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Abstract

Rotor-stator interaction in axial pumps can produce pressure fluctuations and further vibrations even damage to the pump system in
some extreme case. In this paper, the influence of tip clearance on pressure fluctuations in an axial flow water pump has been investi-
gated by numerical method. Three-dimensional unsteady flow in the axial flow water pump has been simulated with different tip clear-
ances between the impeller blade tip and the casing wall. In addition to monitoring pressure fluctuations at some typical points, a new
method based on pressure statistics was proposed to determine pressure fluctuations at all grid nodes inside the whole pump. The com-
parison shows that the existence of impeller tip clearance magnifies the pressure fluctuations in the impeller region, from the hub to
shroud. However, the effect on pressure fluctuation in the diffuser region is not evident. Furthermore, the tip clearance vortex has also

been examined under different tip clearances.
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1. Introduction

Axial flow pumps are widely used in engineering due to the
capacity of transporting a larger flow rate. The internal flow
field of an axial flow pump is extremely complex and totally
turbulent, including backward leakage flow, vortex shedding
from the impeller blade tip, unsteady boundary layers on the
blade and the adjacent casing, as well as the flow interaction
between the main flow and the backward leakage flow
through the impeller blade tip clearance driven by the pressure

difference between the blade pressure side and suction side [1].

Furthermore, due to relative motion between the impeller and
diffuser, as well as the inherent characteristic of high turbu-
lence in the flow with a high Reynolds number, the pressure
fluctuation in the pump is very strong, inducing vibrations and
extra hydraulic forces to the pump components, together with
some noise to the environment.

Many investigations including numerical simulations and
experimental measurements have been carried out to capture
flow structures in axial flow water pumps, mostly focusing on
the flow structure of tip leakage vortex. Zierke et al. [2, 3]
reported experiment results obtained from two-dimensional
Laser Doppler velocimetry (LDV) and oil-paint method in the
impeller tip clearance region, investigating the effects of tip
clearance size on the structure of the rotor tip leakage vortex,
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as well as the trajectory of the tip leakage vortex core. Wu et
al. [3] applied two-dimensional Particle image velocimetry
(PIV) technique to measure the tip vortex flow structure in the
meridonal plane of an axial flow pump, more attention was
paid to the rollup and breakdown of the tip vortex. Zhang et al.
[4, 5] conducted numerical simulations for an axial flow pump
with four impeller blades and seven diffuser vanes using a
commercial CFD code to study the tip leakage vortex struc-
ture and trajectory, and the results were compared with ex-
perimental images obtained with a high speed camera. They
found that the starting point of tip leakage vortex occurs near
the impeller blade leading edge at part-load conditions, and it
moves from leading edge to about 30% chord length at the
design flow rate.

Pressure fluctuation has been extensively investigated in ra-
dial pumps, including pressure fluctuations generated by im-
peller-tongue interactions [6-8] and also impeller-diffuser
interactions [9-13]. However, the work related to pressure
fluctuations in axial pumps is relatively scarce. Zhang et al.
[14] utilized pressure transducers to study the pressure fluctua-
tion in an axial flow pump. They demonstrated that pressure
fluctuation amplitude increases from the hub to the tip in the
impeller, the greatest pressure fluctuation occurs at the impel-
ler inlet, and the blade passing frequency is dominant in the
frequency spectrums. Shuai et al. [15] carried out numerical
simulations in an axial-flow water pump to examine the pres-
sure fluctuation characteristics at several typical monitor
points. They pointed out that pressure fluctuation on the im-
peller blades decreases from hub to shroud and the presence of
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Fig. 1. Computational domain of the pump.

vortex structures has influences on the pressure fluctuation
near the impeller outlet. Recently, Kang et al. [16] have
examined the influence of stator vane number on the per-
formance including pressure fluctuations of an axial-flow
pump. Ji et al. [17] investigated the alleviation of pressure
fluctuations around a marine propeller with different skew
angles.

Due to limited research linked to pressure fluctuations in
axial flow pumps, the understanding on generation mecha-
nism and transportation characteristics of pressure fluctua-
tion is still not satisfying. In particular, the influence of tip
clearance on pressure fluctuation needs to be examined in
detail. Furthermore, both numerical simulations and meas-
urements on pressure fluctuations have been performed
only on some selected monitoring points in CFD simula-
tions or some limited measuring positions in experiments,
thus resulting in possible neglecting of some important fea-
tures due to the limited points of investigation. In this paper,
the internal unsteady flow field in an axial flow pump has
been numerically investigated, and the pressure fluctuation
inside the whole pump has been calculated through a post-
processing at all grid nodes. The standard deviation of un-
steady pressure denotes the amount of pressure variation for
a serial of fluctuating pressures. It is assumed to be more
accurate to quantify the pressure fluctuation than the
method of peak-to-peak difference of unsteady pressure,
and is adopted in this paper. In addition, the influence of
blade tip clearance on pressure fluctuation has been exam-
ined.

2. Numerical methodology

2.1 Geometry

The axial flow pump under investigation is shown in Fig. 1
in a three-dimensional view, with the complete hydraulic flow
path taken as computational domains for CFD simulations.
The outer diameter of the impeller blade is D, = 0.3 m, with a
tip clearance of 0.3 mm to the impeller casing wall. The im-
peller has six three-dimensional blades, equipped with eleven
two-dimensional vanes for the diffuser. The design rotating
speed is n = 1450 rpm, the design flow rate is Q = 0.33 m’/s,
and the design head is H=8.5 m.

(a) Inlet pipe (b) Impeller

(c) Diffuser

(d) Outlet pipe

Fig. 2. Grid view of flow components.

2.2 Grid generation

It is known that the convergence of CFD calculations and
the accuracy of results are strongly dependent on the quality of
the computational grid. For this purpose, the grid generation
tool AYSYS ICEM-CFD was employed to create high-quality
structured grids with hexahedral elements for the complete
axial pump stage. The pump stage was divided into four flow
parts for grid generation: inlet pipe, impeller, diffuser and
outlet pipe. The grid for each flow component was created
separately, and then connected together with general grid in-
terface method. For the impeller and diffuser, a combination
of O-grid around the blade and H-grid in the passage was used,
in order to take full advantage of O-grid for the ability of good
boundary layer resolution. The impeller tip clearance between
the blade tip and the casing wall was meshed with 10 nodes in
the height direction in the impeller grid, for the purpose of
investigation of tip clearance flow. The first grid node from
wall was well controlled to ensure )+, the non-dimensional
wall distance, below 50 in the whole computational domains,
meeting the requirement of the turbulence model chosen in
this paper. The total number of grid nodes is 4736636, corre-
sponding to a total number of hexahedral elements of 4496591.
The grid view of all flow components is provided in Fig. 2.
Through comparing the results with different grid sizes for the
pump stage, it is found that the above grid size is fine enough
to obtain grid-independent results for the pressure field and
also the pump characteristics.

2.3 Numerical methodology

Three-dimensional turbulent flow filed inside the axial
pump stage was simulated by using a commercial CFD code
ANSYS CFX-14.0. A constant total pressure was specified at
the inlet of the computational domain, with flow direction
normal to the inlet surface. At the outlet, mass flow rate is
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given. Smooth and no-slip condition was imposed on walls.
The impeller was defined as a rotating domain, with the other
three defined as stationary ones. Three grid interfaces were
introduced for the simulation, one was between the inlet pipe
and the impeller, one was between the impeller and the dif-
fuser, and the third was between the diffuser and the outlet
pipe. Since the impeller was defined in rotating frame of ref-
erence, and the rest were defined in stationary frame of refer-
ence, multiple frames of reference were involved. The sliding
mesh technology was utilized for data transfer through inter-
faces. For the discretization method, the second order back-
ward Euler scheme was chosen for the time domain, and sec-
ond order format was used in space and other terms. The inter-
faces between the impeller and the diffuser, and the inlet pipe
and the impeller were set to “transient rotor-stator”, in which
the relative position between the rotor and stator is updated
during each time step. The time step A¢ for unsteady calcula-
tions was set t02.2989x107 s, corresponding to the impeller
rotation of 2 degrees at the design rotating speed. The turbu-
lence inside the pump was simulated with the Shear stress
transport (SST) turbulence model [18], a combination of a .-
wmodel applied in the near wall region and a k-¢ model em-
ployed for the main flow. The SST model is assumed to be
able to make a highly accurate prediction on the onset and
amount of flow separations under the condition of adverse
pressure gradients by including the transport effects into the
formulation of the eddy viscosity.

Prior to a transient simulation, a steady flow field was ob-
tained with the interface of “frozen rotor” between the inter-
faces with multiple frames of reference involved, used as an
initial guess for the transient simulation. This “frozen rotor”
model transfers the flow flux from one component to the next
between different frame of reference while remaining the rela-
tive position between the rotor and the stator the same.

3. Results and discussion

All simulation results presented here were obtained for the
design operating point for the pump. The total time for the
unsteady simulation was set for the impeller to rotate 12 revo-
lutions. The flow field was considered statically periodic gen-
erally after 10 impeller revolutions, judged by statistics results
and pressure fluctuations on monitor points defined in differ-
ent domains. Afterwards, 2 more impeller revolutions were
calculated further to perform a transient statistics on the flow
filed, in which the maximum, minimum, time-average and
standard deviation of the selected flow variables (such as pres-
sure, velocity and turbulence kinetic energy) were recorded at
each grid node in the computational domains. Note that the
grid node belongs to the local frame of reference, i.e., it is
rotating with the impeller if located in the impeller domain,
and it is stationary if in other domains.

The unsteady pressure at each grid node consists of two
parts: the time-averaged part depending on the grid node loca-
tion, as expressed in Eq. (1), and the fluctuating one changing
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Fig. 3. Head curve of the pump.

periodically with the relative position between the rotor and
stator during the impeller rotation, as defined in Eq. (2).

N-1

%;p(node,to +iAt) (1)

p(node,t) = p(node,t) — p(node) . 2)

p(node) =

The non-dimensional pressure coefficient Cp_, in Eq. (3)
is defined to determine the magnitude of pressure fluctuation
at each grid node, standing for the normalized standard devia-
tion of unsteady pressures:

N-1

Zﬁ(node,to +iAt)’

Cp,,,(node) = JN = 0 SpUz 3
: 2

where N is the sample number during the last 2 impeller revo-
lutions for the statistics, #,is the start time for the transient
statistics and A¢ is the time step used for the simulation.

In addition, in order to examine the tip clearance effects,
different sizes of tip clearance have been considered, includ-
ing zero tip clearance, named as without tip clearance later.
This is for the case in which the tip clearance is extremely
small. We have calculated the pump with tip clearance = 0.01
mm, and compared the result with the case of tip clearance =0
(zero tip clearance). The comparison shows that the difference
in flow field, including pressure fluctuation and head curve is
very small and can be neglected. However, the tip clearance of
0.01 mm is not realistic for an axial pump. Therefore, zero tip
clearance is chosen to stand for the case for extremely small
tip clearance.

The head curves obtained by CFD simulations and experi-
ment are compared in Fig. 3. For CFD results, two cases are
considered: with 0.3 mm tip clearance and without tip clear-
ance. The head in CFD is calculated by the difference of aver-
aged total pressure between the inlet and outlet of the pump
divided by the density and gravity acceleration, as expressed
in Eq. (4)
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Fig. 5. Frequency spectra of torque fluctuation, tip clearance = 0.3 mm.
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H= Ew - Bu/ ) (4)
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It can be seen that the agreement between the CFD result
with tip clearance and experiment is generally good, although
CFD overestimates slightly the delivery head nearly in the
whole flow rate range. For two CFD results, the tip clearance
of 0.3 mm causes the head to drop by generally 3%. Further-
more, the hump in the head curve obtained from experiment
caused by rotating stalls at part load conditions has also been
captured by CFD simulations, but with a small deviation in
flow rate where the hump occurs.

Fig. 4 shows the torque fluctuation on two adjacent impeller
blades, as well as the total value for all six blades, during one
impeller period. Obviously, the torque on one single blade
varies strongly with different time according to different rela-
tive positions between the selected impeller blade and diffuser
vanes. There exists a phase shift of 7/6 in the distribution
curves of torque between blades 1 and 2, due to the physical
circumferential position difference (60 deg) between them. In
addition, from the frequency spectra of torque fluctuation
obtained from Fast Fourier transform (FFT), the highest fre-
quency is the impeller rotating frequency fn, followed by
some multiple values of fir, as well as the diffuser passing
frequency Z,fn (Z, = 11), as shown in Fig. 5. For the total
impeller torque, it exhibits a very good periodicity, dominated
by the impeller passing frequency Z;fir (Z;= 6).

Fig. 6 shows the pressure fluctuation (only the fluctuating
part) during the last two impeller period at some selected

monitor points and frequency spectra of pressure fluctuation,
with points positions indicated in Fig. 6(a). The monitor points
have been placed at half blade height (Span = 0.5), with P1 in
the middle of the impeller region, P2 in the axial gap region
between the impeller and diffuser, and P3 in the diffuser
region near the diffuser vane leading edge. Two cases have
been considered: with tip clearance of 0.3 mm and without tip
clearance, in order to examine the effect of tip clearance on
pressure fluctuation of the main flow. It is observed that at all
three monitor points, the pressure fluctuation has been
increased by the tip clearance, clearly denoted in Figs. 6(a)-(c).
Furthermore, P2 holds the biggest pressure for both cases, due
to the point location in the axial gap region where the rotor-
stator interaction is generated and therefore is the strongest.
The tip clearance has introduced some high harmonics to the
frequency spectra of pressure fluctuation in the impeller (Fig.
6(d)), and the impeller frequency fin and the diffuser passing
frequency Z,fn are main frequencies for both. At point P2,
this phenomenon has been emphasised, and the diffuser
passing frequency has dominated. For point P3 in the diffuser,
the dominated frequency is the impeller passing frequency
Z:fn, followed by its multiples. Clearly, the amplitude has
been augmented by the existence of tip clearance (Fig. 6(f)).

In contrast to plotting fluctuating pressures at selecting
points, Fig. 7 illustrates pressure fluctuation contours colored
with Cpsdv defined in Eq. (3) on different blade-to-blade sur-
faces for different sizes of tip clearance: 0, 0.3 mm and 0.7
mm, so as to obtain more useful information on pressure fluc-
tuation. In the impeller, Cpsdv on the impeller pressure side is
bigger than on the suction side at all three blade heights for all
three cases, and it increases generally from the impeller Lead-
ing edge (LE) to Trailing edge (TE). At the impeller outlet, it
can be observed clearly that Cpsdv increases generally in the
impeller blade height direction from near hub (Span = 0.1) to
near shroud (Span = 0.9), this could be due to the fact that the
tip clearance affects the flow originally from the blade tip near
the impeller shroud.

The quantitative comparison of Cpsdv on the impeller blade
is plotted in Fig. 8, with the value averaged among all six im-
peller blades. The tip clearance effect on pressure fluctuation
can be easily observed. Cpsdv becomes bigger with the in-
crease of tip clearance at all blade heights, and this trend be-
comes more pronounced from the LE to TE. The highest value
of Cpsdv on the blade (except the region near the TE and LE)
has been increased from about 0.0056 (corresponding to
0.44% of the total head rise of the pump H,,) for without tip
clearance to 0.0085 (corresponding to 0.67% H,,) for with tip
clearance of 0.3 mm, and to 0.0093 (corresponding to 0.73%
H,,) for with tip clearance of 0.7 mm.

For Cpsdv in the diffuser region shown in Fig. 7, high pres-
sure fluctuation is located near the diffuser LE, caused by the
frequent variation of stagnation point produced by different
inflow conditions provided by the upstream impeller during its
rotation. High pressure fluctuation is also found near the dif-
fuser vane suction side, with the value of Cpsdv higher than
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Fig. 6. Pressure fluctuation and frequency spectra at selected monitor points.
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0.023, occurring at Span = 0.1. It can be also seen that Cpsdv
decreases from the hub to shroud for all three sizes of tip
clearance, therefore shrinking the tip clearance effect on pres-
sure fluctuation, which can be obtained from the comparison
of Cpsdv on the diffuser vane surface given in Fig. 9. The
increase of tip clearance from zero (without tip clearance) to
0.3 mm does not show evident difference on Cpsdv. However,
the further increase of tip clearance to 0.7 mm brings a de-
crease in Cpsdv at Span = 0.1 and Span = 0.5. Within the dif-
fuser vane except the region near the TE and LE, the highest
value of Cpsdv approaches up to 0.016 for tip clearance of
zero and 0.3 mm, and 0.012 for tip clearance of 0.7 mm at
Span = 0.1, around 0.009 at Span = 0.5, and about 0.013 at
Span = 0.9, higher than on the impeller blade.

Fig. 10 illustrates the mass flow rate as function of time in
four adjacent diffuser channels during one impeller rotation

Fig. 10. Mass flow distribution in different diffuser channel,
clearance = 0.3 mm.

tip
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Fig. 11. Relative velocity contours in different diffuser channels, at
midspan, tip clearance = 0.3 mm.

period. The influence of impeller blades is very evident, which
can be easily indentified by six (Z, = 6) pairs of peaks and
valleys in the distribution, shown in Fig. 10. It is also found
that the mass flow rate is not uniform among different diffuser
channels, and Chanells 1 and 3 hold about 16% higher value
than the other two channels, due to the flow non-uniformity in
the circumferential direction which is quite clear in Fig. 11. In
addition, the fluctuation of mass flow rate in a single diffuser
channel is about 1.5% for all shown diffuser channels.

Fig. 12 shows the streamlines in meridional plane of the
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(a) Tip clearance = 0.3 mm

(c) Tip clearance = 1.0 mm

Fig. 12. Streamlines at one timestep in meridional plane at different tip
clearances.

impeller at different tip clearances, with SS and PS denoting
the suction surface and pressure surface of the impeller blade,
respectively. Obviously, the flow pattern of tip vortex strongly
depends on the size of tip clearance. At tip clearance of 0.3 mm
in Fig. 12(a), the flow near the tip clearance flows from PS to
SS through the tip clearance, forming a small region with
vortex on the suction side near the impeller shroud. With the
increase of tip clearance to 0.7 mm shown in Fig. 12(b), the tip
vortex becomes stronger and more evident, interacting with the
main flow near the shroud and producing a local back flow in
that region. In Fig. 12(c) for tip clearance of 1.0 mm, the flow
pattern mentioned becomes more evident, and it influences
strongly the main flow near the tip on the suction side.

In order to investigate the influence of grid size on the re-
sult of pressure fluctuation for the pump, the selected grid size
has been doubled, with a scaling factor of 1.26 in grid element
number in each grid direction, to generate refined grid for the
CFD simulation for the case of tip clearance of 0.3 mm. Ac-
cording to the comparison of unsteady pressure fluctuation in
Fig. 13 obtained from two grid sizes at pre-defined monitoring
points, such as P4 indicated in the subfigure which is posi-
tioned near the impeller blade trailing edge and near the tip
clearance (at Span = 0.995), it is clear that doubling the grid
size does not have evident influence on the pressure fluctua-
tion. Therefore, the selected grid size is assumed to be fine
enough to get grid independent results for the pump stage.

4. Conclusions

The tip clearance effect on pressure fluctuations in an axial
flow water pump has been investigated by CFD method
through the comparison between with tip clearance of 0.3 mm
and without tip clearance, and the pressure fluctuations inside
the whole pump have been determined both quantitatively and
qualitatively based on the standard deviation of unsteady pres-
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Fig. 13. Pressure fluctuations at monitor point P4 for different grid
sizes, tip clearance = 0.3 mm.

sures in the last two impeller revolutions. Main conclusions
can be drawn as follows:

(1) The chosen CFD method is capable of capturing the
hump in the head curve, but with a small deviation in the flow
rate where it occurs when compared with experimental results.

(2) The tip clearance introduces some lower multiples of the
rotation frequency of the pump to the frequency spectra of the
unsteady pressure in the impeller, but nearly no influence on
that in the diffuser.

(3) The tip clearance has magnified greatly the pressure
fluctuation in the whole impeller region, and the highest value
of Cpsdv on the impeller blade has been increased by the tip
clearance. The highest standard deviation of unsteady pressure
on the impeller blade (except the region near the LE and TE)
has been magnified from 0.44% of the total head rise H,, of
the pump for zero tip clearance to 0.67%H,,, for tip clearance
of 0.3 mm and to 0.73%H,,, for tip clearance of 0.7 mm.

(4) The increase of tip clearance does not result in an in-
crease of pressure fluctuation in the diffuser region. In addi-
tion, the pressure fluctuation on the diffuser vane is higher
than on the impeller, and the pressure fluctuation distribution
in the span direction is more uniform in the impeller than in
the diffuser.

(5) The flow pattern of tip vortex strongly depends on the
size of tip clearance, and it influences strongly the main flow
on the impeller suction side near the shroud with the increase
of tip clearance.
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Nomenclature

Cpsdv : Pressure fluctuation coefficient
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D : Diameter
fn : Impeller design frequency
g : Acceleration due to gravity
H : Delivery head
LE : Leading edge
n : Rotating speed
p : Static pressure
P.. - Total pressure
PS : Pressure surface
Q : Volume flow rate
SS : Suction surface
t : Time
T : Pump period

TE : Trailing edge

U : Circumferential velocity
w : Relative velocity
Z : Number of blades
p : Density of water
At : Time step
Subscripts

2 : Impeller outlet

i : Impeller

d : Diffuser

des : Design

sdv : Standard deviation
Superscripts

- : Phase-averaged, time-averaged
~ : Fluctuating
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