduce the deviation caused by the nonuniform variation
of the pressure. The transient pressure of the grid node
comprises two parts, namely, the time-averaged pressure
and periodic pressure [20-22]:

N-1
P (node) = % z p(node, 1y + jAt) (15)
Jj=0
p(node,t) = p(node,t)— p(node) (16)
1 N-1
N p* (node,t + At)
- j=0
Cp= — a”
EPUz

Where p is the time-averaged pressure; pis periodic
pressure; N is total time step; Az is the time step; p is the
density of water; U, is the rotation velocity at the outlet
of impeller.

The time domain diagrams of pressure pulsation are
shown in Fig. 15. It can be found that the pressure
pulsation of each scheme has the similar variation rule
within the same flow rate. The pressure pulsation
amplitude is increasing from leading edge to the trailing
edge, and the pressure pulsation amplitude of Ps reaches
the maximum among the six monitoring points. The
pressure pulsation phase of Ps is significantly lagged
behind the other pressure monitoring points. It can be
seen that the flow rate plays an important role on the
characteristics of pressure pulsation, and the pressure
pulsation amplitude under the small flow rates is
obviously higher than other flow rates. Meanwhile, the
boundary layer separation blocks the impeller passage,
causing the pressure wave to collide with the flow,
resulting in secondary peak at small flow rate. What is
more, the amplitude of the secondary wave can be
enhanced when the fluctuation mode is identical to the
separation of boundary layer; otherwise, the amplitude of
the secondary wave is very low. With the increase of the
flow rates, the separation of boundary layer gradually
disappears, and the amplitude of pressure pulsation
reaches the minimum under the design flow rate. At the
same time, the waveform would be transformed from the
irregular wave to the sine wave. However, when the flow
rates increase continuously, the amplitude of pressure
pulsation rises slightly without any secondary wave. The
same conclusions are obtained by Zhai et al. [22]

Fig. 15 indicates that the pressure pulsation amplitude
of the blade with increment thickness distribution is
larger than the increment one under design and large flow
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Fig. 15 Time domain diagrams of pressure pulsation

rate, but the condition is opposite under the small flow
rates. Furthermore, the amplitude of pressure fluctuation
of scheme 6 is obviously lower than other schemes under
design flow rate. In other word, the blade with thickness
distribution of 3-6-6 can satisfy the requirements of the
ideal liquid flow, and the liquid could flow according to
the designed speed direction. Therefore, the thickness
distribution of the blades can effectively improve the
pressure pulsation characteristics, and ensure the blades
operating under the safe and stable condition.

7. Test

7.1 Test of hydraulic performance

In order to benchmark the result of simulation, the test
of optimal blade with increment thickness distribution
(3-6-6) are carried out on the I level accuracy test bench
in Jiangsu University, as shown in Fig. 16. All
experiment instruments are employed after calibration.
Table 3 lists the accuracy of apparatus.

Fig. 17 presents the external characteristic curves of
the novel self-priming pump based on the simulation and
test. The performance curve obtained by numerical
computation is more in line with test results within

different flow rates. The deviations are less than 3%,
which is attributed to the neglect of mechanical loss of
seals and bearings in the numerical computation. Thus,
the internal field characteristics of the novel self-priming
pump can be predicted reasonably through appropriate
grid quality and turbulence model.

Table 3 Accuracy of apparatus
Apparatus Accuracy
Turbine flow meter +1.0%
Pressure sensor +0.5%
Torque-speed transducer +0.5%

Fig. 16 The test of external characteristic
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7.2 Test of self-priming

For investigating the self-priming performance of the
novel self-priming pump, the tests of the different self-
priming heights are performed respectively. Table 4 lists
the average self-priming time after repeated tests. It can
be found that the self-priming time is obviously shorter
than the traditional self-priming pump, and the
performance of self-priming is remarkably superior to the
national standard. Thus, the self-priming ability is
significantly improved by employing the novel jet
self-priming system.

6m

Fig. 18 Self-priming test under different height

Table 4 Result of the self-priming test

Height 6m 7m 8m

Self-priming time 92s 121s 173s

8. Conclusions

In this paper, the self-priming performance is
significantly improved by employing the novel jet
self-priming system. The optimal thickness distribution of

the blade is obtained by systematical and theoretical analysis.

The conclusions are obtained as follow:

1. The novel self-priming pump is proposed. The quick
self-priming velocity and the self-closing of jet self-priming
can be achieved by the well coordination between the jet
nozzle and globe value. The self-priming test is performed
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under 6 m, 7 m and 8 m, and the performance of self-
priming is remarkably superior to the national standard.

2. The internal field characteristic of blades with different
thickness distribution are analyzed, and the obvious
elliptical high-pressure area (EHPA) are found at the trialing
edge of the thicker blade under small flow rates. It ascribes
to that the positive angle of attack is generated, and the
control of the fluid boundary layer on the blade surface is
insufficient, which results in the separation of the unstable
boundary layer at the blade outlet. The EHPA of each
scheme on the working surface are vanished at the design
flow rate. When the flow rate increases to 700 m’/h, gradient
of pressure distribution on the working surface becomes
more uniform, and the local low-pressure can be founded on
the trailing edge of blade with increment thickness
distribution of working surface. The relative velocity at the
trialing edge is high under large flow rates, and the liquid in
the volute flows according to free vortex theory. The
velocity vector at the blade trailing edge changes significantly.

3. The energy loss is investigated based on the entropy
production theory. It is concluded that the flow rate has the
different influence on the three types of entropy production,
and the turbulent entropy production and viscosity entropy
production are greater than the wall entropy production,
which can be regarded as the major factors leading to the
hydraulic loss. The blade employs the decrement
distribution thickness from leading edge to the trailing edge,
which can not only give rise to obvious separation of the
boundary layer under small flow rates, but also generates the
strong impact at the leading edge under the large flow
conditions. The similar conclusions are verified by the
analysis of hydraulic performance, and the test is performed
to benchmark the credibility of the simulation.

4. Compared with the pressure pulsation on the working
surface of the blade, it is found that with the flow rates
increasing, the amplitude of pressure pulsation firstly
decreases and then smoothly improves, and reaches the
minimum under design flow rate. By systematically
analyzing the energy loss and the pressure pulsation among
the different schemes, the optimal blades are obtained. The
blade with thickness distribution of 3-6-6 can satisfy the
requirements of the ideal liquid flow, and the liquid could
flow according to the designed speed direction. Moreover,
the optimal thickness distribution of the blades can
effectively improve the pressure pulsation characteristics,
and ensure the blades operating under the safe and stable
condition.
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