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Abstract

The hydrodynamic cavitation over axisymmetric projectiles is computed using the unsteady incompressible Navier—Stokes
equations for multi-fluid elements. The governing equations are discretized on a structured grid using an upwind difference
scheme with flux limits. A preconditioning dual-time stepping method is used for the unsteady computations. The eigensystem
is derived for the Jacobian matrices. This eigensystem is suitable for high-density ratio multi-fluid flows and it provides high
numerical stability and fast convergence. This method can be used to compute single- as well as multi-phase flows. Cavitating
flows over projectiles with different geometries are computed and the results are in good agreement with available experimental
data and other published computations.
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1. Introduction

The current work is motivated by recent efforts to develop high-speed under water vehicles. Cavitation plays an important
role in the development of such vehicles because of the unsteady features associated with this type of flow. It causes unsteady
hydrodynamic forces, severe noise, structural erosion, and vibration problems. In order to control these problems, it is necessary
to predict accurately the extent and behavior of the cavitating flow on the body surface. On the other hand, cavitation reduces the
viscous drag significantly on the body surface. Thus, it is possible to reach high speeds under the water because of cavitation. It
might occur partially on the body surface or it might grow until it becomes very long compared with the body dimensions; the
latter is called supercavitation. Cavitation occurs as a result of the flow acceleration over the body surface resulting in regions
with pressures lower than the evaporation pressure. Then the water evaporates in these regions, thereby forming vapor-filled
cavities. These cavities tend to collapse due to the reentrant of a water jet and the flow becomes unsteady. Thus an irregular
cyclic process of bubble formation and growth occurs, followed by the filling and finally breaking off of the bubble.

Due to cavitation, large density and viscosity gradients arise at the interfaces between nearly incompressible fluids. Accurate
prediction of this fluid flow, where sharp interfaces might occur, represents a numerical problem of considerable difficulty. Many
strategies are adopted to deal with this flow, including volume-tracking [1,2] and front-tracking [3-5] methods.

Another technique, which is used by many authors [6-13] is the Eulerian approach where separate equations are used to
describe each phase. Two different formulations of the governing equations are usually used to capture the interface, namely the
multi-fluid model and the mixture model. The multi-fluid model is formulated by considering a set of conservation equations
for each phase and interaction terms at the interfaces are added to the equations as source terms [14]. For the mixture model,
the momentum equations are described for the mixture while a separate continuity equation is employed for each phase. One
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of the phasic continuity equations may be replaced by the mixture continuity equation in other formulations of the mixture
model [11,12]. In the current work, separate volume fraction equations are employed to represent the phase change in addition
to the mixture continuity and momentum equations.

In order to predict the cavitation, a physical understanding of the cavitation process is required to model the mass-transfer
rates from water to vapor or from vapor to water where the cavity might be exposed to a pressure higher than the critical
pressure. A model is used by Merkle et al. [10] for the evaporation and condensation processes. In this model, the mass-transfer
rate from water to vapor is set proportional to the volume fraction of the two fluids and the difference between the local and
evaporation pressures.

The objective of the present work is to build an algorithm for the prediction of super- and partial cavitation over submerged
bodies. We focus on the numerical problems associated with this type of flow, especially at the interface where high-order
accurate numerical methods can cause some numerical oscillations. A dual-time stepping method is used for the unsteady
computations by introducing artificial time terms in the governing equations.

Turbulence modeling is employed for this multi-phase system to model the fine Kolmogorov scales where equilibrium of
the turbulence scales at the interface is assumed. In the current computations, interactions between the transported dispersed-
phase and field turbulence are treated on the basis of one-way coupling where the momentum exchange between the multi-
phase system is assumed to have negligible effect on the turbulence generation in the liquid phase. Therefore, no source terms
are added to the turbulence equations to account for the phase change at the interface. In addition, the transported phase in
this bubbly flow is assumed to be larger than the Kolmogorov scales. Thus, closure relationships for turbulence are used to
approximate the mechanical turbulent stresses arising from the Reynolds averaging of the governing equations. In the current
study, a modified two-equatidn-w model is used to model the fine-scale turbulence. This turbulence model is based-en the
model developed by Menter [15], which performs very well in case of adverse pressure-gradient flows. A different formulation
of the model is used by Rogers [16] to remove the freestream dependency of this model by implementing a zonal approach,
which automatically switches from the Wilcox model [17] in the near wall region to an equivatemhodel [18] away from the
wall. The model is maodified in the current work to account for the density variations across the interface between the different
flow phases.

2. Governing equations

The mixture model is used in the current work for the numerical simulation of cavitating flows. In this model, the flow
is assumed to be in thermal and dynamic equilibrium at the interface where the flow velocity is assumed to be continuous.
Thus, the momentum equations are used to describe the fluid mixture while a single continuity equation is used for each fluid
component. The phasic continuity equations are written in terms of the volume fragtjon (

The equations are described for a fluid mixture of liquid, vapor, and non-condensable gas. The vapor continuity equation is
replaced by the mixture continuity equation to simplify the derivation of the eigensystem. Source terms are added to the mixture
and liquid continuity equations to model the mass-transfer rates from liquid to vappaud from vapor to liquidd, ). Hence,
the governing equations can be written in the following Cartesian form:

1dp Ouj ( 1 1 )
=l PR [N DY 1
Bor Tox, \p o) @
dpmu;  Opmu;  Opmujuj  dp 0 du;  Ouj
= — _— —_— [ 5 2

o T ar T ax, am axg [P TR\ Gy, T )] Teme @
o, ooy oy 0 doqu 1 . .
R R L= = iy + 1), ®
at at B ot 0x; 0l
0 oo og 0 ool ;
oy 8 L %P 877 =0, 4

or 8t | B AT ox;
whereg is the artificial compressibility parameterjs the artificial time, and is the physical time.
The mixture density can be calculated from the volume fraction as follows:
pm =0ajAp;+agApg + pu, (5)
Ap; = p; — pv, (6)

where the subscripts v andg denote liquid phase, vapor phase and non-condensable gas, respectively.
Artificial time terms are added to the governing equations in order to build up a dual-time stepping algorithm for the unsteady
calculations. The suggested artificial terms ensure a consistent convergence rate in the different flow regions.
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The governing equations are normalized with the liquid densitfreestream axial velocity, and the characteristic length of
the body. The equations can be rewritten in generalized curvilinear coordinates as follows:
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The Reynolds number is defined as follows

Re= U DAL (19)
129

The matriced, andI"are given by
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3. Turbulence modeling

A two-equationk—w model is used for the turbulence closure. The model is a modified version of the model used by
Rogers [16] to compute single-phase incompressible flows. This model has different coefficients, depending on the region of
solution, to reduce the freestream dependency of the model. The model switches ficrp thhedel near the wall to the—
model away from the wall. The variation of the mixture density is implemented in the current model. The model is defined as
follows:
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whereP;. and P,, are the production terms, which are set proportional to the vorticity as explained by Rogers [16]. The constants
in the model are blended, depending on the region of solution, to switch frokathmodel to thek—s model using the function
F1 as follows:

¢=F1¢1+ (1 - F)o2, (25)

where the value of; is zero or one depending on the regi@n, represents constants for thew Wilcox model, andgo
represents constants from the Jones and Laundekf&8nodel.

4, Cavitation model

The mass-transfer rateg andsm, are required to model the cavitation. A simplified form of the Ginzburg—Landau potential
is suggested by Merkle et al. [10]. In this model, the mass transferrateom liquid to vapor is proportional to the volume
fraction and the amount by which the local pressure is below the vapor pressure. The mass transfer rates are given by the
following expressions

iy = ("evap)al MIn[0. p — pol. (26)
too
. Cprod
ity = ( fm )(1—a, — ag)Max(0, p — pyl. 27)
o0

Here, t~ is the characteristic time of the problem apd is the vapor pressure, which is defined in terms of the cavitation
numbero as follows:

0 =2(py — Po)s (28)

where the freestream pressyrg and the vapor pressugsg, are in non-dimensional form and they are normalized with respect

to the dynamic pressure;l(UOzo). The constantscgvap/too) and €prod/foo) are empirical constants, which express the time

rate of the evaporation and condensation processes with respect to the flow process. In general, the source terms added to the
governing equations are proportional to the vapor—liquid density ratifof). Therefore, the evaporation and the production
constants depend on the assumed value of the vapor—liquid density ratio. The following values are used in all of the simulations:
cevap/ too = 0.9 andcprod/too = 0.9 for py /p; = 0.0001.
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5. Numerical discretization
5.1. System eigenvalues and eigenvectors
Upwind difference schemes, such as the Roe Scheme [19], are based on the characteristics of the governing equations.

Therefore, the eigenvalues and eigenvectors of the incompressible multi-phase system are required for the numerical
discretization of the convective flux. The convective flux in Eq. (7) can be linearized as follows:
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The eigenvalues of the preconditioned multi-phase systeare given by
A1, A2, A5, Ag=U1, rA3=U1+C, r=U1—-C, (33)
where
C=\JUZ+ B2, +£2,+£2)/om. (34)
The right eigenvector matrix is given by
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5.2. Timediscretization

In the time accurate formulation, the physical-time terms in the momentum and volume fraction equations are discretized
using a second-order, three-point, backward difference formula; that is
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wheren is the index of the physical-time level akds the index of the artificial-time level. The artificial-time terms are replaced
by the following implicit Euler finite-difference formula:

2D SntLk+1_ Antlk
roe_r¢ 0 .

37
at AT (37)
The governing equations (7) can be written in the following difference form:
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5.3. Spatial discretization

The explicit part of the viscous flux in Eq. (38) is discretized using a second-order central difference formula. The implicit

part is discretized using a first-order upwind difference scheme as follows:
A 1
—=Z(A-AT 44" 39
7% =3l +A7). (39)

whereA® and A~ are computed based on the eigenvalues of the matras follows:

At =r—l.xA1x1, (40)
A =diagh1, A2, A3, A, A5, Agl, (41)
AT=A—AT. (42)

The explicit part of the convective flux vector is discretized using a third- or first-order Roe scheme, depending on the
gradients of the flow variables in the flow field. The flux difference splitting scheme is constructed based on the eigenvalues and
eigenvectors of the Jacobian matrx

Considering the derivative of the convective flux in thelirection, we use the following difference formula for the flux
derivatives:

OF _ Fiya2—Fi1p2

= 43

5% AL (43)

The convective flux at the mid-cell points is computed using the following equation:
1

Fit12=3 [F(Qi+1) + F(Q)) — $ir1/2]. (44)

whereg; 11,2 is the dissipation term.
For a first-order upwind difference scheme, the dissipative term is given by

$1=AF = AF . (45)

For a third-order upwind difference scheme,
1 4 + _ _

$3=—3(AF o = AF o+ AF g 5 = AFg0), (46)
where

AFiﬁ1/2=F.Ai(§)-AQ, (47)

— 1

Q=§(Qi+1+Qi), (48)

AQ=0iy1—0Q;. (49)

Flux limits are usually used to avoid spurious numerical oscillations [20]. In the current work, an indicator function is defined
depending on the gradients of the flow variables, to determine the accuracy of the flux difference scheme. The indicator function
is defined in terms of the following vector:
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1= 40i+1—20; + 0i-1)
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Thus, the dissipation part in the flux difference scheme is defined as follows:

div12=1—me3+nd1.

(50)

6. Boundary conditions

Different boundary conditions are used in the simulations, including inflow, outflow, no-slip, and symmetric boundary
conditions. All of the boundary conditions are treated implicitly in the code to reduce the restriction on the time step and
to increase the stability of the code. For the inflow boundary, the velocity components and the volume fractions are specified,
while the pressure is extrapolated from the interior points. At the outflow boundary, the pressure is specified, whereas the
velocity components and the volume fractions are extrapolated from the computational domain. At the walls, the velocities are
set equal to zero, whereas the volume fraction and the pressure are extrapolated. At the line of symmetry (centerline), the normal
velocity to the centerline is set equal to zero while the derivatives normal to the line of symmetry for the tangential velocities,
the volume fraction, and the pressure are set equal to zero. In addition, similar boundary conditions are needed for the turbulent
guantities.

7. Results

The cavitating flows are computed over different semi-infinite projectile geometries, such as hemispherical, ogive, conical,
and blunt bodies. In addition, the effect of the angle-of-attack on the bubble shape and the surface-pressure distribution is
investigated. The computations are done for different cavitation numbers and a Reynolds numberTafel@apor—water
density ratio is assumed to be 0.0001 in all the simulatiéhgrid of dimensions 80 32 x 124 in the normal, azimuthal,
and spanwise directions, respectively, is used. The computations have been also performed on coarser grids and that, since the
results on two subsequent grids are practically coincident, only the results on the finer grid are reported. The grid is clustered in
the normal direction near the body surface and in the spanwise direction as shown in Fig. 1(a). A minimum grid size of 0.001
is used in the normal direction on the body surface. The computational domain is composed of two blocks. The first block is
generated only for the nose part to ensure that the grid lines are normal to the boundaries while the second block is constructed
for the cylindrical part.

Two-time levels are used for the unsteady computations. The atrtificial-time step is restricted by the CFL condition, which
allows for a larger time step due to the implicit treatment of the governing equations and the boundary conditions. A small value
of the physical time step is used in the simulations in order to resolve accurately the transients of the cavitating flow, which
occur very rapidly. An optimum convergence rate is obtained for a compressibility pargineftér

The current numerical method can be used to compute single-phase as well as multi-phase flows on cavitating bodies.
A single-phase flow on a hemispherical body is first considered to validate the method, as in Fig. 1(b). A steady state is

1
o Current results
08 o Kunzresults
experiment
06
04F
'l' 4
L%, 02
i S)
Ul of
il
\llle\{{(«"lﬂlf””/;/lll///// 02
NI
\\\\\\\\K\{{{"!W Ml 04
Wl "hmm
gl 06 Vi . . .
0 1 2 3 4 5

Fig. 1. Single-phase flow on the surface of a hemispherical body. (a) Computational grid (dimensio2 81.24). (b) Pressure-coefficient
distribution.
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Fig. 2. Surface-pressure contours for the cavitating flow over a hemispherical &cdy0Q): (a) without gas injection and (b) with gas
injection.
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Fig. 3. Pressure-coefficient distribution over a hemispherical body for a cavitating flow with and without gas injeetiorg.
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Fig. 4. Time variation of the drag and lift coefficients for the cavitating flow over the hemispherical bed35) with an angle of attack
(a. = 10°). (a) Drag coefficient. (b) Lift coefficient.
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Fig. 5. Water and gas volume fractions for the cavitating flow over the hemispherical body0) with gas injection on the body nose.
(a) Liquid volume fraction. (b) Gas volume fraction.

obtained for this single-phase flow at the given conditions. The variation of the pressure coefficient along the body surface is
compared with the experimental data of Rouse and McNown [21] and computational results of Kunz et al. [12]. The results are
in good agreement with both the experimental and computational results. The single-phase computations indicate the maximum
cavitation number at which the water might evaporate for specified Reynolds number. This cavitation number corresponds to
the minimum pressure coefficient on the body surface.

Three different cavitating flows over the hemispherical body are computed at a cavitation number of 0.2. In the first case,
natural cavitation on the body is computed. In the second case, the effect of ventilated cavitation on the flow is considered by
injecting a non-condensable gas near the nose over a small length of the body surface. The gas is injected normal to the projectile
surface and the injection is assumed to be at a distance of 0.2 the projectile diameter from the nose measured along the axis.
The maximum velocity of the injected gas is assumed to be twice the freestream velocity, and a parabolic velocity profile in the
spanwise direction is used for the injection. In the third case, natural cavitation is computed at an angle of attack. The surface
pressure contours are presented in Fig. 2 (a) and (b) for the natural and ventilated cavitation flows. For both flows, the pressure
increases at the end of the vapor bubble on the surface although the bubble end is covered by a mixture of non-condensable
gas and water for the ventilated case. The pressure jump at the bubble closure is attributed to the water jet reentry in both the
ventilated and natural cavitation. Therefore, similar pressure jumps are obtained because water content in the mixture reentering
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@) (b)

Fig. 6. Bubble shapes for the cavitating flow over a hemispherical hody@.2). (a) Without gas injection and zero angle of attack, (b) with
gas injection and zero angle of attack, (c) without gas injection and five degrees angle of attack.
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Fig. 7. The cavitating flow over a 1-cliber ogive body at2amgle of attack4 = 0.2): (a) surface pressure distribution, (b) bubble shape.

the bubble is high. For the natural and ventilated cavitations, the results are compared with available experimental and other
computations in Fig. 3. The results indicate that the ventilated cavitation has a small effect on the surface pressure. On the other
hand, the viscous drag on the body is reduces significantly due to the gas injection.

The time variation of the hydrodynamic loads on the cavitating hemispherical body for 10 degrees angle of attack is
introduced in Fig. 4 (a) and (b). The cavitation number is assumed to be 0.35 for this case. The results indicate that both
the lift and drag are oscillating at the same frequencies. The lift and drag forces have a steady state component. The amplitude
of the lift oscillations is greater than the drag oscillations.

The time sequence of the bubble shape over a cavitating hemispherical body with gas injection is presented in Fig. 5 (a)
and (b). As the pressure in the flowfield becomes lower than the vapor pressure, a bubble grows on the projectile surface. Due
to the bubble closure on the surface, the pressure increases near the bubble end causing the bubble to collapse. In addition, a
mixture of non-condensable gas and water is pushed into the bubble due to the large pressure difference near the bubble end
and a jet penetrates deep into the bubble. This jet reentrance causes the bubble to break off at certain point. As a result, the
pressure jump at the bubble end disappears, causing the jet to slow down until the cycle is repeated. The contours of the gas
volume fraction are shown in Fig. 5(b). The gas covers the vapor bubble and the whole surface of the body. In addition, a jet of
gas-water mixture moves under the vapor bubble. As a result of the gas flow under the vapor bubble and on the body surface, the
viscous drag is significantly reduced. The bubble shapes of the cavitating flows over a hemispherical body are shown in Fig. 6.
Most of the body is covered by a vapor—gas bubble for the ventilated cavitation. For the natural cavitation, the vapor bubble
covers part of the body at a cavitation number of 0.2. At 5 degrees angle of attack, the bubble shape becomes unsymmetric in
the angular direction causing a pressure variation in this direction.

In Fig. 7(a), the surface pressure contours and the bubble shape are presented for the cavitating flow over 1-caliber ogive
body with a small angle of attack. Unsymmetrical bubble shape associated with a pressure variation in the angular direction is
obtained for this case. The flow can be clearly seen to be highly three-dimensional. As a result of this 3-D flow, redistribution of
forces and moments occurs on the body surface. We noticed that the ogive body produces a drag force less than that produced
by the hemispherical and conical bodies at the same condition. This reduction in the drag force is caused by the reduction of
the drag on the nose since the pressure distribution near the nose varies with the nose geometry.

Single- and two-phase flows over an axisymmetric blunt body are computed at different cavitation numbers. The computation
of this case is very sensitive to the refinement of the grid at the sharp corner of the body where large flow gradients might exist.
Very fine grids produce high numerical oscillations near the corner where the turbulence models might not produce enough
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dissipation to smooth out the solution. Therefore, the computational grid for this case should be chosen carefully in order to
resolve this flow accurately. The single-phase flow computations agree with the experiment as shown in Fig. 8(a). Moreover,
the cavitating flow over the blunt body is computed at two different cavitation numbers. In both cases, the results agree with the
experiment as shown in Fig. 8 (b) and (c). For the computations, the pressure jump at the end of the bubble is sharper than the
experiment. This result could be referred to the inability of the turbulence model to produce enough dissipation for this case.
The bubble shapes are presented in Fig. 9 (a) and (b) at cavitation numbers of 0.3 and 0.5. The effect of the cavitation number
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Fig. 10. Pressure-coefficient distribution over the surface of an axisymmetric conical body.

on the bubble size can be seen from the figure. At the specified cavitation numbers, a water jet reentry is noticed at the end of
the bubble.

In Fig. 10, the pressure coefficient distribution over the surface of a conical body is presented for single-phase and cavitating
flows. The cone half-angle is 22.50r this case. The single-phase flow computations indicate that the flow cavitates at a
maximum cavitation number of 1.2. For the cavitating flows, a pressure jump can be seen at the bubble closure. The results
indicate that the bubble size for this geometry is smaller than the bubble size for the hemispherical and blunt bodies.

8. Conclusions

A numerical method is developed to solve the unsteady incompressible Navier—Stokes equations for multi-phase flows.
A new preconditioning matrix is introduced by adding new artificial terms to the governing equations and hence a new
eigensystem is derived for the Jacobian matrices. The convective flux vector is discretized using an upwind flux difference
splitting scheme on a structured grid. The equations are integrated implicitly in time and the resulting linear system is solved
iteratively using the Gauss—Seidel line-relaxation method. All of the boundary conditions are treated implicitly in the code to
reduce the restriction on the time step. A zonal turbulence model is employed for the computation of the eddy viscosity and the
model is solved separately from the governing equations to alleviate the system stiffness and to reduce the computational time.
Cavitating flows over different geometries are computed for different cavitation numbers with and without gas injection. The
computations indicate that the viscous drag is significantly reduced due to gas injection on the body nose. Moreover, the one-
caliber ogive body produced less drag than the hemispherical and conical bodies due to the reduction of the induced drag on the
body nose. In general, the results are in good agreement with both the experimental results and other published computations.
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