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ABSTRACT

For the numerical simulation of cavitating flows a cavitation
model was implemented in the CFD-Code NS3D developed at
the Institute of Fluid Mechanics, Munich University of
Technology.

The 2D flow around a hydrofoil with a circular leading edge
and the 3D flow around a hydrofoil with swept leading edge are
simulated. The results are compared with experimental data, see
part one. The unsteady cavitating flow is characterized by the
frequent shedding of vapor clouds caused by the development of
are-entrant jet. The shape of the cavitation zone, the frequency
of the bubble cloud shedding and the pressure distributions on
the surface of the hydrofoil agree well with the experimental
findings. For industrial applications also a steady cavitation
model has been developed by modifying the void fraction
transport equation of the original model. Steady state simulations
with the modified model are performed for the cavitating flow
through a centrifugal pump impeller of low specific speed.
Simulated head-drop-curves are compared with the measured
ones and show a good agreement. The NPSHa-vaues for a
head-drop of three percent coincide well with the experimental
results.

INTRODUCTION

In the design and use of hydraulic turbomachines cavitation
and the effects related to cavitation are playing an important
role. Of specia interest are the mechanisms of cavitation
yielding to noise generation, loss of efficiency and erosive
damage of the exposed surfaces. To avoid or to reduce the
effects of cavitation by design and operation, there is a persistent
need of improving the detailed understanding of the physical
phenomena and their modelization for numerical calculations.

For this, a cavitation model has been integrated in the CFD-
Code NS3D developed at the Ingtitute of Fluidmechanics,
Munich University of Technology. The CFD-Code solves the
Reynolds-averaged Navier-Stokes equations coupled with a
single fluid model for the cavitation. For modeling the cavitation
the bubble dynamic approach developed by SAUER [1] is
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applied, which is based on a modified Volume of Fluid (VoF)-
Method and considers the cavitating structures as a
homogeneous liquid-vapor mixture, with a no-sip condition
between the two phases.

The application of the developed code to simulate the
cavitating flow around a single hydrofoil and through a
centrifugal pump impeller is presented. The unsteady behaviour
of the cavitation occuring at the suction side of the hydrofoil is
studied and the capability of the cavitation model to simulate the
mechanism of self-oscillation is shown. Also steady state
simulations of the cavitating flow around the hydrofoil and
through the pump impeller are performed. The predicted head-
drop curves are compared with the measured ones.

In pat | of our common paper, the experimental
configurations, methods and results are presented. Part Il
presents the self developed CFD-code, the modelization of
cavitating flows and numerical results in comparison with
experimental results gained for the hydrofoil and the test pump.

NOMENCLATURE
Symbols:
f [1/9] frequency
H [m] head
H = psl B pSZ
A
k [m%s] turbulent kinetic energy
I [m] length
n [Ymn]  Speed of rotation
Neall [-] number of bubbles per computing cell
No [ number of bubbles per m® fluid
NPSH [m] Net Positive Suction Head
NPS" - pO B pD + uilil
P9I 29
NPSH3, [m] Three percent head drop
NPSH,c [m] incipient head drop
p [bar] static pressure
Ps [bar] static pressure at the bubble boundary



Po [bar] static pressure at the suction nozzle
Ps, P, [bar] static pressure at the inlet, outlet
Po [bar] static pressure at the ambient cell
pv [bar] vapor pressure
q [-] relative flow rate
0= Q/Qopt
Q [m¥h]  flow rate
R [m] bubble radius
Re [-] Reynolds number
Re - uin Ichord
v
Sr [-] Strouhal-number
Sr = fele
uC
T [K] temperature
Tu [-] turbulent intensity
t [s] time
u [m/g] velocity
Uin [m/g] inflow velocity
Ue [m/g] mean liquid velocity at the interface of
the cavitation zone
Vy \Vy [m? cell volume occupied by vapor, fluid
Veal [m? total cell volume
X [m] space coordinate
a vapor void fraction
J) [] leading edge sweep angle
of hydrofoil
o deltafunction
£ [m?/s®]  dissipation rate
n [-] efficiency
7% [kg/ms] molecular viscosity
L [kg/ms] turbulent viscosity
v [m?s]  kinematic viscosity
o [kg/m®] density
0 [N/m]  surfacetension
o [-] cavitation number
U— = pDO B pV
1 W2
2 Io n
T [ke/ms?] viscious stress tensor
Subscripts:
cor corrected
i coordinate index
I liquid
Opt a design point of pump
v vapor
0o reference value (at inlet of test section)
in inflow

CAVITATION MODELING

The cavitation model, originally developed by SAUER [1],
is based on bubble dynamics and describes the complicated
bubble growth and collapse. The bubbles originate from very
small nuclei, particles or air bubbles, which are existing in the
fluid flow. When the nuclei reach the low pressure region, i.e.
the suction peak, they grow to vapor bubbles while they are
convected downstream. The bubbles collapse, when they reach
the region of higher pressure.

The model resolves the dispersed structure of the bubble
cloud and calculates the production, i.e. the bubble growth, the
destruction, i.e. the bubble collapse, and the convection of the
vapor phase.

The vapor-liquid flow described by a single-fluid model is
treated as a homogeneous bubble-liquid mixture, so only one set
of equationsis needed to simulate cavitating flows:
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The constitutive relations for the density and dynamic
viscosity of the mixture are:
p=alp,+{-a)lp .
u=a i, +(1-a) . ®
The subscripts | and v stand for the properties of pure liquid
and pure vapor, which are supposed to be constant.
Additionally, a transport equation for the vapor fraction a is
required. The vapor void fraction o can be written as
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where V is the volume of the computational cell, V, and
V, are the volumes occupied by vapor and liquid, ne is the
number of bubbles in the computational cell, whereas ng is the
number of bubbles or nuclel per cubic meter. That means nyis a
constant parameter depending on the considered liquid.

Considering spherical bubbles and neglecting the bubble-
bubble interaction and coalescence, the Rayleigh-Plesset
equation can be used to model the process of bubble growth and
collapse:

2 2 _
rY 5+3(de _PM-p. _20,M) _, 4 R o
dt® 2\ dt yo, AR PR dt
As the pressure difference pg(T)-p. iS assumed to be large
and the viscosity, the surface tension and inertia effects are
neglected, the Rayleigh-equation is used to describe the so-

called inertia controlled bubble growth:
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In equation (6) pg(T) is the pressure in the liquid at the

bubble boundary which is assumed equal to the vapor pressure
pv, which depends on the temperature. p,, is the ambient cell

pressure.
The total derivative of the void fraction resultsin
4 R* dR
99— (1-g) TR AR @
dt 1+n, 2 7R dt

The transport equation for the void fraction is extended by a
source term on the right hand side:
da d(au) _da 0
— + ( '):7+a (Ui), (8)
ot 0x; dt 0X;
Because of the bubble growth, the velocity field is no longer
divergence-free, the continuity eguation is used in its non-
conservative form:
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With this expression and equation 7 the transport equation
for the void fraction can be written as
da d(au,) Ny d 3
—+ L= (4 R°).
ot ox,  1+nAnR dt (67 (10)

The source terms for the vapor fraction equation and for the
pressure correction equation have the same form. The continuity
equation can be used in its incompressible form, only an
additional source term has to be considered. A more detailed
description of the implementation of the cavitation model can be
foundin[2].

NUMERICAL MODEL

The cavitation model was implemented in the CFD-Code
NS3D developed at the Ingtitute of Fluidmechanics, Munich
University of Technology. The code is based on a co-located,
cell-centred and block-structured finite volume method using the
SIMPLE agorithm. For the interpolation of the mass fluxes at
the cell faces, RHIE & CHOW'’s method is used [3]. The
discretization of the convective terms is realized by the second
order MINMOD-scheme of HARTEN [2]. The code is able to
calculate general multiblock topologies with matching and non-
matching interfaces in 2D and 3D domains. The parallelization
of the code is realized by means of MPI-libraries (Message
Passing Interface), and the sets of linear equations are solved
using the Strongly Implicit Procedure of STONE [5]. For the
simulation of cavitating flows a standard k-&-model [6] assuming
adensity variable, but incompressible flow field and a nonlinear
eddy-vicosity model suggested by LIEN et al. [7] are used. Both
models use wall functions. For unsteady simulations a three-level
implicit time-discretization-scheme is used, so the time step is
not limited. A detailed description of the code can be found in
SKODA [8].

The flow is assumed isothermal and fluid properties are
supposed to be constant at a given temperature for the entire
flow domain. For all smulations presented, cold water at a
constant temperature T= 296 K with 10° nuclei per m® water
having a minimal nuclei radius of 30 microns is assumed to
match the experimental conditions. The vapor density was set to
a constant value of g,=0.1 kg/m® and the vapor pressure to p, =
2809 Pa corresponding to the water temperature T= 296 K. The
incoming fluid has a turbulence intensity of Tu = 2%. At the inlet
of the computational domain the flow rate is prescribed, at the
outlet a“Dirichlet”-condition for the static pressure is assumed.

RESULTS FOR THE SINGLE HYDROFOIL

For the simulation of the cavitating flow around the
hydrofoil described in part | of our common paper a 4-block-
structured grid was used, see Figure 1. The inner O-grid around
the hydrofoil is connected to its neighbour-block by a non-
matching block-interface, which allows a finer resolution of the
inner block without changing the size of the other blocks. For the
O-Grid three different resolutions have been used, see Table 1.

Figure 1: Multiblock grid topology for the simulation of the
CLE-hydrofail

Grid size Number of cells
Coarse 157 x 30
Mean 197 x 45
Fine 237 x 60

Table 1: Different grid resolutionsfor the O-grid

For the three grid resolutions the nondimensiona wall
distance y* was set to values between 30 and 300, so that the
logarithmic wall law can be applied. The y"-values for the three
grids are ploted in Figure 2.
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Figure 2: Dimensionlesswall distancey” for different grid
resolution

A constant inflow velocity of u,,= 13 nvs corresponding to
a Reynolds-number of Re = 1.3-10° was assumed at a cavitation
number of o = 2.0. An example of the simulated unsteady
behaviour of the 2D cavitating flow around the hydrofoil with an
angle of attack of 5° is shown in Figure 3. Here successive
shapes of the cavitation zone obtained during a complete
cavitation cycle are shown. The flow is from left to right. The
plotted velocity vectors show the development of the re-entrant-
jet and the shedding of the cavitation cloud. The self-oscillating



behaviour shows a characteristic frequency of 125 Hz, which
corresponds to a Strouhal number of Sr = f.l/ u. 70.2. Thisis
in good agreement with the experimental observation of
HOFMAN [9], who found at the same profile Strouhal-numbers
in the range of Sr = 0.2 ... 0.25, depending on the flow velocity.

VF. 0 01 02 03 04 05 06 07 08 09 1

VF. 0 01 02 03 04 05 06 07 08 08 1

=

VF. 0 01 02 03 04 05 06 07 08 08 1

>

VF: 0 01 02 03 04 05 06 07 08 08 1

Figure 3: Predicted vapor void fraction and velocity vectors
during oneperiod if the unsteady cavitation loop.
CLE-foil with Re=1.3 - 10°, g=2.0

The computed shedding frequency depends on the grid
resolution and on the chosen time-step. Figure 4 shows the time-
step-dependency of the computed Strouhal number for different
grids for an inflow veocity of u;,=13 nvs. For smaller time-steps
the Strouhal number approaches a constant value near the
experimental value. With higher grid resolutions the predicted
Strouhal number is nearer to the experimental one. For higher
time-steps the computed cavitating flow becomes steady.
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Figure 4: Influence of the time-step and the grid resolution
on the Strouhal-number of the cavitation cycle

Unsteady simulations of the cavitating flow are very time-
consuming, so for industrial use steady-state-simulations are
preferred. For steady-state simulations the source term in the
vapor phase fraction transport equation is modified to account
for the different time-scales of the bubble growth and collapse:

ai+a(aui): o No SEE(%HRs),
ot 0X; 1+n, 2 77R° dt
11
. 50 for bubble growth (12)
with C,, =
1/50 for bubble collapse

Steady simulations were performed for the cavitating flow
around the 3D-wings with swept leading edge. Figure 5
compares the predicted cavitation zone with the mean value of
the experimentally observed brightness of the cavitation zone.
Both the simulation and the experiment show a shorter cavitation
zone at the left side of the profile, looking in flow direction. At
the right side the cavitation zone grows and separates. During
the experiments cavitation cloud shedding is observed.

Figure 5: Comparison of the predicted (left) and
experimentally observed (right) extension of the
cavitation zone on the CL E-hydrofoil with an
angle of attack of 5° and a sweep angle #=15° for
o=25and Re=1.310°

This effect is clearly visible when comparing the velocity
vector plots of the PIV/LIF-meassurement in part | of the paper
with the predicted vector plot, see Figure 6. The plots are taken



at a position 5 mm off the front plate. In the experiments as well
as in the simulation a re-entrant-jet is occuring. This is not the
case on the left side of the profile, where the cavitation region
remains attached to the hydrofoil. Thus the steady-state
simulation allows a detection of thiskind of cavitation.

Figure 6: Contour-plot of the predicted vapor void fraction
and computed streamlines near the front plate of
the CLE-hydrofail for o=2.0

In case of the hydrofoil with the sweep angle of /=25°, the
3D-effect becomes even stronger due to the higher cross
component of the velocity. Figure 7 compares the extension of
the cavitation zone predicted by the CFD-code with CCD-
images at the same flow conditions.

&

Figure 7: Comparison of the predicted (left) and
experimentally observed (right) extension of the
cavitation zone on the CL E-hydrofoil with an
angle of attack of 5° and a sweep angle =25° for
o= 2.5 (top) and o= 2.0 (bottom)

A comparison of the calculated and measured averaged re-
entant-jet velocity is given in Table 2. Generally, the re-entrant
jet velocities predicted by the steady-state simulation are smaller
than the measured ones, especially for the sweep angle of f=15°.

The 3D-character of the flow is more distinct with the /=25°
sweep angle.

Ure-entant [MVS] p=15° B=25°
EXP | SIM EXP | SIM
0=25 -3.3 -0.6 -2.2 -1.9
0=2.3 -4.2 -1.3 -4.6 -3.3
0=2.0 -3.3 -1.7 -33 -25

Table 2: Comparison of the predicted and measured
averaged re-entrant-jet velocities near the front
plate

RESULTS FOR THE RADIAL IMPELLER

The geometry of the radial pump impeller is described in
part | of the common paper. For the smulation of the cavitating
flow through the radial impeller a free impeller calculation was
performed, which means, that only one flow channel delivering
into the vainless radial diffuser is considered. The shape of the
meridional contour, the meridian plot and the conformal
mapping of the 3D grid with 112,000 cells used for the
simulation is shown in Figure 8. The dimensionless wall distance
y" was set to values between 30 and 300, so that the logarithmic
wall law could be applied.

For the simulation of the cavitating flow, first a stationary
calculation at a high pressure level is performed to ensure non-
cavitating conditions in the whole computational domain. Then,
the outflow pressure is lowered in small steps. During this
process, vapor structures appear and grow in the regions of low
static pressure. The more the pressure level is lowered, the more
the cavitation zone grows, influencing the impeller head.

Simulations are performed for a rotational speed of n=1750
Y in and, the design flow rate beeing Q=126 m/h. The flow rate
is set by the inflow boundary condition, the static pressure is
defined at the outlet boundary.

To compare the predicted and measured head drop curves,
theimpeller head H defined by

p52 - psl
H=—"—=, 12
plo (12
which is plotted against the net positive suction head NPSH
Po ~ Psa
NPSH =——=, 13
Py 43

The head H computed from the CFD simulation results by
averaging the static pressure at the inlet py and the outlet py of
the computational domain and employing equation 11.

The NPSH-value is defined as the total pressure py of the
fluid at the suction nozzle above the vapor pressure p, of the
fluid depending on the fluid temperature T.



Figure 8: Meridional section of the radial impeller (top left);
Meridional section of the computational grid (top
right); conformal mapping of the computational
grid

The computed relative head drop curve for a speed of
n=1750 "/i» considering the design point Qqy is shown in Figure
9. In genera, the deviation between the predicted and the
measured head drop curve is small. The predicted head drop
occurs almost at the same NPSH-value as the measured one.
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Figure9: Predicted and measured head drop curves for
n=1750 1/min and Q=Qqy

Figure 10 shows the comparison of the predicted and
measured NPSH»y, depending on the relative flow rate and the
computed NPSH,c-values for n=1750 . The predicted values
for incipient cavitation and for the three percent head drop
correlate well with the experiments.
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Figure 10: Predicted and measured NPSH 3, -curvesand
computed NPSH,c-valuesfor n=1750 1/min

For a comparison with the experimental results measured for
n=2000 ", the computed results are scaled up. In Table 3 the
computed NPSH,c-value for n=1750 i, and the scaled-up
value for n=2000 Y, are compared with the experimental
values

NPSH3s, [M] EXP SIM
_ 1 1,96
n=1750 Ypin 2,02 Smulated
_ 1, 2.56
n=2000 Y/pin 2.60 scaled Up

Table 3: Comparison of the measured and predicted
NPSH 34,-values for n=1750 i, and n=2000 Yy

CONCLUSIONS

A bubble dynamic cavitation model has been integrated in
the NS3D-Code. Unsteady and steady simulations have been
performed for 2D and 3D cavitating flows around hydrofails.
Based on these experiencies the cavitating flow through a
centrifugal pump impeller has been simulated in a good
agreement with the measurements.

The results of the unsteady simulation show the typical
development of a re-entrant jet and the bubble cloud shedding.
The predicted shedding frequencies agree well with the
experiments performed by the team of Prof. Stoffel. The swept
3D hydrofoil shows sheet cavitation on one side of the profile
and cloud cavitation on the other. The size of the cavitation area
and the separation of the cavitation cloud are clearly predicted
by the CFD-code. The computed head-drop curves and NPSH -
values show a very good agreement with the experiments.
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