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ABSTRACT

This paper deals with the computation of unsteady cavitating flow around a twodimensional wedge by using Unsteady Reynolds Averaged Navier-Stokes (URANS)
flow solver. Because of accuracy deterioration problem due to excessive numerical
dissipations for low Mach number unsteady flow, properly scaled RoeM and
AUSMPW+ numerical flux schemes are used to accurately compute unsteady
cavitating flow. Fast Fourier Transform (FFT) analysis results of experiments and
computations are compared to show similar dominant frequencies of shedding vortices.
Shedding pattern and location of vortices are also compared to show similar behavior
of each flow result.

1. INTRODUCTION
A primary problem of two-phase flow is strongly-coupled acoustic phenomena
because the speed of sound in two-phase mixture flow can be extremely low,
compared with that in the individual component phases. For this reason, two-phase
flow frequently undergoes an all-speed regime in which the flow may be transonic or
even supersonic, although the bulk of the flow may remain essentially incompressible.
In the computation of two-phase flow, therefore, system preconditioning is a major
issue because of disparity of system eigenvalues. Preconditioning schemes that
improve accuracy and convergence have proven to be highly successful for steady low
Mach number flows [1, 2, 3]. However, these schemes have problems with both
efficiency and accuracy for unsteady computation of low Mach number flow. For this
reason, accurate and efficient computation of unsteady low Mach number flows has
been an important issue. In order to achieve this, it is important to design numerical
schemes for unsteady low Mach number flows that can provide computational
efficiency over a broad range of flow conditions and compute flow physics accurately.
Regarding the unsteady preconditioning, Venkateswaran et al. [4] found that Strouhal
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number should be considered in preconditioning process for convergence acceleration
of unsteady low Mach number flows, and showed that optimal scaling is required for
spatial accuracy.
As a previous work, we developed two-phase shock-stable numerical schemes [5]
that originate from the RoeM [6] and AUSMPW+ [7] schemes. We showed that these
extended numerical flux schemes are robust and efficient for compressible two-phase
flow and that they can deal with compressible-incompressible two-phase flow through
the application of steady preconditioning techniques. They are not able to compute
unsteady low Mach number flow accurately because they do not take into account
unsteady preconditioning and scaling of numerical flux schemes.
The purpose of this paper is to compute unsteady cavitating flow around a 2-D
wedge by using compressible two-phase URANS solver. For the computation of
unsteady low Mach number flow, we extend the previous all-speed two-phase RoeM
and AUSMPW+ numerical flux schemes to the application of unsteady system
preconditioning. We also scale numerical dissipations of the numerical flux schemes
separately from the system preconditioning.

2. NUMERICAL METHODS
2.1 Governing equation
The homogeneous mixture equation with mass fraction is adopted as the governing
equation for unsteady cavitating flow. In homogeneous flow theory, the relative motion
between phases is not considered; instead, mixture is treated as a pseudo-fluid whose
properties are suitable averages of each component in the flow. This approach is
based on the view that it is sufficient to describe each phase as a continuum obtained
from a microscopic description using a suitable averaging process. In this model,
continuity, momentum, and energy equations are used to describe the fluid mixture,
while a single continuity equation is used for vapor and non-condensable gas phases.
The governing equation is as follows,
∫
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means the conservative variables vector.
flux vector and viscous flux vector, respectively.
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stand for convective
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U is a contravariant velocity that is normal to the surface element
.
and
for the mass fractions of vapor and non-condensable gas phase, respectively.
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2.2 System preconditioning
At low speed flow, system stiffness resulting from disparate convective and acoustic
velocities causes deterioration of convergence rates. Convergence rates can be made
independent of the Mach number by altering the acoustic speed of the system such
that all eigenvalues are of the same order and thus the condition number approaches
unity. We precondition the governing equations (Eq. (1)) by pre-multiplying the time
derivative term by the preconditioning matrix from Weiss and Smith [7] as follows
∫
Where
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stands for the primitive variable vector given by
(5)

and the preconditioning matrix

is
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The eigenvalues of the preconditioned system in equation (6) are given by
(

)
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(
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√(
is original speed of sound, and

(10)

)
is preconditioned speed of sound given by
√

(11)

In equation (11),
is a cut-off value that is typically used to prevent the local
velocity from becoming zero in the vicinity of stagnation region. The cut-off parameter
is generally specified as
∞ , where ∞ is a freestream velocity. In
supersonic regime, the preconditioned speed of sound becomes the original speed of
sound , which means that preconditioning is turned off. Equation (4) is restricted to
steady-state computations with pseudo-time . For unsteady computations, the dualtime stepping method is employed in which a preconditioned pseudo-time derivative
term is introduced in addition to the physical time derivative in equation (1).
∫

∫

∮
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where t denotes physical time and
is pseudo-time used in the sub-iteration
procedure. To obtain preconditioned speed of sound for unsteady computation, we use
a preconditioning idea proposed by Venkateswaran and Merkle[4] that takes the effect
of the Strouhal number into account through Von Neumann stability analysis of the
dual-time stepping method. The resulting unsteady preconditioning parameter is given
by
(13)
where
is a characteristic length scale and
is a physical time step size. The
characteristic length scale is obtained as the problem domain size. Considering
equation (13), the preconditioned speed of sound
for unsteady flow is given by
√

(14)

For a large time step,
is larger than
, and then the preconditioned
speed of sound is the same as in equation (11). For a small time step (that is, high
Strouhal number), however,
is larger than local velocity magnitude √
,
so the unsteady preconditioning takes effect.

2.3 Scaling of numerical fluxes
For unsteady flow, evaluation of equation (9) and (10) by using steady
preconditioned speed of sound results in excessive numerical dissipation related to the
pressure difference term. The numerical dissipation related to the velocity difference
term can be optimally scaled by using steady preconditioned speed of sound. For this
reason, the scaling of dissipation terms should be carried out independently.
We apply the scaling function of AUSM+-up scheme[2] to the pressure dissipation
term as follows:
(15)
where
√

(16)

The subscript 1/2 means cell-interface value. As shown in equation (15), the unsteady
preconditioned speed of sound is used to scale the pressure difference dissipation term.
For velocity difference dissipation terms, the scaling based on local velocity is
considered as follows:
(17)
where
√
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3. CFD SIMULATIONS OF UNSTEADY CAVITATING FLOW AROUND A WEDGE
3.1 Problem description
The 2-D wedge used in this study has the wedge angle of 20 degrees and the depth
of 20 millimeters. Table 1 shows the flow conditions and grid information, and figure 2
shows the grid system and boundary conditions. In this Table, ∞ stands for a
cavitation number obtained by typical cavitation number formula. Another cavitation
number , however, can be obtained by a formula considering blockage effect[9].
Because the computational domain is wall-bounded, the cavitation number
is used
in this study. Reynolds number and cavitation number are based on the freestream
conditions and the wedge depth. The experiment in this study was carried out at the
water tunnel of Chungnam National University. The tunnel has 100 by 100 millimeters
test section, and its maximum freestream speed is 20m/s.

Figure 1. Schematic view of the problem
Table 1. Flow conditions and grid size
∞

V(m/s)

P [kPa]

Re

8.01

71,850

1.6 × 10

5

8.05

58,300

1.6 × 10

5

8.06

50,000

1.6 × 10

5

(for infinite domain)
2.19

(for bounded domain)

1.75

1.52

1.49

1.22

Grid size

2.01
About
68,000 cells

Figure 2. Grid system and boundary conditions
3.2 Results
The experimental results show that there are two types of shedding vortex as shown
in figure 3; one of them is free shedding vortex, and the other is bounded shedding
vortex that has relatively lower dominant frequency than free-shedding vortex. CFD
simulations were carried out at the cavitation number of 1.22, 1.52, and 2.01; however,
inflow pressure after computation is different from the initial input pressure that is
required to obtain the cavitation numbers mentioned above, so the resulting cavitation
numbers are also slightly different from those of experiments. Because the
computational time did not sufficiently advance to catch the low-frequency bounded
shedding vortex, the computed results show the dominant frequencies of the free

shedding vortex only. Figure 5 shows FFT analyses of numerical and experimental
results. These results show the similar dominant frequencies of the free shedding
vortices. Because of these similar dominant frequencies, the pattern and location of
each shedding vortices are also similar in both numerical and experimental results.

Figure 3. Two types of shedding vortex
(left: bounded shedding vortex, right: free shedding vortex)

Figure 4. FFT analysis of the experimental results

Figure 5. FFT analysis results (upper: CFD, lower: Exp.)

(in CFD, 1.24)

(in CFD, 1.48)

(in CFD, 2.05)

Figure 6. Snap shots of vortices at each specific time

4. CONCLUSIONS
URANS computations of cavitating flow around a 2-D wedge were carried out. For
the accurate computation of unsteady low Mach number flow, we employed unsteady
preconditioning technique to cluster system eigenvalues to similar order of magnitudes,
and extended the previous all-speed two-phase RoeM and AUSMPW+ numerical flux
schemes to the application of unsteady system preconditioning. We also scaled
numerical dissipations of the RoeM and AUSMPW+ numerical flux schemes separately
from the system preconditioning. With these solver and numerical methods, we

computed unsteady cavitating flow around a 2-D wedge model. The experimental
results showed there were two types of shedding vortex; one of them was free
shedding vortex, and the other was bounded shedding vortex that has relatively lower
dominant frequency than free-shedding vortex. The computations and experiments
showed similar results in terms of dominant frequencies of the free shedding vortex,
pattern, and location of shedding vortices. Overall comparison confirmed that the
present computations of unsteady cavitating flows show good agreement with the
experimental results.
As a future work, we are planning to conduct more detailed numerical study to
examine the behavior of the low-frequency bounded shedding vortex, and we are
planning the extension to 3-D unsteady cavitating flow such as torpedoes with control
fins.
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