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Abstract The Reynolds averaged Navier-Stokes equations and the shear stress transport
k-w turbulence model are employed to simulate the centrifugal pump with or without clearance
flows. The simulation results have been compared with the experimental data and good
agreement has been achieved. Results show that clearance flow causes a decrease in the
characteristics of the centrifugal pump, particularly in pressure fluctuation. The largest deviation
of the amplitude of pressure fluctuation between the centrifugal pump with and without clear-
ance flow is 65.34 %. The numerical results also show that the clearance flow causes collision
impact with the mainstream flow and forms a multiple vortex structure at the impeller entrance.
Clearance flow greatly affects the pressure distribution in the impeller passage, which is oppo-
site to the volute tongue, especially at the suction side of the blade surface. The wave distribu-
tion decreases along the direction of the hub to the shroud, which indicating that the influence
of clearance flow weakens along this direction.

1. Introduction

Centrifugal pumps are widely used in fluid transportation and energy conversion engineering
applications, such as aeronautical and astronautical industries, ocean engineering, hydraulic
engineering and the electricity and petrochemical industries [1-6]. The complex internal flow,
including the main flow and clearance flow, plays a crucial role in the efficient energy conver-
sion, operation safety, and the service life of centrifugal pumps.

A large number of studies on the internal flow of the centrifugal pumps have been carried out
on the main flow, including rotor-stator interaction [7-16], separating vortex [17, 18], rotating
stall [19-22], and secondary flow [23-26]. For example, strong interaction between the impeller
and volute directly affect the stable operation of the pump. Thus, the intense pressure fluctua-
tion must be reduced to improve the performance of the pump. Spence et al. [15] and Zhang et
al. [16] analyzed the influence of geometrical parameters on the pressure pulsation characteris-
tics of the pump and found that appropriate geometry can effectively reduce the pressure pul-
sation intensity in the pump. The rotating stall, which is an unsteady flow phenomenon in the
impeller, which generally causes low frequency vibration and even damages the pump [20].
Meanwhile, secondary flow plays an important role in centrifugal pumps. Detailed studies on
secondary flow were carried out through PIV measurements and numerical methods [26].

Note that all of the aforementioned studies are without including clearance flow, only focus on
the flow in the impeller and volute. The clearance between the rotating impeller and stationary
casing plays an important role in centrifugal pumps. However, it is normally omitted in the nu-
merical predictions of the internal and external performance of the pump, because it greatly
affects the internal flow and performance of the pump [27]. Leakage flow through the wear ring
clearance causes the variation of the internal flow situation due to the clearance inside the
pump, resulting in volumetric loss. Therefore, the clearance flow and its influence must be
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Fig. 1. Schematic of the two centrifugal pump models.

investigated [28-33]. Liu et al. [34] investigated the characteris-
tics of tip leakage vortex in a mixed flow pump and revealed
the spatial-temporal evolution of the tip leakage vortex. Cao et
al. [35] studied the effect of axial clearance on the efficiency of
a shrouded centrifugal pump and found that volumetric effi-
ciency is most sensitive to the axial clearance. The wear ring
clearance is an important part of the leakage flow path of the
pump and the wear ring clearance flow greatly affect the head
and total efficiency of the centrifugal pump [36]. In addition, the
variable of the clearance of front wear ring has the most influ-
ence on the performance of a centrifugal pump [37, 38]. In
recent years, DaqgiqShirazi et al. [39] studied the effect of wear
ring clearance on flow field in the impeller sidewall gap and the
variation of the efficiency in a low specific speed centrifugal
pump. Yan et al. [40] numerically analyzed the effect of flat ring
seal and labyrinth seal on the leakage and efficiency of a
pump-turbine with 0.2 mm and 0.5 mm wear ring clearance.
They found that the impact of the leakage flow is very large
and cannot be ignored.

The effect of clearance flow on characteristics of centrifugal
pump is still not fully understood due to the limited research
linked to clearance flow within the centrifugal pump. Further-
more, the effect of clearance flow on streamline distribution at
the impeller entrance and pressure distribution within the cen-
trifugal pump must be examined in detail, especially at low flow
rate. Therefore, studying the influence of clearance flow on the
characteristics of centrifugal pumps under low flow rate is an
urgent research undertaking.

The main objective of the present study is to investigate the
influence of clearance flow on the characteristics of the cen-
trifugal pump under low flow rate. The structure is organized as
follows. The model description and numerical methods are
discussed in Sec. 2. Sec. 3 presents the results and discus-
sions. Finally, we summarize our findings in Sec. 4.

2. Model description and numerical meth-
ods

2.1 Physical models

Fig. 1(a) shows the centrifugal pump model, which is named
as model A, it is consists of the cavity, impeller, volute, inlet,

Table 1. Performance and geometric parameters.

Parameters Sign Value
Flow rate (m%h) Qu 45
Head (m) Hq 309
Efficiency (%) n 64.5
Rotation speed (r/min) Ng 2900
Specific speed ng 920
Blade number V4 6
Wear ring clearance (mm) b 0.35
Wear ring clearance length (mm) / 13
Impeller inlet diameter (mm) Dy 86
Impeller outlet diameter (mm) D, 161
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Fig. 2. Mesh independency validation.

and outlet pipe. The cavity includes the clearance region be-
tween the rotating impeller and the stationary casing. The per-
formance and geometric parameters of model A are listed in
Table 1. To clarify the effect of clearance flow on the character-
istics of the centrifugal pump, a centrifugal pump model without
clearance flow was also developed and named as model B, as
shown in Fig. 1(b).

2.2 Numerical methods

The governing equations used were the unsteady three-
dimensional incompressible Reynolds-averaged Navier-Stokes
equations. The main form of governing equations is as follows:

ou.

i 1
. (1)
d ) o o ou
—(pu)\+—(puu, )=——+—| u—= [+ 2
o () o (ouu,) o o [# 6xJ ; (2

where p is fluid density, x; is the components in i direction, u;
are the average velocity components in i direction, S; is the
source term. The commercial CFD code ANSYS-Fluent was
used to solve the governing equations. Turbulent flow was
solved by the shear stress transport k-w turbulence model, and
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Fig. 3. Mesh diagram of the centrifugal pump.
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Fig. 4. FFT results of the pressure under various time step per impeller revolution.

standard wall functions were applied in the simulation. The
system was solved by the finite volume method, and the cou-
pling between velocity and pressure was achieved by using the
SIMPLE algorithm. The boundary conditions included the ve-
locity condition at the inlet and outflow of pump outlet. The
steady numerical simulation result was initially obtained using
the multiple frame of reference (MRF) method. The computa-
tional data of steady flow in the centrifugal pump was taken as
the initial condition of unsteady computation. The convergence
criterion is set as 1X 107 for both steady and transient simula-
tions, which is enough to obtain accurate results.

Structured hexahedral mesh was generated for the compu-
tational domain of the centrifugal pump, it had better conver-
gence characteristics during the numerical calculation. Six sets
of meshed tests were conducted for model A to validate the
mesh independence. The total mesh numbers are 1.81 million,
3.04 million, 5.07 million, 6.98 million, 8.68 million and 12.0
million. These mesh schemes were carried out for model A at
designed flow rate. Fig. 2 shows the head of these mesh
schemes. The results show that, with the increase in the mesh
element, no significant difference between the results is ob-
tained by the mesh with 6.98 million cells. This mesh size can
obtain satisfactory simulation accuracy, provide accurate re-
sults for the pump performance, and allow details of the main

(c) Centrifugal pump

—— Time step 720
—— Time step 360
—— Time step 180
—— Time step 120
—— Time step 80

(b) Monitor point near the volute outlet

flow pattern involved to be analyzed. Thus, the case with 6.98
million mesh numbers was selected for the final simulation.
The mesh details are shown in Fig. 3. The mesh numbers in
the inlet pipe, outlet pipe, pump chamber, volute, and impeller
are 216732, 204533, 3819421, 1327226, and 14139118, re-
spectively.

Time step size directly affects the temporal discretization ac-
curacy, which is of great significance to the present work focus-
ing on the accuracy of the clearance flow. Fig. 4 illustrates the
FFT results of the pressure fluctuation with model A under
various time step (TS) sizes, including 90, 120, 180, 360 and
720 time steps per impeller revolution at nominal flow rate. The
blade passing frequency fgpr and its harmonic frequency are
captured in the frequency domain distribution. With the de-
crease of the time step size per impeller revolution, the pres-
sure frequency signals show an increasing trend. Therefore,
larger value of the time step size per impeller revolution is pre-
ferred in order to obtain accuracy resolution. Finally, taking the
calculation accuracy and calculation resources into considera-
tion, the time step size with 360 time steps per impeller revolu-
tion (At = 5.575x10° s) is selected as the unsteady calculation
time step. All the numerical simulations are carried out on a HP
server with 16 central processing units. It takes about 188 hrs
for calculating one case.
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Fig. 6. Pressure fluctuation in the frequency domain under nominal flow
rate.
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Fig. 7. Comparison between the experimental and numerical results of the
centrifugal pump.

2.3 Validation of the calculation results

The numerical results of model A were verified by measuring
the pump performance characteristics and unsteady pressure
fluctuations. The experiments of the centrifugal pump are con-
ducted at National-Provincial Joint Engineering Laboratory for
Fluid Transmission System Technology of Zhejiang Sci-Tech
University. The test platform consisted of a centrifugal pump, a
tank, a circulation-line system, pressure sensors, data acquisi-
tion and processing system, as shown in Fig. 5. The centrifugal
pump was driven by a 7.5 kW electromotor with a variable
frequency controller. The rotational speed was measured by
using a photoelectric tachometer. The sensor ranges were -0.1
to 0.1 MPa and 0 to 1.0 MPa. All data signals were identified
and stored in the computers for further analysis.

Figs. 6(a) and (b) respectively show the pressure fluctuation
distribution in the frequency domain of the experimental results
and numerical simulation with model A at nominal flow rate.
The dominant frequency is observed in the numerical and ex-
perimental results. The fzr obtained by the experiment is
slightly higher, because of the factors, such as motor and volt-
age in the actual operation.

Fig. 7 presents the comparison of experimental and numeri-
cal results of model A. Note that the numerical results show
good agreement with the experimental results. In the full flow

192



Journal of Mechanical Science and Technology 34 (1) 2020

DOI 10.1007/s12206-019-1220-2

() T5 = T+4/6T

(d) T4 = T+3/6T

Fig. 8. Absolute velocity distribution on cross-section of model A.

(d) T4 = T+3/6T

Fig. 9. Absolute velocity distribution on cross-section of model B.

range, the maximum deviation of the head curve and the effi-
ciency curve is within 4 %, which reflects the accuracy of the
numerical calculation results.

The results of model B are also shown in Fig. 7 to in-
vestigate the influence of clearance flow on the head and effi-
ciency of the pump. The predicted results of model A and
model B exhibit similar distribution tendencies. However, the
numerical results of the head and efficiency of model A is evi-
dently lower than those of model B. In comparison with model
B, the head and efficiency of model A decreased by 4.37 %
and 19.47 % under various flow rates on average, because
model B ignores the flow loss caused by the clearance flow in
the pump, finally resulting in a large difference in the head and
efficiency between the two models.

() T5 = T+4/6T

(f) T6 = T+5/6T

In summary, the calculated external characteristics curve of
model A is quite different from those of model B without con-
sidering the clearance flow. It is well known that the internal
flow of centrifugal pumps is complicated, especially under par-
tial flow rate. Detailed analysis on the characteristics of the
clearance flow and its influence on the internal flow field of
centrifugal pumps are of great significance under partial flow
rate. Therefore, the following section is performed at 0.2Qy.

3. Results and discussions

3.1 Effect of clearance flow on streamline dis-
tribution of impeller entrance

Figs. 8 and 9 show the distribution of the streamline at differ-
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ent flow times. The rotation period of an impeller passage is
named as T, which is equal to 60 degrees in the present study.
The high-energy leakage flow from the wear ring impinges on
the pump casing at a high speed, and then flows along the
casing towards the impeller inlet (the flow direction is presented
by the blue arrow). A large vortex, which is named as vortex 1,
is formed under the coaction of the shearing of the high-speed
and high-energy leakage flow, as shown in Fig. 8(a). The vor-
tex has a certain squeezing effect on the mainstream of the
impeller inlet and causes the flow deviation at the impeller inlet.
Subsequently, wear ring leakage flow collides with the main-
stream flow of the impeller. The interaction between clearance
flow and mainstream flow is basically divided into the collision
impact stage, reversing mixing stage, and the assimilation
stage. During the collision impact stage, the high-speed leak-
age flow collides with the low-speed mainstream of the im-
peller and results in a vortex near the surface of the pump inlet,
namely vortex 2. In the reverse mixing stage, the leakage flow
moves in the opposite direction of the mainstream flow and
mixes with the mainstream flow. Vortex 3 is generated under
the action of the mainstream and the leakage flow. In the as-
similation phase, the interaction between the wear ring leakage
flow and the mainstream flow results in a rapid energy loss of
leakage flow. When the leakage flow energy is exhausted, it
flows into the impeller along with the main flow.

The assimilated fluid and the reverse flow near the shroud
flow into the impeller together. In the interaction between the
leakage flow and the impeller mainstream flow, multiple vor-
tices are generated. The vortices adjacent to each other rotate
in opposite directions and are mainly distributed near the wall.
With the rotation of the impeller, the multiple vortices do not
change evidently. However, the influence area of reverse flow
changes during the rotation period at the entrance of the impel-
ler. For comparison, the streamline distribution of model B is
presented in Fig. 9. The figure shows significant reverse flow
area, which is located at the entrance of the impeller. The local
fluid flows backward from the impeller inlet into the inlet pipe.
The reverse flow direction and its influence range are shown by
the blue arrows. This flow phenomena includes the reversing
mixing stage and the assimilation stage. A large reverse flow is
observed at the entrance of the impeller. With the rotation of
the impeller, the reverse flow area always appeared at impeller
inlet near the shroud region. No significant variation of the re-
verse flow area is found at the impeller inlet, whereas the cen-
ter position of the vortex changes with the rotating impeller.

In summary, clearance flow greatly affects the internal flow at
the entrance of the impeller. Compared with the model without
clearance, the existence of clearance flow causes a new flow
phenomenon, that is, the collision impact stage. In addition,
clearance flow results in the multiple vortices structure found at
the impeller entrance and inhibits the reverse flow at impeller
entrance near the shroud region. Clearance flow causes large
change of flow structure at the entrance of the impeller. Thus,
the influence of the clearance flow must be considered to ob-
tain accurate flow results of the pump.
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Fig. 10. Pressure distribution on the center plane.

3.2 Effect of clearance flow on pressure distri-
bution of the volute

The pressure coefficient is defined as follows:

P— D
= 0.5pu ®)
where p. is the reference pressure, and u, is the cir-
cumferential velocity of the impeller.

Fig. 10 shows pressure distribution on the center plane. As
can be seen in the low-pressure area at the impeller inlet, the
pressure increases gradually along the direction from the im-
peller inlet to the outlet. A similar phenomenon is observed in
Refs. [41-44]. However, the difference in pressure distribution
of the two models is mainly reflected in the value. In general,
the pressure in the volute of model A is lower than that of
model B due to the clearance flow.

The pressure fluctuation data during the last three impeller
period were obtained to quantitatively analyze the influence of
the clearance flow on the pressure inside the volute. Fig. 11
shows the pressure fluctuation and frequency spectra, the
points position is indicated in Fig. 11(d).

The distribution of pressure at each monitoring point shows
evident periodicity, which is clearly denoted in Figs. 11(a)-(c).
Six peaks and valleys are found within one impeller period. A
similar phenomenon is observed in Refs. [45-47]. The ampli-
tudes of the peaks and valleys exhibit a certain difference. The
comparison between the pressure fluctuation at the same
monitoring point indicates the slight difference in the average
pressure of the monitoring point between model A and model B.
However, the pressure fluctuation amplitude is quite different.
Evidently, the corresponding amplitude of the monitoring point
in model A is significantly lower than that of model B, as shown
in Figs. 11(a)-(c). The blade passing frequency and its multi-
ples are found in the distribution of pressure spectra, whereas
the corresponding amplitude of the fgpr of each monitoring
point is significantly different, as shown in Figs. 11(d)-(f). Re-
sults show that the amplitude, which corresponds to fzpr from
P1 to P3, decreases successively. A similar phenomenon is
observed in Ref. [48]. The existence of the clearance flow
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causes the high-energy flow loss at the impeller outlet, and
further reduces the intensity of the pressure fluctuation. As a
result, the amplitude of the fzpr Of model A is significantly lower
than that of model B at the same monitor point. In comparison
with model B, the largest amplitude of pressure fluctuation at
the monitoring probe from P1, P2, and P3 for model A de-
creases by 56.38 %, 65.34 %, and 58.36 %, respectively.

Therefore, the internal clearance flow of the centrifugal
pump significantly affects the pressure distribution and the
pressure fluctuation characteristics. The occurrence of the
leakage flow causes the decrease in the pressure, resulting in
the energy loss at the impeller outlet and reducing the intensity
of the pressure fluctuation inside the pump. Thus, the effect of
clearance flow on the pressure distribution of the volute must
be considered.

3.3 Effect of clearance flow on pressure distri-
bution of the impeller

Fig. 12 shows the pressure distribution in blade-to-blade
view for different spans. As can be seen, the distribution of
pressure on the different spans of the two models has a certain
similarity. The pressure gradually increases along the flow
direction, the minimum value is achieved at the impeller inlet
and the maximum value is obtained at the impeller outlet.
Meanwhile, the pressure at the inlet of the impeller passage
increases along the direction from hub to shroud. However, the
difference in the pressure distribution at the impeller outlet is
mainly found in the impeller passage directly opposite to the
volute tongue for the cases with and without clearance flow. In
model A, the pressure distribution in the impeller channels
grows gently and is evenly distributed. However, in model B,
the pressure distribution in the impeller passage is relatively
uneven. The pressure distribution in the flow channel against
the tongue is significantly different from that in the other flow
channels. The low-pressure area near the pressure side ex-
tends along the direction from the inlet to the outlet of the flow
channel at different blade-to-blade spans.

Fig. 13 shows the pressure distribution on the circum-
ference of the impeller outlet at 0.5 span and the average
pressure is indicated by the dashed line. In general, the pres-
sure on the circumference of the impeller outlet of model A is
slightly smaller than that of mode B. The detail deviation of the
average pressure at the impeller outlets of model A and model
B is 4 %. Along the direction of the impeller rotation, the pres-
sure increases from channel 6 to channel 2. However, in chan-
nel 1, the pressure initially decreases and then increases. This
phenomenon is more pronounced in model B. In addition, the
distribution of pressure on the circumference of the impeller
outlet is different for the two models. In model A, the pressure
on the circumference of the impeller outlet is relatively uniform.
On the contrary, in model B the pressure distribution at impeller
outlet is extremely uneven and the pressure fluctuates greatly,
especially at the flow channel against the volute tongue. Thus,
the influence of the clearance flow on the pressure distribution

T T T -
—+—Model A - -- Average pressure of Model A Decreasing
—+— Model B - - - Average presswe of Model B trend

i

L i e
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g ?;'\M r"‘.‘\i"‘l
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Fig. 13. Pressure distribution on the circumference of the impeller outlet at
0.5 span.

of the impeller outlet is mainly concentrated at the flow channel
against the volute tongue.

Clearance flow significantly affects the pressure distribution
inside the impeller. The existence of clearance flow causes the
leakage of high-energy fluid at the impeller outlet, which in turn
causes the pressure decrease in impeller. The flow channel,
which is opposite to the volute tongue, is most affected by
clearance flow. In addition, the clearance flow causes the varia-
tion of the pressure distribution in the circumferential direction
of the impeller outlet.

Fig. 14 shows the pressure coefficient distribution of the
blade surface in the impeller passage in the blade-to-blade
view at 0.5 span, where L stands for the relative length of the
blade. The difference is mainly reflected on the pressure mag-
nitude and distribution on both sides of the flow channel for the
cases with and without clearance flow. In general, the pressure
magnitude on the pressure side is larger than that on the suc-
tion side. This phenomenon results from the energy obtained
from the pressure side (PS) of the blade surface. Maximum
pressure value is achieved near the region at the outlet of the
impeller. The pressure on the suction side (SS) of the blade
gradually increases along the direction from the impeller inlet to
the impeller outlet. In summary, only a slight difference is ob-
served in pressure on the suction side for the cases with and
without clearance flow. The intersections between the pres-
sures of the suction side are observed at approximately 0.6 L.
In the area from 0.55 L to 1 L, the pressure distribution on the
blade pressure side is quite different. For model A, the pres-
sure magnitude on pressure side increases gently in the area
from 0 L to 0.75 L, and then presents rapid growth from 0.7 L
to 0.95 L. The pressure decreases at the outlet region of the
impeller from 0.95 L to 1.0 L. For model B, a large reduction is
found in the pressure magnitude on the pressure side from
0.55 L to 0.70 L. Then, the pressure increases significantly
from 0.7 L to 0.95 L. The difference in the pressure distribution
indicates that the pressure variation degree on the pressure
side of model A is much lower than that of model B.

The relative pressure deviation ¢, is adopted to study the
pressure distribution on the blade surface to obtain the pres-
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sure characteristics at different spans on both sides of the flow
channel against the volute tongue. The relative pressure devia-
tion ¢y is defined as follows:

= P.— D (4)
Py

where p, is the pressure on the blade surface of model A, and
Py is the pressure on the blade surface of model B.

Fig. 15 shows the distribution of the relative pressure devia-
tion ¢,y on both sides of the flow channel against the tongue. A

significant difference is observed in the pressure distribution at
the entrance of the impeller (0-0.3 L). This phenomenon is
mainly caused by the unsteady flow at the leading edge of the
impeller blade. From 0.3 L to 1.0 L, the relative pressure devia-
tion ¢, on the suction side (SS) of the blade surface is almost
zero for the cases with and without clearance flow, thus indicat-
ing the slight difference on the distribution and magnitude of
pressure on the suction side of the blade surface, as shown in
Fig. 15(a). However, the pressure distribution on the pressure
side (PS) is relatively different from that on the suction side. A
significant difference in pressure distribution from 0.5 L t0 0.9 L
is observed on the pressure side, as shown in Fig. 15(b). In this
region, the relative pressure deviation on the pressure side
causes the wave distribution, and the peak amplitude de-
creases in turn along the direction from hub to shroud. This
finding that the pressure on the pressure surface of the flow
channel is greatly affected by the clearance flow, and the influ-
ence is weakened gradually along the direction from hub to
shroud.

The clearance flow affects the pressure distribution through-
out the impeller, especially in the impeller passage directly
facing the volute tongue. The pressure variation in model A is
lower than that in model B, which is closely related to the leak-
age energy loss caused by clearance flow. Therefore, the in-
fluence of clearance flow on the pressure distribution in the
impeller must be considered for an accurate internal flow distri-
bution.

4. Conclusions

A combined approach of experimental measurement and
numerical simulation is used in this study to investigate the
performance variation of centrifugal pump with or without
clearance flow under low flow rate. The reliability of the nu-
merical results is verified by comparing the external character-
istic and the pressure fluctuation experiments. The effect of
clearance flow on the internal flow characteristics is analyzed in
detail under low flow rate. The main conclusions are summa-
rized below.

(1) Clearance flow significantly reduces the head and effi-
ciency of the centrifugal pump. The average deviations of the
head and efficiency under different flow rates are 4.37 % and
19.47 %, respectively, for the cases with and without clearance
flow.

(2) The comparative results with or without clearance flow
show that the clearance flow causes collision impact with
mainstream flow and forms a multiple vortices structure at the
impeller entrance.

(3) Clearance flow causes the reduction of pressure inside
the pump and results in the decrease in the magnitude and
intensity of pressure fluctuation in the volute. The highest am-
plitude of pressure fluctuation decreased by 65.34 % in the
case with clearance flow.

(4) Clearance flow causes the variation of the pressure dis-
tribution in the impeller, especially at the flow passage facing
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the tongue. The relative pressure deviation on the pressure
side, which is affected by the clearance flow, causes wave
distribution. In turn, peak amplitude decreases along the hub to
shroud direction.
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Nomenclature

Co : Pressure pulsation coefficient (-)
Cp : Relative pressure deviation (-)

b : Wear ring clearance (mm)

Ds : Inlet diameter of impeller (mm)
D, : Outlet diameter of impeller (mm)
Ds : Inlet diameter of volute (mm)

/ : Length of wear ring clearance (mm)
L : Relative length of blade (-)

H : Pump head (m)

Hqy : Designed pump head (m)

n : Pump efficiency (%)

n : Rotation speed (r/min)

Ng : Designed rotation speed (r/min)
p : Static pressure (Pa)

Dref : Reference pressure (Pa)

PS : Pressure side (-)
SS : Suction side (-)
TS : Time step (-)

Up : Circumferential velocity of impeller
Z : Blade number (-)
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