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Effect of Cavitation on Vortex Dynamics
in a Submerged Laminar Jet

T. Xing¤ and S. H. Frankel†

Purdue University, West Lafayette, Indiana 47907

The effects of cavitation on vortex dynamics in a submerged, two-dimensional, planar laminar forced jet were
studied numerically. A locally homogeneous cavitation model that accounts for nonlinear bubble dynamics and
bubble/bubble interactions within spherical bubble clusters was employed. The effects of varying key � ow and
cavitation model parameters on � ow/cavitation interactions were investigated. The parameters varied include
the cavitation number (vapor pressure), the bubble number density, the bubble cluster radius, and the Reynolds
number. The results showed cavitation occurring in the cores of primary vortical structures when the local pressure
fell below the vapor pressure. Low levels of void fraction caused signi� cant vortex distortion, with the details
depending on the model parameters. For higher Reynolds numbers and small values of the bubble cluster radius,
cavitation inhibited vortex pairing and resulted in vortex splitting. All of the preceding observations were in good
qualitative agreement with previous experimental and numerical studies. The vorticity transport equation was
used to examine the mechanisms behind the effects of cavitation on the vortex structures, and it was found that
both the dilatation and baroclinic torque terms played a role.

Nomenclature
b = buffer function
D = nozzle diameter
fv = void fraction
h = half-width of the nozzle
N = number of grid points
n = bubble number density
P = Fourier transform of pressure
p = pressure
p1 = chamber pressure
R = bubble radius
Re = Reynolds number
r = radius measured from jet axis
r2 = half-radius
S = strain rate tensor
t = time
U0 = maximum velocity at inlet
umax = maximum velocity at measuring section
V = velocity vector
(x , y, z) = Cartesian coordinate system
1r = bubble cluster radius
µ = momentum thickness
3 = constant
¹ = molecular viscosity
½ = density
¾ = cavitation number
! = vorticity
r = gradient operator

Subscripts

l = liquid
v = vapor
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Superscript

¤ = nondimensionalquantity

I. Introduction

C AVITATION occurs in liquids when the local pressure drops
below the saturatedvapor pressure.This typically requires the

presence of nucleation sites, which are usually small bubbles or air
entrained within the � uid or trapped in solid crevices. In a � owing
� uid, instabilities and turbulence often result in the formation of
large-scale vortical structures. The pressure in the cores of these
structures may fall below the local vapor pressure, providing fa-
vorable conditions for cavitation inception.1¡3 In addition, vapor
formation also lowers the local density, which may have a signi� -
canteffect on the local � ow� eld. There havebeen a numberof recent
experimental and numerical studies examining � ow/cavitation in-
teractions, which serve to motivate the present study.

Sridhar and Katz4 examinedthe effect of entrainedbubbleson the
structureof vortex rings.Their experimentalstudies showed that the
presenceof only a few microscopicbubblesat very low void fraction
can signi� cantly affect the vortex dynamics within the impulsively
started jets. When bubbles were entrained in the vortex ring, they
observed a shift and distortionof the vortex core, and dependingon
the number of bubbles and their relative locationswithin the vortex,
they also observed a splitting of the vortex and an intensi� cation
of the local vorticity. They explained these observations based on
changes in the liquid momentum due to the presence of the vapor
bubbles.

Gopalan et al.5 conducted experimental studies of submerged
water jets and showed cavitation occurring in the cores of either
primary Kelvin–Helmholtz rollers or secondary streamwise vorti-
cal structures, depending on whether or not the jet was tripped at
the nozzle exit. This highlights the sensitivityof jet cavitation to in-
let conditions in experiments, industrial applications, or numerical
simulations.

Cerutti et al.6 compared predictions of cavitation inception rates
in jets using an axisymmetric vorticity–stream function approach
and a Lagrangian bubble tracking method. Results were in qualita-
tive agreement with experimental observations of Gopalan et al.,5

although they did not consider the effect of the bubbles on the � ow.
These bubble/� uid interactions were recently shown to have a sig-
ni� cant in� uence on energy distributions in free-shear � ows.7

There have been a number of papers attempting to couple com-
putational � uid dynamics solvers to various cavitation models to
study numerically some of the mentioned effects. Cavitating � ows
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feature both incompressible and compressible � ow behaviors due
to the presence of both pure liquid in noncavitating regions and
two-phase(liquid/vapor)in cavitatingregions.This makesmodeling
such � ows numericallychallengingbecausethe computercodemust
handle a range of Mach numbers. Preconditioning strategies have
been introducedby Turkel8 and othersto enableef� cientuse of com-
pressible � ow codes at low Mach numbers. Recent pressure-based
approacheshavealsobeendevelopedformodelingturbulentcavitat-
ing � ows.9 The incompressible cavitation model of Kubota et al.10

avoids these problems. The model of Kubota et al. assumes homo-
geneous, isothermal, two-phase � ow and accounts for the important
effects of bubble dynamics by incorporating a modi� ed version of
the Rayleigh equation.The model accounts for bubble/bubble inter-
actions within spherical bubble clusters distributed throughout the
� ow. The model neglects the mass and momentum of the vapor, the
change of liquid mass due to phase change, and the changes in bub-
ble number density as bubbles grow and decay. The model is only
valid for low void fractionswhere the bubble radius is much smaller
than the mean � ow structures, so that bubbles are dominated by
viscous effects and buoyancy effects can be neglected. The model
was applied to study unsteady cavitationon a hydrofoil section and
produced reasonable results. More recently, the model has been ex-
tended by Delale et al.11 by relating the size of the bubble cluster
radius to some multiple of the local bubble radius (assumeduniform
throughout the cluster). When the cluster size is equal to the local
bubble radius, the model reverts back to the originalRayleigh equa-
tion for a single bubble, which does not account for bubble/bubble
interactions.If the cluster size is greater than the localbubble radius,
then the model relates the local number of bubbles to the local void
fraction. This modi� es the original assumption of constant bubble
numberdensityin theKubotaet al.10 model to oneof constantbubble
numberperunit mass. This latterassumptionis more consistentwith
the modeling efforts of Chen and Heister.12 Other modeling efforts
include the two-� uid modeling work of Grogger and Alajbegovic,13

the compressible � ow model of Schmidt et al.,14 and the volume
of � uid model presented by Sauer and Schnerr15 and used in the
FLUENT software.

In this work, the model of Kubota et al.,10 henceforth referred
to as Kubota’s model, was employed to study cavitation in sub-
merged planar jets. In particular, the focus was on the two-way
coupling between the � ow and the cavitation process. The choice
of submerged planar jets was motivated by our interest in cavita-
tion in hydraulic valves and the recent experimental evidence that
such � ows involve large-scale vortical structures that form as part
of the unsteady turbulentjet � ow.16 In addition,several of the recent
experimental studies of � ow/cavitation interactions have involved
free-shear � ows, including jets, as already discussed.

II. Governing Equations
The following form of the Navier–Stokes equationswere consid-

ered in this study:
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The density of the liquid/vapor bubble mixture is de� ned as

½ D .1 ¡ fv/½l (3)

where ½l is the liquid density (the vapor density assumed to be
negligible compared to the liquid density) and fv , the local void
fraction, is de� ned as

fv D n 4
3 ¼ R3 (4)

with 0 < fv < 1. The mixture viscosity is evaluated using

¹ D .1 ¡ fv/¹l C fv¹v (5)

where ¹l is the liquid viscosity and ¹v is the vapor viscosity, and
both are assumed constant.

The bubblenumberdensity is assumed constant in both spaceand
time, which limits the accuracy of the model for large void fractions
by neglectingbubble coalescenceand splitting.The Rayleigh equa-
tion governs the dynamic behavior of a single bubble in a quiescent
medium.3 Because grid resolution in most numerical simulations is
insuf� cient to resolve individual bubbles, Kubota et al.10 modi� ed
the Rayleigh equation to account for interactions between bubbles
(of the same radius R), which may occur at scales below the grid
scale.The � nalequation,referredto as thelocalhomogeneousmodel
(LHM) equation, is given as
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where D=Dt is the material derivative, 1r is the bubble cluster ra-
dius (distance over which bubbles may interact with each other in a
given cluster), and pv is the vapor pressure of the liquid for a given
temperature.Surface tension, thermal,and viscouseffectshavebeen
neglected in the precedingequation.Notice that, as the bubble clus-
ter radius goes to zero, the Rayleigh equation for a single bubble is
recovered and bubble/bubble interactions are no longer included in
the equation. Recently, Delale et al.11 have revised Kubota’s model
and have addressed two important effects related to bubble/bubble
interactions and viscous damping. In Kubota’s original model, the
bubble cluster radius is chosen to be the grid interval. In the work
of Delale et al.,11 they related the bubble cluster radius to the radius
of the bubbles within the cluster itself (which is assumed the same
for all bubbles within the cluster, but may grow or decay depending
on the local pressure), as follows:

1r D 3R (7)

where 3 D constÀ 1. (If 3 D 1, then the classical Rayleigh equa-
tion is recovered.)This model assumes that local number of bubbles
within a cluster is proportional to the local volume of a bubble and,
hence, the local void fraction.

To couple the LHM equation for the bubble radius to the Navier–
Stokes equations, Kubota et al.10 derived a quasi-Poisson equation
for the pressure, which is given hereafter (for more details, see
Ref. 10). Here,
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Maximum and minimum void fractions were speci� ed to avoid
pure liquid and vapor states with 2 D 8 D 0 with the bubble radius
� xed. In the present implementation, a hyperbolic tangent function
was used to ensure a smooth variation between these two extreme
states. All quantitiesand equationswere nondimensionalizedby the
liquid density and viscosity, the jet nozzle half-width h, maximum
velocity at jet inlet U0, and dynamic pressure ½lU 2

0 .
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III. Numerical Method
Kubota et al.10 integrated the preceding equations using a � rst-

order Euler time integration with second-order central differences
for spatial discretization. They had to include arti� cial dissipa-
tion to both the momentum and LHM equations. In this study,
the momentum and LHM equations were spatially discretized us-
ing sixth-order compact central differences for interior points and
a third-order compact scheme applied near or at the boundary of
the computational domain.17 The quasi-Poisson equation was dis-
cretized using second-order central differences to facilitate imple-
mentation of the line successive overrelaxation(LSOR) solver and
the multigrid acceleration techniques.18 Both fourth-order Runge–
Kutta and � rst-orderEuler time integrationwere considered,but the
Euler time integration was chosen for computational ef� ciency. A
fourth-order explicit compact spatial � lter was applied to the � ow
variables after each time step to eliminate spurious high-frequency
numerical errors.

IV. Problem Description
Recently,Gopalanet al.5 studiedthe � ow structurein thenear � eld

of submerged water jets and its effect on cavitation inception.They
found that for untripped jets, cavitation inception occurred in the
core of strong streamwise vortices, which formed just downstream
of the nozzle exit. For tripped jets, the Kelvin–Helmholtz instability
producedvortex rollup,and cavitationoccurredin the coresof these,
basically axisymmetric, vortical structures. Sridhar and Katz4 stud-
ied the effect of entrained bubbles on vortex ring structure. They
found that even a few bubbles at overall low void fraction could
have a signi� cant effect on the vortex ring structure. In certain in-
stances,entrainedbubblesdistortedand split a singlevortex into two
structuresand intensi� ed the localvorticity.In our two-dimensional,
planar cavitating jet simulations, we cannot simulate the untripped
jet of Gopalan et al.,5 which features strong three-dimensional� ow
structures early in the jet. However, we can, at least qualitatively,
study the tripped jet case, which features unsteady vortex rollup
and cavitation. In addition, because our cavitation model accounts
for the interactionbetween the bubble dynamics and the � ow struc-
ture, we can also study the effect of cavitation (bubbles) on vortex
dynamics and make qualitative comparisons to the experiments of
Sridhar and Katz.4

Motivated by the preceding discussion, two-dimensional simu-
lations of a planar submerged water jet exhausting into a chamber
were conducted using the cavitation model, governing equations,
and numerical methods described earlier. The computational do-
main is shown in Fig. 1. A rectangular computational domain was
chosen to represent the chamber. The jet was modeled just down-
stream of the nozzle by specifying a hyperbolic tangent velocity
pro� le at the inlet with nondimensional momentum thickness of
0:32. A small amplitude sinusoidal disturbance was added to this
base pro� le with Strouhal number of the primary frequency cho-
sen as 0:223. The secondary frequency was half of this value. The
nondimensionalforcing period was 4:49. The jet Reynolds number
was based on the nozzle half-width.For practical considerationsre-
garding scaling effects, varying the Reynolds number is of interest.
For the two-dimensional simulations considered here, varying the
Reynolds number did not result in signi� cant qualitative changes
to the � ow/cavitation interactions. To examine scaling effects as-
sociated with the Reynolds number and turbulence, experiments or

Fig. 1 Computational domain.

Table 1 Flow and cavitation model parameters
for the simulation cases

Case Re ¾ pv n 1r

A 600 1.80 0:10 106 0.1
B 600 0.80 0:60 106 0.1
C 600 0.90 0:55 106 0.1
D 600 0.80 0:60 104 0.1
E 600 0.80 0:60 106 1.0
F 1000 1.80 0:10 106 0.2
G 1000 0.80 0:60 106 0.2

Fig. 2 Axial velocity pro� le in a submerged laminar jet.

three-dimensional large eddy simulations would be needed. This
will be considered in future studies.

Another very important parameter for cavitating� ows is the cav-
itation number. The cavitationnumber was de� ned here in terms of
dimensional quantities as ¾ D .p1 ¡ pv/=0:5½l U 2

0 . The cavitation
number was varied by changing the vapor pressure. The Reynolds
number was de� ned as ½l hU0=¹l and serves to determine the liquid
viscosity. The ratio of the vapor to liquid viscosity was 0:00912
following Kubota et al.10

The computationaldomain extendedfrom ¡7:5 · y¤ · 7:5 in the
transverse direction and 0 · x¤ · 67 in the streamwise direction. A
nonuniform Cartesian grid with 513 £ 129 points was employed.
Grid stretching was used in the streamwise and transverse direc-
tions to facilitate resolutionof the jet shear layers. Nonslip velocity
boundary conditions were enforced at the top and bottom of the
domain, with extrapolationfor the pressure.At the out� ow, a buffer
domain extending from 40 · x¤ · 67 was employed that featured
enhanced grid stretching (there were 73 points used in the axial di-
rection in the buffer domain) and a smoothly vanishing viscosity.
This resultedin a purelyconvectiveout� ow condition,which tended
to minimize spurious re� ections.19

The simulation parameters considered here are presented in
Table 1. Three different parameters were varied. These were the
cavitation number ¾ (or, equivalently, the vapor pressure pv), the
bubble number density n, and the bubble cluster radius 1r . In ad-
dition, a noncavitatingcase at the same Reynolds number was sim-
ulated for comparison purposes by lowering the vapor pressure to a
value lower than that achieved by the � ow anywhere in the compu-
tational domain. The simulations were run out to a nondimensional
time of t¤ D 111:8. Statisticswere gatheredfor comparisonpurposes
for a time period from t¤ D 40 to 111:8, which is equal to 16 times
the main forcing period.

V. Code Validation, Grid, and Domain Effects
The computer code was validated for a noncavitatingsubmerged

laminar jet and predictions were in satisfactory agreement with the
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experimental measurements of Akaike and Nemoto.20 Predictions
andmeasurementsof axialvelocitypro� les are in satisfactoryagree-
ment, as shown in Fig. 2.

To assess the numericalaccuracyof the simulations,a grid re� ne-
ment study was conducted.In addition,the effect of the domain size
was examined by varying axial location of the out� ow boundary. In
the grid re� nement study, the number of grid points in the vertical
direction was roughly doubled. Figure 3 shows a transverse pro-
� le of the instantaneous axial velocity at x¤ D 20 from simulations
with two different vertical grid sizes for case B. The two pro� les
are similar, suggestingadequate grid resolution. (Results were sim-

Fig. 3 Instantaneous axial velocity pro� les at t¤ = 40 for two different
transverse grid sizes.

Fig. 4 Instantaneous vorticity contour plots demonstrating the in� uence of the streamwise size of the computationaldomain for case A.

ilar at other axial locations and times.) Increasing the spatial extent
of the computational domain in the axial direction did not change
the results. The instantaneous vorticity � elds at t¤ D 44 are identi-
cal for two calculations with different domain sizes, as shown in
Fig. 4. Hence, we employed the original domain and a grid size of
513£ 129 for all of the results presented in the rest of the paper.

VI. Results and Discussion
A. Cavitating vs Noncavitating Jets

In this section we compare simulation results for the noncavitat-
ing case, case A, with those for the cavitatingcase, case B. The only
difference between these two cases is the cavitation number. The
overall effect of cavitation on the jet growth can be discerned from
a plot of the axial variation of the momentum thickness shown in
Fig. 5. Cavitation tends to suppress the jet growth in the � rst half of
the jet in the region corresponding to 0 · x¤ · 12. This is followed
by a rapid increase in the jet growth between 12 · x¤ · 14. Then
the cavitating jet growth tends to level off. The locationof the rapid
increase in the growth of the jet at x¤ D 12 roughly corresponds to
the � rst locationof vapor as determined from instantaneouscontour
plots (to be shown) and can be thought of as the location of cavi-
tation inception. The jet growth suppression in the � rst half of the
jet is then attributed to the decrease in density due to vapor forma-
tion stabilizing the jet. The rapid increase in jet growth downstream
of this region is then related to pure expansion effects due to the
presence of the vapor. This initial suppression, followed by subse-
quent growth due to density variations, is similar to the two-way
couplingeffects for the case of uniformbubble-phaseconcentration
in a mixing layer.21

In Figs. 6 and 7, contour plots of instantaneousvorticity at three
different times are compared for both cases. In this and all plots
to follow, t¤ is the nondimensional time de� ned as t¤ D tU0=h. In
Fig. 6, the Kelvin–Helmholtz vortex rollup and pairing process can
be clearly seen. In Fig. 7a, the plot at nondimensional time t¤ D 44
is similar to that in Fig. 6a. At t¤ D 48 and 52, differencesin the vor-
tical structure between the cavitating and noncavitating cases can
be seen. These differences are attributed to the presence of vapor
near the cores of the second pair of vortical structures at t¤ D 44
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Fig. 5 Effect of cavitation on momentum thickness vs axial distance
for noncavitating case A and cavitating case B.

a)

b)

c)

Fig. 6 Contour plots of instantaneous vorticity for the noncavitating
case, case A: a) t¤ = 44, b) t ¤ = 48, and c) t ¤ = 52.

a)

b)

c)

Fig. 7 Contour plots of instantaneous vorticity for cavitating case,
case B: a) t¤ = 44, b) t¤ = 48, and c) t¤ = 52.

in Fig. 7. To quantify these differences, closeups showing instan-
taneous velocity vectors, vorticity contours, and pressure contours
are presented in Figs. 8 and 9 for the noncavitating and cavitating
cases, respectively. Because of cavitation, the location of the pri-
mary vortex core, as indicated by the center of the rotational � ow
pattern in the velocity vector plots, has shifted vertically upward
approximately 0:15, the core has expanded, and the velocity has
decreased.Cavitationappears to have to distorted and elongated the
vortical structures. These observations are all in good qualitative
agreement with the experimental � ndings reported by Sridhar and
Katz.4 The vortex pairing process has also been inhibited by cavi-
tation, and an additional vortex can be seen in Fig. 7b. Finally, the
pressure in the core of the primary vortex is higher in the cavitating
case as compared to the noncavitating case. This is because, when
the local pressure falls below the vapor pressure, vapor formation
in the cavitating cases serves to limit the lowest pressure within the
� ow� eld.

To observe cavitation inception and the unsteady � uctuations as-
sociated with cavitation, a comparison between the noncavitating
and cavitating cases, cases A and B, respectively, for the tempo-
ral evolution of the instantaneous pressure at a � xed point within
the domain is shown in Fig. 10. The coordinates of the � xed point,
x¤ D 5:78 and y¤ D 1:75, correspond to a location where the vortex
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a)

b)

c)

Fig. 8 Closeup of instantaneous a) velocity vectors, b) vorticity
contours, and c) pressure contours at t¤ = 48 for the noncavitatingcase,
case A.

center passes. From Fig. 10, we can see that before t¤ D 42, cavita-
tion has not yet occurred because the minimum pressure within the
domain has not yet dropped below the speci� ed vapor pressure. Be-
cause of the ellipticalnature of the quasi-Poissonpressureequation,
we can infer that there are no pressure � uctuations (hence, vapor)
anywhere else in the computational domain at this time. Hence,
the pressure signals between the cavitating and noncavitatingcases
are identical at this time. The low-frequency pressure variations
in both signals are due to the passing of a vortical structure. At
t¤ D 42, cavitation inception occurs when the local � ow pressure
drops below the vapor pressure (not necessarily at this location).
As a result, high-frequency pressure oscillations are observed to
occur, which are indicative of bubble dynamics (alternative bubble

a)

b)

c)

Fig. 9 Closeup of instantaneous a) velocity vectors, b) vorticity
contours, and c) pressure contours at t¤ = 48 for the cavitating case,
case B.

growth and collapse) occurring somewhere in the domain. After
t¤ D 46, the oscillationsdisappear as the lowest pressure within the
domainrecoversabovethe vaporpressure.The high-frequencypres-
sure � uctuations are caused by bubble growth and collapse inside
the cavitating region. The high frequency was resolved by the cur-
rent time step, as can be seen in a closeup of the region in case B
shown in Fig. 11a. Sample results from Fourier analysis of the pres-
sure signals are shown in Fig. 11b, where P is the Fourier trans-
form of p¤. For the noncavitating case, the dominant frequency
was 0.223 Hz, which corresponds to the jet forcing frequency. For
the cavitating case B, two dominant frequencies can be observed.
The � rst frequency was the forcing frequency as in the noncavi-
tating jet, but the second was a higher frequency of 50 Hz, which
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Fig.10 Temporalevolutionof instantaneouspressure at one� xed point
for cases A and B.

a)

b)

Fig. 11 Further analysis of pressure � uctuations for case B showing
a) closeup and b) Fourier analysis.

corresponds to the high-frequencypressure � uctuations caused by
cavitation. Similar pressure oscillations can be observed in other
studies.12;22

B. Effect of Cavitation Number
The effect of cavitation number can be studied by comparing

results from cases B and C. The cavitationnumber was increased in
case C by decreasing the vapor pressure. All other parameters were
the same between the two cases. In Fig. 12, closeups of the vorticity

a)

b)

Fig. 12 Closeup of instantaneous a) vorticity and b) pressure contours
at t¤ = 48 for the cavitating case, case C.

Fig.13 Temporal evolutionof instantaneouspressure at one� xed point
for cases A and C.

and pressure contours for the same region as in Fig. 9 are shown.
The velocity vector plots were similar for both cases and are not
shown.The vorticitycontoursstill reveal threemain vorticalregions,
although the magnitude of the vorticity has decreased everywhere
in the region shown. The pressure contours show that by lowering
the vapor pressure and, hence, increasing the cavitation number,
the values of the pressure have decreased everywhere in the region
shown. This is because the � ow is able to reach a lower pressure
before cavitation inception and vapor formation occur, which tends
to limit the lowest pressure as already discussed in the comparison
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a)

b)

Fig. 14 Closeup of instantaneous a) vorticity and b) pressure contours
at t ¤ = 48 for the cavitating case, case D.

between cases A and B. If the vapor pressure is further decreased,
eventually a single-phase or noncavitating � ow results. Increasing
the cavitationnumber also tends to delay inceptionand decrease the
amplitude of the pressure oscillations as shown in Fig. 13.

C. Effect of Bubble Number Density
The bubble number density is a prespeci� ed constant in Kubota’s

model. The actual value of this quantity may vary throughout the
� ow as a result of bubble coalescence and splitting. These effects
are not accountedfor in the current model. Therefore, it is of interest
to examine the effect of this parameter on the interaction between
cavitation and vorticity dynamics. In case D, the bubble number
densitywas decreased from 106 to 104 with all other parameters the
same as in case B (Table 1). In Fig. 14, closeups of the vorticity
and pressure contours for the same region as in Fig. 9 are shown.
Again, the velocity vector plots were similar for both cases and are
not shown. The vorticity contours are qualitatively similar to the
two preceding cases but are more similar to case B than to case C.
One interestingdifference is the increase in the peak vorticity in the
central vortex. The pressure is lower everywhere than in case B in
the region shown. By the lowering of the bubble number density
everywhere in the domain, the amount of vapor formed due to cav-
itation and, hence, the effect on the � ow, is less noticeable. If the
bubble number density is further decreased, a noncavitating � ow
is recovered. This can also be seen in the further decrease in the
pressure � uctuations as shown in Fig. 15.

D. Effect of Bubble Cluster Radius
The bubble cluster radius 1r is related to the spatial extent over

which bubbles may interactwith each other dynamically. In case E,
the bubble cluster radius is increased from 0:1 to 1:0 with all other
parameters the same as in case B. In Fig. 16, the vorticity contours

Fig.15 Temporal evolutionof instantaneouspressure at one� xed point
for cases A and D.

a)

b)

Fig. 16 Closeup of instantaneous a) vorticity and b) pressure contours
at t¤ = 48 for the cavitating case, case E.

reveal only two main vortical structures, most similar to the non-
cavitatingcase (case A) but with lower peak values for the vorticity.
The pressure is lower everywhere than in case B, but higher than in
case A. Increasing the bubble cluster radius increases the amount
of diffusion associated with the LHM equation. This damping ef-
fect can be revealed in Fig. 17, which shows the temporal evolution
of the maximum void fraction for cases B and E. [Note that the
corresponding bubble radius evolution can be calculated directly
from Eq. (4).] With a smaller bubble cluster radius in case B, the
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a)

b)

Fig. 17 Temporal evolution of maximum void fraction for a) case B
and b) case E.

Fig.18 Temporalevolutionof instantaneouspressure at one� xed point
for cases A and E.

void fraction increasesand decreaseswith a much higher frequency
than that in case E. This is consistent with the recent � ndings of
Delale et al.11 This damping effect can also be seen in the virtual
elimination of pressure � uctuations, as shown in Fig. 18.

E. Vorticity Transport Equation Analysis
To get a betterunderstandingof theeffectof cavitationonvorticity

dynamics, it is useful to examine the vorticity transport equation for
a two-dimensional � ow:

D!

Dt
D ¡!r ¢ V C

r½ £ r p

½2
C ºr2! (13)

a)

b)

c)

Fig. 19 Closeup of instantaneous a) void fraction, b) dilatation term,
and c) baroclinic torque term at t¤ = 48 for the cavitating case, case E.

The vorticityof a � uid particle can be changed by the various terms
on the right-hand side of this equation, which are, from left to
right, dilatation,baroclinic torque, and viscous diffusion. Figure 19
shows plots of the instantaneousvoid fraction (Fig. 19a) along with
the dilatation (Fig. 19b) and baroclinic torque (Fig. 19c) terms
from the vorticity transport equation. Both the dilatation and the
baroclinic torque terms are nonzero in the same general vicinity
of the nonzero void fraction region. The baroclinic torque term is
more than two orders of magnitude smaller than the dilatation term.
Notice that these terms can act as both a source and a sink for
vorticity.

F. Effect of Reynolds Number
It has been observed in the experiments of Sridhar and Katz4

that, for the appropriate number and sizes of bubbles entrained by
a vortex, a splitting of the vortex into two separate regions was ob-
served with signi� cant increase in the peak vorticity in each region.
To capture this phenomena, results are presented here from case F,
a noncavitating case where the Reynolds number was increased
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a)

b)

c)

Fig. 20 Instantaneous a) contour plot of vorticity, b) closeup of
vorticity, and c) velocity vectors at t ¤ = 54 for noncavitatingcase, case F.

from 6 £ 102 to 1 £ 103 , and from case G, a cavitating case where
the Reynolds number was also increased to 1 £ 103 and the bub-
ble cluster radius was 0:2. All other parameters were the same as
in case B. In Figs. 20c and 21c, closeups of velocity vectors (with
0:6U0 subtracted from each vector to highlight the � ow pattern) in
the region where vapor was present are shown. In the noncavitating
case F, a single vortex can be discerned, whereas for the cavitat-
ing case G, the vortex has split into two separate vortices with the
same sign. This is consistent with previous numerical simulations
of Loth et al.23 The peak vorticity in this region has decreased com-
pared to the noncavitatingcase.These results suggest that cavitation
may inhibit the vortex pairing process, hence stabilizing the jet and
affecting the distributionand levels of turbulentkinetic energy.Fur-
ther experimental measurements and three-dimensional large eddy
simulations would be required to investigate this.

a)

b)

c)

Fig. 21 Instantaneous a) contour plot of vorticity, b) closeup of vortic-
ity, and c) velocity vectors at t¤ = 54 for cavitating case, case G.

VII. Conclusions
Numerical simulationsof cavitation in planar submerged laminar

jets were conducted. The effects of cavitation and vapor formation
on the liquid � ow were accounted for in the model. The key � ow
and cavitation model parameters were varied to study their effect.
The processesof vortex rollupand pairingwere affectedby the pres-
ence of vapor associatedwith the cavitationprocess.The simulation
results were in qualitative agreement with previous experimental
studies. Speci� c � ndings were as follows:

1) Cavitationoccurred in the cores of the vortical structureswhen
the local pressure fell below the vapor pressure.

2) Cavitation suppressed jet growth upstream of the location of
the � rst vortex pairing and enhanced jet growth after the pairing.

3) Cavitation caused the location of the vortex core to shift verti-
cally away from the jet axis.
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4) Cavitation inhibited the vortex pairing process.
5) Cavitationtended to distortandelongatethevorticalstructures.
6) Cavitation set a lower limit for the pressure.
7) Increasingthe cavitationnumberor decreasingthebubblenum-

ber density weakened the effects of cavitation.
8) Increasingthe bubble cluster radius increased damping effects

and decreasedboth the amplitude and frequencyof the pressure and
void fraction � uctuations.

9) Increasing the Reynolds number with vapor formation at the
centerof vortexcaused thevortexto split into two disjointedvortices
with the same sign.

Extensions of the present � ow model to three dimensions and
inclusionof a subgrid-scaleturbulencemodel will allow large-eddy
simulationsto be conductedfor cavitatingjet � ows with quantitative
comparison to experimental data.
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