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Abstract

Turbulent cavitating flows in a water-jet mixed-flow pump were investigated by using the k-o SST
turbulence model and a cavitation model based on mass transport equation to give an insight into
cavitating features under different upstream conditions. Both the hydraulic and cavitation characteristics
predicted by the present numerical method agree well with the available experimental results. The
numerical results depict that the cavity in the pump firstly occurs at the blade leading edge close to blade
tip, and then grows both downstream and toward the impeller hub. With cavitation development, sheet
cavities expand along the impeller shroud, and are likely to block the flow passage under the critical
cavitation condition. Besides, the thrust of the water-jet pump is enhanced gradually during cavitation
evolution, but the hydraulic performance of the diffuser remains unchanged. The hydraulic loss at the
impeller suction surface increases with secondary flows and Boundary Vorticity Flux (BVF) peak during
cavitation, which is located at the vapor-liquid interface, especially near the blade tip.
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INTRODUCTION

Nowadays, more and more interest has been attracted by
the water-jet propulsion which has a variety of advantages
such as less vibration, low noise, high efficiency, etc. in the
specified speed range [1, 2]. In recent years, the water-jet
propulsion has been rapidly developed and widely used in
the marine field, which is expected to be the potential
technology against the propeller due to the improvement in
the progress of pump design, manufacture and fabrication
[3]. Many scholars [4-7] have investigated the water-jet
propulsion in different ships using the computational fluid
dynamics (CFD) method or the model test according to the
procedure proposed by the ITTC Water-jet Performance
Prediction Specialist Committee [8, 9]. Kandasamy et al. [4,
5], and Tahara et al. [6] optimized the water-jet propulsion
high speed ships using both the simulation-based design
method and model test. Bulten et al. [7] studied a water-jet
propulsion system, and provided a reference for other
researchers.

Up to now, many studies focused on the propulsion
system optimization and characteristic prediction without
considering cavitation in the waterjet pump. In fact,
cavitation is inevitable when the water-jet pump is operated
at a high speed which may result in pressure fluctuation,
noise and erosion [10, 11]. Thus, good cavitation
performance as well as high hydrodynamic efficiency is
considered as the necessary criterion to design and evaluate
a water-jet pump.

In general, experiments and numerical simulation are very
useful tools to evaluate the pump performance. Until now,
compared with the long-time period and huge investment of
the experiment, numerical simulation has been wide-spread
used due to the progress of computer technology, which can
provide a basic understanding for the evaluation and
improvement of hydraulic machines [12-13].

In this paper, the turbulent cavitating flows in a water-jet
mixed-flow pump was investigated under different upstream
conditions by solving Reynolds Averaged Navier-Stokes
(RANS) equations and a cavitation model [16]. Based on the
calculated results, cavitating flow features were further
discussed.

1. Geometrical parameters of the water-jet pump

The water-jet mixed-flow pump is composed of a 6-blade
impeller, a 7-blade diffuser, an inlet flow channel and an outlet
flow channel. The pump was designed with flow coefficient of
#=0.183 at the rotational speed of n=1450 r/min.

The meridional schematic diagram for the water-jet pump
is shown in Figure 1 with geometrical parameters listed in
Table 1. The Reynolds number Re, is 2.47x108, and the
blade tip clearance relative to the impeller diameter is
0.86x10%%.



Figure 1. Meridional schematic diagram for the pump

Table 1. Geometrical parameters for the impeller

Parameters Symbols [Values
Blade width ratio at the inlet b1/D2 0.318
Blade width ratio at the exit b2/D2 0.247
Blade inlet diameter at the tip D1/D2  |0.856
Blade inlet diameter at the hub Di/D2  [0.245
Blade exit diameter at the hub Dan/D2  [0.604
Hub ratio Dn/D2 0.209
Blade tip clearance c/D2 0.86e-3

2. Numerical method

2.1 Governing equations and cavitation model

A homogenous assumption is used to solve the cavitation
flow, where the liquid and vapor are considered as a mixture,
and share the same velocity. The mixture flow can be
described by the Reynolds Averaged Navier-Stokes (RANS)
equations as follows:
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where p, u are the pressure and velocity; pm, tm are density
and dynamic viscosity of the mixture, and defined as follows:

Pm=aveyt(av) A (3)

#m=aviy*(Tav) 4 (4)
where subscript v, | represent the vapor and liquid,
respectively.

The k-wSST turbulence model is adopted to obtain
highly accurate predictions of flow separation under adverse
pressure gradients thanks to its consideration of the turbulent
shear stress.

The cavitation is modeled by mass transfer equation:

ap o

—HVe(pvavui) = ms - me (5)
wherepy, av respectively represent the vapor phase density
and volume fraction. The source terms m¢ and g are
derived from the cavitation model [17].

Then, the Rayleigh-Plesset equation is applied to solve
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the source terms and control generation and

condensation.
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To obtain the interphase mass transfer rate, four model
parameters are given as follows: bubble radius Rnuc = 1 um,
the nucleation volume fraction rwe = 5x10*, the evaporation
coefficient Fvap = 50 and the condensation coefficient Fcond =
0.01.

Rnuc

2.2 Mesh generation and independence test

In this study, one blade-to-blade flow channel are considered
for simulation. The computational domain is divided into the
suction pipe, the outlet pipe, the impeller and the diffuser. Two
interfaces are set in the suction and outlet pipe to monitor the
total pressure. The structured hexahedral mesh is applied to
obtain accurate simulation results. The topological structure
and mesh point distribution are the same in different models.
What is more, mesh around the impeller blade are refined to
satisfy the requirements for the turbulence model with the
Yplus ranging from 4 to 90 in Figure 2.

Figure 3 shows the mesh indepandence test for mesh
generation. Note that the pump head coefficient and efficiency
are more sensitive to the mesh density of diffuser than that of
impeller. When the mesh quantity in impeller and diffuser
reach 400,000 respectively, the pump head coefficient and
efficiency remain unchanged. Therefore, 460,000 in impeller
and 400,000 in diffuser is decided as the final mesh scheme
with considering the computing resources.
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Figure 2. (a) Computation domainand (b) Yplus distribution at
the impeller blade (left: suction surface (SS); right: presure
surface (PS))
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Figure 3. Mesh independence test

2.3 Simulation setup

The CFD code ANSYS CFX 14.0 is used to solve the RANS
equations. With automatic wall function, the k-o SST
turbulence model is applied to simulate the steady turbulent
flow in the water-jet pump. High resolution scheme is set for
the advection term and the turbulence numeric.

The impeller is a rotating part and other parts are static,
so the multiple reference frame (MRF) is used in this
simulation and the interfaces between the rotating part and
its neigboring static part are set to be frozen-rotor under
steady condition.

For boundary conditions, the mass flow rate is given at
the outlet plane based on the mass equilibrium. The total
pressure is applied at the inlet plane and gradually reduced
when cavitation develops. All solid walls are set as the non-
slip wall condition.

3. RESULTS AND DISCUSSION

Figure 4 shows the characteristic curves of the pump. The
calculation results are marked as “cal.”, and the experimental
results are marked as “exp.”. The results demonstrates that
the calculated head coefficients agree well with the
experimental data although the calculated efficiency is
always a little higher than that by experiments. When the
water-jet pump is operated at the design point with flow
coefficient ¢4=0.183 and rotational speed n=1450 r/min, the
head coefficient is 0.33 in calculation and 0.31 in experiment,
and the efficiency is 0.89 in calculation and 0.83 in
experiment. This discrepancy in efficiency is reasonable due
to the fact that the efficiency in numerical simulation is the
hydraulic efficiency, the effects of the mechanical and
volumetric losses of the pump are not considered.

Net Positive Suction Head (NPSH) is usually used to

describe the cavitation performance for pumps. The
definition of NPSH is shown subsequently:
NPSH :i_& (8)
9 P9

where pt is the total pressure at the inlet plane in Figure 2.

Thoma’s cavitation number i.e. ¢ is a dimensionless
cavitation performance parameter, and can be defined as the
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following:

o= NPSH 9)

H
where H is the pump head at the design point.

The critical NPSH, i.e., NPSHc, is defined as the NPSH
value when the pump head drops 3% from its original value
without cavitation.

Figure 5 shows cavitation characteristics, where both the
numerical and experimental results are included for
comparison. The critical cavitation number is 0.36 predicted by
calculation and 0.49 by experiment.There is a difference in
predicting cavitation characteristics by present numerical
method since many factors in experiments, such as gas in
local water and water temperature, can’t be taken into account.
However, the simulation shows the same tendency of
cavitation effects on pump performance as the experiment
does.

Usually, the marine water-jet propulsion vessel is required
to move at the desirable speed, so the thrust is an important
performance for the water-jet pump. Figure 6 shows the thrust
T and vapor volume under different cavitation conditions with
flow coefficient ¢=0.183 and rotational speed n=1450 r/min.
The thrust firstly slightly changes and then increases in a jump
near the critical cavitation condition. Table 2 presents the
mass-averaged velocity at the inlet plane, impellet outlet plane
and diffuser outlet plane to analyze the pump thrust
T=pQ(Vozdiiuse Vin). As the inlet velocity Vin is basicaly
constant, the axial velocity at the diffuser outlet planeVaz.difuser
directly affects the thrust. It is indicated that the hydraulic
performance of the diffuser hardly changes with cavitation
development, and the thrust is essentially connected with
cavitating flows in impeller.

Cavitation evolution in impeller is shown in Figure 7.
Cavity illustrated by iso-surface of vapor volume fraction=0.1
firstly occurs at the blade leading edge and close to the blade
tip, then grows both downstream and toward the impeller hub.
When cavitation number is 0.43, the maximum cavity extends
to 2/3 blade length with scattered cavities attaching to the
impeller shroud before the blade inlet. Gradually, the scattered
cavities develop into sheet cavities surrounding the shroud
and extend toward the blade-to-blade passage under the
critical cavitation condition.
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Figure 4. Characteristic curves for the pump (n=1450 r/min)
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Table2. Inlet velocity Vin, axial velocity at the impeller outlet plane Vzirpeter
and axial velocity at the diffuser outlet plane Vzduser under different

cavitation conditions
o Vin (m/s) V2z.impeller (m/s) V2z.diffuser (m/s)
0.89| 6.30 6.75 10.27 ~ -~
043 | 6.30 6.76 10.28 6=0.43 c=0.36
036! 6.30 6.84 10.40 Figure 9. BVF contours' and streamliqes at impgller suction
surface under different cavitation conditions

(¢=0.183, n=1450 r/min)

0=0.43 0=0.36
Figure 10. Loss contours at impeller suction surface under
different cavitation conditions

=0.43 c=0.36 (¢=0.183, n=1450 r/min)
Figure 7. Cavitation evolution with iso-surface of vapor volume
fraction=0.1 (¢=0.183, n=1450 r/min) The flow passage blockage due to cavitation development

causes an increase in the velocity at the impeller outlet plane



as shown in Table 2, and results in a thrust jump.

Figure 8 shows the secondary flow contours and
streamline near impeller suction surface. Boundary Vorticity
Flux (BVF) [18] is introduced to diagnose the flow separation,
and the results are shown in Figure 9. Note that BVF is
defined as BVF =n, xVp/ p, where n, is local axial normal

direction at the wall. Figure 10 shows loss distribution at the
impeller suction surface. Note that the loss is defined as

E=(p—pn)/ pui /2, where pis the local total pressure,

p.is the total pressure at the impeller inlet plane and u;, is
tangential velocity.

Based on those results, the following features can be
seen:

(1) In non-cavitating flows, i.e. the case of o =2.72, the
secondary flow appears at the leading edge (LE) near the
impeller hub, and BVF has peak values at both leading edge
(LE) and trailing edge (TE). Large loss occurs at TE-hub
corner. It is noted that this loss is not affected by cavitation.

(2) When cavitation occurs, i.e. o =0.89, the secondary
flow seems to expand from LE-corner toward blade shroud,
and BVF peak line at the shroud side is likely to bend
downstream compared with that in non-cavitating condition.
A new loss area appears at the vapor-liquid interface near
the blade hub.

(3) As cavity reaches the hub and the maximum cavity
extends 1/2 blade length (0=0.43), the secondary flow seems
enhanced at the LE-hub corner, and another secondary flow
occurs near the cavity frontier. The streamlines mixes along
the cavity-liquid interface.

(4) When cavitation fully develops near the critical
condition (0=0.36), the secondary flow as well as BVF peak
disappears at the LE-hub corner due to the enclosure by
cavity, but the secondary flow and BVF are strong near the
cavity-liquid interface. The mixed streanline approaches the
blade midspan, and causes a jump of hydraulic loss
increase.

4. Conclusions

The cavitating flows in a water-jet mixed-flow pump are
simulated by using the k-@ SST turbulence model and a
mass transport equation based cavitation model. The
numerical results were compared with the available
experimental data, and the cavitating flow features together
with loss mechanism were dicussed in different cavitating
conditions. According to those results, the following can be
concluded:

(1) Both the hydraulic and cavitation performance were
reasonably predicted by the present numerical method.
Thus, the numerical method is suitbale for the cavitating flow
analysis in a water-jet pump.

(2) The thrust of water-jet pump increases gradually with
cavitation development since the flow velocities in impeller
as well as jet velocities increased. However, hydraulic
performance of the diffuser hardly change due to cavitation
development.

(3) Cavity in the pump firstly occurred at the blade
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leading edge near the blade tip, and then grew both
downstream and toward the impeller hub. For cavitation at the
critical condition, sheet cavities expand along the impeller
shroud, extend toward the blade-to-blade flow passage, and
cause the flow passage blockage.

(4) Secondary flows as well as BVF peak cause no loss at
the leading edge under non-cavitation condition. Loss at the
TE-hub corner is not affected by cavitation and partially results
from the BVF peak at TE.

(5) As cavitation develops, hydraulic loss at the impeller
suction surface increases along with secondary flows and BVF
peak, which is located at the vapor-liquid interface, especially
near the blade tip.
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NOMENCLATUR

b+ Blade width at the impeller inlet

b2 Blade width at the impeller exit

BVF Boundary Vorticity Flux, =n:xVp/p

c Blade tip clearance

D1 Blade inlet diameter at the tip

Din Blade inlet diameter at the hub

D2 Blade exit diameter at the tip

D2n Blade exit diameter at the hub

Dn Hub diameter

Feond Condensation coefficient, =0.01

Fvap Evaporation coefficient, =50

H Pump head

m* Vaporization term

m Condensation term

NPSH Net Positive Suction Head

n Rotational speed, =1450 r/min

Nz Local axial normal direction at the wall
p Static pressure

Pin Total pressure at the impeller inlet plane
pi Local total pressure

pt Total pressure at the inlet monitored plane
PS Pressure surface

Mnuc Nucleation volume fraction,=5x10

Re Reynolds number, =2.47x10°

Rnuc Bubble radius, =1 um

SS Suction surface

T Pump thrust, =pQ(V22.dif‘fuser - Vin)

u Velocity

Vin Inlet velocity

ur Tangential velocity

V2z diffuser Axial velocity at the diffuser outlet plane
Vaz.impeller Axial velocity at the impeller outlet plane
o Vapor volume fraction

n Pump efficiency

m Homogeous dynamic viscosity

£ Loss, =(p —pn)/ pui /2

o Density of the liquid water



O Densityof the homogenous phase

oy Density of the vapor phase

o Thoma'’s cavitation number, =NPSH/H
@ Flow coefficient

' Head coefficient
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