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Numerical simulation of cavitating flow past cylinders
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Abstract: The cavitating flow simulation is of practical importance for many engineering systems, such as marine propellers, pump

impellers, nozzles, injectors, torpedoes, etc. The present work has developed a base code for simulating cavitating flows past

cylinders and hydrofoils. The governing equation is the Navier-Stokes equation based on homogeneous mixture model. The

momentum and energy equation is in the mixture phase while the continuity equation is solved in liquid and vapor phase, separately.

The solver employs an implicit preconditioning algorithm in curvilinear coordinates. The computations have been carried out for the

cylinders with spherical, 1- and O-caliber forebody and hydrofoil of ALE and NACA cross-section and, then, compared with

experiments and other numerical results. Fairly good agreements with experiments and numerical results have been achieved. The

present base code has shown the feasibility to solve the cavitating flow past supercavitating torpedo after the improvement for

compressibility effects and interactions with hot exhaust gas of propulsive rocket.
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1. INTRODUCTION

Cavitation generally occurs if the pressure in a certain
region of liquid flow drops below the vapor pressure and,
consequently, the liquid is vaporized and filled with cavity.
The cavitating flow is observed in various propulsion systems
and high-speed underwater objects, such as marine propellers,
impellers of turbo-machinery, hydrofoils, nozzles, injectors
and torpedoes. This phenomenon usually causes severe noise,
vibration and erosion.

Even though cavitating flow is a complex phenomenon
which has not been completely modeled, a lot of attention was
gathered in CFD community as the methodologies for
single-phase flow was relatively much matured.

In solving multiphase flows by CFD method, there can be
categorized into three groups: The first group uses a single
continuity equation [1,2]. This method has been known that it
is unable to distinguish between condensable and
non-condensable gas [3]. Next group is to solve separate
continuity equations for liquid and vapor phase by adding
source terms of mass transfer between phase-changes [3-7].
This model is usually so called ‘homogeneous mixture model’
because the liquid-gas interface is assumed to be in
dynamically and thermally equilibrium and, consequently,
mixture momentum and energy equations are used. Final
group solves full two-fluid modeling, wherein separate
momentum and energy equations are employed for the liquid
and the vapor phase [8,9]. This method is widely used in
nuclear engineering.

Several previous authors have reported preconditioning
algorithms for multiphase mixtures. Kunz et al.[6] developed a
code for the presence of a non-condensable gas. The
governing equations, in which a separate continuity equation
is used for an individual phase while the momentum equations
are described for the mixture phase, were solved by using the
preconditioning and the dual time stepping method. However,
in this model, the compressibility effects were not account in
the multiphase mixture region. Ahuja et al.[l1] proposed
multiphase  preconditioning  algorithms including the
compressible effects. However, in these models the effects of
temperature was neglected. More recently, Lindau et al.[8] and
Owis et al.[10] have been presented the fully compressible
multiphase flow models which have taken into account the

changes of both compressibility and temperature. The
promising results were obtained with these two algorithms. A
comparison of the performance of three different cavitation
models, namely by Merkle et al.[9], Kunz et al.[11] and
Singhal et al.[12], was given by Senocak and Shyy[13]. The
comparison of surface pressure distribution over a
hemispherical object gave a good agreement among these
three models. However, the obtained density profiles do not
reach an agreement, indicating that the cavitation models
generate different compressibility characteristics.

The objective of the present work is to develop a base code
for simulating cavitating flow past supercavitating torpedo
including compressibility effects and interactions with hot
plume of propulsive exhaust gas.

2. GOVERNING EQUATIONS AND
NUMERICAL METHOD

Based on the homogeneous mixture model, the governing
equation is comprised of the continuity equation for liquid and

vapor phase and momentum equation in mixture phase as
follows (Kunz et al.[6]):
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where the subscript / and v mean the liquid and vapor phase,
respectively. The subscript m denotes the mixture phase. « is
the volume fraction. t is the pseudo-time for dual time
stepping while t is the physical time. M and M denote
transformation of vapor to liquid and that of liquid to vapor,
respectively, and will be mathematically modeled later. The
density of the mixture phases is defined as:

Pm =101 +a,0y @
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The molecular viscosity, [, is computed as
Hm =0 +a,H, @)

Turbulent eddy viscosity, L, is obtained from Chien k-¢ model
[3] by using
2
_ P mcyf ,uk
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Rewriting Eq. (1) in generalized curvilinear coordinates,
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convective flux terms. E, F, and G, are viscous flux

terms. The matrix, I'. and S are represented as:
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where Ap, =P =P v. The pre-conditioning matrix, I, is

obtained from the modification of T, to efficiently handle the
stiffness problem.
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where P is the preconditioning parameter(usually, set to

B 2/ Us~I 0). Cavitation model, based on Merkle et al.’s
model [9], was used in this study. In this model, the mass
transfer rate from liquid to vapor in a region where the local
pressure is less than the vapor pressure is simply modeled as
being proportional to the liquid volume fraction and the
difference between the local and vapor pressures, as follows:

©

m = C o Pyor; min[0, p — p, ]
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(10)

The mass transfer from vapor back to liquid in a region where

the local pressure exceeds the vapor pressure is given as
follows:

it Cpmdpvalz(lfal)
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The preconditioning system (1) is approximated with Euler
implicit differencing for the artificial time term and
second-order accurate backward differencing for the physical
time. The viscous and inviscid flux terms are approximated by
second-order central differences and by using the flux splitting
procedure, respectively. The approximate system is then
rewritten so that it can be solved as a series of sweeps in each
coordinate direction with the use of the Block-Thomas scheme
(Chapra and Canale, [2]). The second order implicit and forth
order explicit artificial damping was added to the finite
difference equation.

3. RESULTS AND DISCUSSION

Three different configurations of cylinder-hemispherical, 1-,
and O-caliber forebody-were used to validate the present code.
Figure 1 shows surface pressure distribution on henishperical
forebody cylinder at several cavitation numbers, which
compared with experiement[14]. Good agreements were
attained over all tested cavitation numbers. At the downstream
of the cavity the obtained results become a little
underestimated. This discrepancy at these down stream
sections may be related to an overestimation of the turbulent
viscosity, which is due to the limitation of the k-¢ turbulence
model. Also, the fluid compressibility effects have not taken
into account in the present model, which results the fact that
the model cannot completely reflect physical phenomenon in
high-compressible mixture case (say cavitation number
06<0.32) Further discussion on the limitation of standard k-¢
models can be referred in Ref. [3] and [4]. Figure 2 shows
liquid volume fraction and surface pressure contours at 6=0.3,
compared with numerical result by Kunz et al.[11]. In this
figure, the present result shows well agreement with Kunz et
al.’s result. Figure 3 shows velocity vectors, showing the
velocity profiles of re-entrant jet. Figure 4 shows cavitating
patterns at different cavitation numbers. Figure 5 shows the
surface pressure distribution on the I-caliber forebody
cylinder at cavitation number of 6=0.46, 0.40, 0.32, and 0.24.
This figure has experimental data[14] to validate the present
code. Figure 6 shows the liquid volume fraction and surface
pressure contours of 1-cliber cylinder at 6=0.24. Figure 7 and
8 are corresponding to those of O-caliber cylinder. Figure 9
shows 3-d viewgraph of cavitation pattern. Figure 10 shows
time hysterical behavior of liquid volume fraction and
streamlines at 6=0.3. Figure 11 is those by Venkateswarn et
al.[15]. Here, qualitatively good agreements were obtained.
Figure 12 and 13 show the results of ALE-15 hydrofoil at ¢ =
2.3, Re=2.12 X 10°% and a= 5°. The velocity profiles and
surface pressure on the hydrofoil was measured by Dular et
al.[16]. Figure 14 shows well agreement of surface pressure on
NACA 16012 hydrofoil with the result of Kunz at al.[17].
Figure 15 shows time evolution of cavitation and Figure 16
shows liquid volume fraction over the hemispherical forebody
cylinder at 6=0.3 when the strong side flow of 15% of
freestream speed wasabruptly imposed. Figure 18 shows the
comparison of vapor volume fraction with and without
ventilation. The ventilation was circumferentially applied at
the beginning location of shoulder with double strength of
pressure and velocity relative to the freestream values.
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Fig. 1 Comparison of surface pressures at various cavitation
numbers on hemispherical forebody

Present

(a) Present result

(b) By Kunz et al.[11]
Fig. 2 Comparison of liquid volume fraction and surface
pressure contours at 6=0.3

Fig. 3'Veloc'ity véctors, streamilnéé, and liquid volume
fraction of hemispherical forebody at 6=0.3
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(d) o=0.
Fig. 4 Cavitating flow pattern at various cavitation number
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Fig. 5 Comparison of surface pressures at various cavitation

numbers on 1-caliber forebody

Fig. 6Liquid volume fraction and surface pressure contours of
1-caliber cylinder at 6=0.24
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Fig. 7Comparison  of surface pressures at various
cavitation numbers on O-caliber cylinder

Fig:S Liquid volume fraction & surface preésﬁfe contours of
0-caliber cylinder at 6=0.3

(a) Present result

(b) Result by Kunz at al. [19]
Fig. 9 Comparison with liquid volume fraction of 0-caliber

cylinder
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Fig. 13 Comparison of pressure coefficient with other numerical
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Fig. 11 Liquid volume fraction and streamline by Venkateswarn
etal.[15]
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(b) Omm (c) 13mm (d) 26mm Fig. 14 Surface pressure of NACA 16012 hydrofoil at ¢ = 0.4
Fig. 12 Velocity profile of ALE-15 hydrofoil at ¢ = 2.3, and 0.8, Re=2 x 10° and o= 7°, compared with Kunz et

Re=2.12x 10%, and a=5° al.[17]
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t=143
Fig. 15 Time sequence of liquid volume fraction of NACA 16012
hydrofoil
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t=88.5 t=88.5
g. 17 Time sequence of liquid volume at 6=0.3 affected by
strong side flow
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t=>33.3ms t=38.9ms (b) without ventilation
Fig. 16 Flow visualization experiment(Kawanami et al. [18])for Fig. 18 Vapor volume fraction of hemispherical forebody with
Clark-Y hydrofoil and without ventilation
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4. CONCLUSION

The base solver for simulating the cavitating flows has
been successfully developed. For code validation, the code has
been applied cylinder with hemispherical, 1- and O-caliber
forebody and hydrofoil of ALE-15 and NACA 16012
cross-section. The present results have given fairly good
agreement with experiments and other numerical results. The
code also has shown the feasibility of the use for ventilated
cavitation. The present base code will be improved to have the
compressibility effects and interactions with hot plume of
propulsive exhaust gas for supercavitating torpedo.
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