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Modeling Cavitating Venturi Flows

Changhai Xu* and Stephen D. Heister'
Purdue University, West Lafayette, Indiana 47907

and

Robert Field*
NASA Stennis Space Center, Mississippi 39529

Simulations of various venturi orifice cavitating flows were performed using a homogeneous flow model. The
dynamics of a bubble response per the Rayleigh-Plesset equation are cast into constitutive equation for the density
for the pseudofluid, and the turbulence is approximated by the k£ — w turbulence model. The computed results
show that cavitation develops at the throat and its downstream region grows and collapses in a quasi-periodic
fashion. The size of the cavity grows as the cavitation number for the flow is reduced. The mass flow rate through
the cavitating venturi oscillates periodically essentially in phase with the vapor cloud in the diffuser. Venturi flow
rate, oscillation frequency, and cavitation extent are characterized for a wide range of conditions and are compared
against experimental data. Results indicate that computations are accurate to within a few percent in flow rate for

the venturis modeled in the project.

Nomenclature

discharge coefficient
throat diameter, in.
oscillation frequency
cavitation number
cavitation length
diffuser length

orifice mass flow rate
bubble number density
pressure

Reynolds number
radial coordinate

time

Favre-averaged velocity
velocity

axial coordinate

void fraction

viscosity

fluid pseudodensity
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Subscripts

cavitation length
discharge coefficient
liquid

vapor

inlet

outlet

N»—tc:“‘@ﬁ

Introduction

AVITATING venturis are one of the simplest flow control de-
vices and have broad uses over a range of industries as a result
of this fact. Numerous industrial flow processes are controlled by
such devices, and they are commonly used to meter propellants in
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liquidrocketengine tests. In this latter application the venturi serves
as a flowmeter and provides a mechanism to keep flow rate constant
during the firing. The constant flow feature is particularly useful
during the ignition transient when the downstream pressure in the
combustion chamber is rising rapidly.

A cavitating venturi typically consists of a converging section,
a short straight throat section, and a diffuser as shown in Fig. 1.
When the downstream pressure P, is less than a 85-90% of up-
stream pressure P;, cavitation starts to occur at the throat, and the
flow through the venturi orifice becomes “choked.” Generally, it is
believedthat further decrease in downstream pressure will notresult
in any increase of the mass flow rate.

In spite of the large number of applications of this device, rela-
tively little research has been conducted into its operating charac-
teristics and mechanisms of operation. Early work pertaining to the
rocket application! =3 provided basic venturi sizing data and some
limited experiments with Plexiglas® models to highlight the va-
por location. More recently, Sun and Yang* studied the oscillatory
behavior and erosion characteristics in a Delavale nozzle with a
geometry essentially the same as those used in cavitating venturis.
This group measured cavitation lengths and erosion rates for long-
duration tests on an aluminum venturi. The rocket community typi-
cally does not experiencemeasurableerosion of these devices.? One
might attribute this conclusion to the fact that the venturis are typi-
cally made of harder materials and that test durations are relatively
short.

In the mid 1990s a series of investigations were pursued in con-
nection with venturis used on an ammonia cooling loop for the
space station. Ungar et al.’ investigated the performance of cavitat-
ing venturisunder low inletsubcooling(pressuredifferencebetween
the inlet pressure and the saturation pressure at the inlet tempera-
ture). They found when the downstream pressureis increased so that
the venturi is operating in unchoked mode and is subsequently de-
creased “overflow can occur.” During overflow, the flow rate exceeds
the maximum choked flow rate as much as two times. The overflow
condition has been found to persist with a hysteresis effect until the
pressure ratio is decreased to a much lower value. Physically, this
behavior can be attributed to hydrodynamic nonequilibriumeffects
that delay the onset of cavitation to pressures significantly below
the equilibrium vapor pressure.

Ungar and Mal® also investigated alternative geometries to mit-
igate the overflow condition by placing an aft-facing step in the
throat region. The step causes very low pressures locally, ensur-
ing cavitation at this locale. Numerically, Navickas and Chen’ used
an axisymmetric computational fluid dynamics program to model
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Fig. 1 Schematic of a cavitating venturi noting design conditions.

the cavitating venturi flow characteristics for the ammonia coolant
loop application. However, the program they used cannot predict
the onset of cavitation.

Despite these advances, there are no comprehensive works detail-
ing the unsteady performance of these devices over a wide range of
operating conditions. The recent advances in simulating two-phase
flows of this type make it possible to provide multidimensional
calculations of these flows. In the present work a homogeneous
flow treatment is applied to treat the unsteady two-phase flowfield.
Homogeneous, or pseudodensity, models assume that on the micro-
scopic level two phases are fully mixed and homogeneous and the
local density is a measure of the void fraction. This approach re-
quires a constitutiverelation for pseudodensity,a fictitious variable,
in order to complete the set of governing equations.

Chen and Heister® developed a constitutive relation based on the
dynamics of a single bubble in an unsteady environment. This treat-
ment allows bubbles to respond not only to the local pressure field,
but to account for the inertia of the fluid displaced by growth or
shrink of bubbles in a time-dependent manner. The model has been
used to address hydrodynamicnonequilibriumeffects such as those
experienced in the ammonia coolant loop. This model has been
validated extensively against data pertaining to cavitating orifice
flows.”~!!

The unsteady discharge and flowfield characteristics are studied
for a variety of cavitating venturis with primary motivation to study
conditions pertinentto rocket testing applications. The working flu-
ids include liquid oxygen, liquid nitrogen, liquid hydrogen, and
water. The venturis studied have been tested by the groups at NASA
Stennis Space Center and Pennsylvania State University, University
Park, Pennsylvania. The models are briefly described in the follow-
ing section. Results are presented for several cases, and conclusions
are presented to complete the paper.

Modeling Description

Figure 1 providesa simple schematic highlightingvarious param-
eters and the geometry of a typical cavitating venturi. We choose
the Bernoulli velocity at the throat V;, the venturi throatdiameter D,
liquid density p;, and dynamic viscosity p; as dimensions. Under
this nondimensionalizationtwo parameters emerge and characterize
the flow:

Re = pViD/ i, K=(/F —P)/(Pr=P) (1)
where P, and P, are inflow and outflow pressure, respectively; P,
is the vapor pressure; and V; is the Bernoulli velocity. The Reynolds
number Re measures viscous effects as in all Navier-Stokes solu-
tions. The cavitation number K is the most important parameter in
the present work as this will set the overall extent of cavitation in
the device.

The Bernoulli velocity is computed assuming the static pressure
of the fluid drops to vapor pressure P, and is still not vaporized at the
throat. Under this idealized condition application of the Bernoulli
and continuity equations at the inlet and the throat give

%P1V12+P1=%P1V,2+Pu 2)
oViA = o VA, (3)

Combining Egs. (2) and (3), we get the Bernoulli velocity at the
throat:

v _\/2<P1—Pu) 1 @
T o 1= (A /A

The development of the homogeneous fluid model is discussed
in detail in prior works,®~!! and so only a brief description is pro-
vided herein. The model is essentially a Navier—Stokes solution for
a variable density flow in that the pseudodensity is the ficticious
parameter introduced to reflect the local void fraction in the flow.
The viscosity of the mixture is frequently written as a void fraction
weighted average under this architecture.!” In the case where the
liquid viscosity is much greater than that of the gas, this result re-
duces to the liquid viscosity weighted with the local liquid fraction
[ = (1 — @) u; the local volume fraction of vapor in the two-phase
mixture]. In this case the result reduces to

H=py (%)

where p =1 —«, assuming the mass of the gas phase is negligi-
ble in comparison to the liquid. This approach has provided good
agreement with experimentalresults in orifices and slots and for the
extent of cavitation on hydrodynamic headforms$-1°

The homogeneoustwo-phase treatmentrequires an additional re-
lation for pseudodensity to close the problem. We have been able
to derive an applicable form of the Rayleigh-Plesset equation® of
bubble dynamics under the assumption of negligible fission/fusion
events, slip between phases, and surface tension forces. Although
such events/forces are clearly presentin the real flow, the simplified
result does properly reflect the growth/collapse of an average-sized
bubble as a result of the transient pressure field and inertial forces
on its periphery. The resultant expression becomes®

D?*p 60’ (1+a’ +a)? 1la” —a? —a' —1

—L_ (P—P)+ [
Dr2 L5(2+d’)(l—d’3)% 6a3 (1 —a’?)

1+4a’ +a” Do\’ ©
62”2+ a)(1+a’ +a?) Dt
Here, o’ = 3/(1 — p), P is the local pressure, and P, is the vapor

pressure. The quantity Ly is a characteristic length scale, which is
a function of the site density:

L2 = (3/47n,)3 (7)

Here, n, is the nondimensionalsite density. Letting the dimensional
site density, the number of cavitation sites per unit volume, be rep-
resented by 7, then

n, = i,D? (8)

where Disa characteristiclength used in the nondimensionalization
of the governing equations.

Equation (6) is integrated in time to account for the spatially and
temporally varying pressure field [first term on right-hand-side of
Eq. (6)] and inertial forces (Dp/ Dt term) on the growth/collapse of
the bubbles. The relation does account for hydrodynamic nonequi-
librium effectsin thatthe inertiaterm does become importantat very
small length scales (where L, becomes very large). Scaling effects
have been addressedsuccessfullyusing the model.® In the cavitation
site density 71 is the lone parameterintroducedby this treatment, and
its influence will be addressed in the Results discussion.

We assume the flow inside a venturi is axisymmetric. Therefore,
under the homogeneous flow treatment, the governing equations
take the following forms:

a(rp) + A(rpui) _ 0

ot ax, ©)

Drpi) | Dpii) 9P

ot 0x; ax;

a -
+r87j[tj,‘ +Tj,'] (10)

where, P and p are time-averaged pressure and density, respec-
tively,and #;; and 7;; are the viscous stress tensor and mass-averaged
Reynolds-stress tensor, respectively.
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The k — w model'? takes the following form:

a(rpk)y  B(rpi k) o 5
=rr;;— — rReB*pk
a0 T ox, Tk ke
Lo (4t o )3k (11)
dx; | Re pomo kT 0x;
9 = 9 T 3~'
(rpw) n (rpu;) zragf[ji—rReﬁﬁa)z
9t dx; k 7 dx;
N ] "t )3‘0 (12)
S opr)—
axj Re " Hr an

Here, we used the same treatment for the eddy viscosity ur as
that for the dynamic viscosity  for two-phase mixture

pr o (1 - a)(k/w) = pk/w) (13)

where p =1 — « as outlined before. The implication of Eq. (13) is
that the contribution of gas phase to turbulence is neglected com-
pared to that of liquid phase because p, < p;. Including the closure
coefficient, eddy viscosity is evaluated by

ur =a’pk/w) (14)

The closurecoefficients and auxiliary relationsof the k — w model
are given in Ref. 13. A detailed account of the turbulence treatment
is provided in Ref. 14.

Numerics

The governing equations are solved using the Marker and Cell
method with a staggered mesh. Figure 2 shows the locations of

@ Scalar (P, p, k, and ») Base Node

all flow variables. The base nodes of scalar variables (P, p, k, ®)
and the base nodes of velocity vectors are allocated in an alternate
manner in space. The Poisson equation of pressure at an interior
control volume involves the pressure variables at the base node
and all of its eight neighbors. Therefore, this scheme results in a
nondiagonal system for pressure, with a similar matrix structure for
the turbulentquantities k and w. The system equations are solved by
the successiveline overrelaxationmethod. The mean-flow equations
and the turbulence transport equations are solved sequentially. For
the detailed solution procedure of the coupling of the constitutive
pseudodensity relation and the Navier—Stokes equation, see Ref. 8.

Figure 3 shows a portion of a typical computationalmesh and the
boundary conditions employed. The complete mesh is significantly
larger than that portion shown and extends a total of 10 throat radii
upstream of the entry to the convergent section and 24 radii down-
stream of the diffuserexit. Numerical studies indicate that solutions
are insensitiveto the location of the inletand outlet boundaries when
placed as noted. On the wall no-slip conditions were applied. On the
symmetry plane standard symmetry conditions were used. On the
outflow boundary constantpressure (P,) is specified, and first-order
of extrapolation is used for velocity and turbulence parameters k
and w. The pressure and velocity at the inflow boundary are treated
in a similar fashion such that the mass flow is computed based on
the imposed pressure drop through the device. The k and w values
at the inflow boundary are given by the following formulation:

kiy = 0.1% - V2,

, wn = Vk /3D (15)
where A is a length scale factor. In this study it was set to 500.

A grid-refinement study showed that a mesh of 150 x 70 is suffi-
cient to resolve characteristics of interest within the flowfield. Re-
sults of this assesment are summarized in Fig. 4, which depicts the
mass flow of the device for three separate meshes. The 150 x 70 grid
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i-2 i-1 i i1 Fig. 4 Grid function convergence study showing venturi mass-flow his-
tory for a variety of different meshes using conditions noted in case 4 in
Fig. 2 Marker and Cell scheme mesh star. Table 1. The 150 X 70 mesh was selected for use in calculations.
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Fig. 3 Computational mesh and boundary conditions.
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was deemed to be adequate to resolve the mass-flow history for the
purposes of the study. The dimensionless time step used is 0.0005,
and the iteration number taken to solve the system equations for
pressure k and w per time step varies periodically, from several hun-
dredsto only a few iterationsas time marching progresses. A typical
run takes about 35 h on a Pentium-III 1 GHz PC. Additional details
concerning the numerical approach can be obtained in Ref. 14.

Results

A total of 24 simulations was performed on various venturi ori-
fices with throat diameters ranging from 0.1 to 2.9 in. and different
shapes (the profile of the convergent section was either circular or
conical in the devices modeled). Experimental flow-rate measure-
ments were obtained on many of these devices by researchers at
NASA Stennis Space Center and Pennsylvania State University.
The fluids tested include cryogenic fluids (liquid oxygen, liquid ni-
trogen, and liquid hydrogen) and water. Computational results were
compared with experimental results, which were available.

Table 1 shows all of the workingconditionssimulated. Cases 1-12
are for cryogenic fluids, and the calculations were undertaken by
keeping inlet pressure as constant, 2150 psia, and varying outlet
pressure, that is, the ratio of the pressure drop to the inlet pressure.
Cases 12-24 are for water, and the calculations were performed by
keeping outlet pressure as constant, namely the ambient pressure,
and varying the inlet pressure.

Unsteadyresults were obtainedin the very high Reynolds-number
cases 1-12; the size of the cavitation region grew and collapsed in
a quasi-periodic fashion in these cases. For those relatively low-
Reynolds-number flows (cases 13-24) the effect of viscous terms
and Reynolds-stress terms become more significant. These terms
tend to smear out the unsteady oscillation in the cavitation ex-
tent. This is one of the tradeoffs in performing time averaging or
mass averaging in turbulence modeling. Because we have chosen
a time-averaging scheme, we lose some resolution of the unsteady
effects for these low Reynolds-numbercases. However, laminar so-
lutions were computed on many of these cases, and unsteady results
were predicted in these cases. Experimental evidence® indicates
that flows of this type are inherently unsteady, even at fairly low
Reynolds numbers (in the order of 10°-10%).

Figure 5 shows the typical contours of pseudodensity at different
times during atypicalcycle of bubblecavity growth. The vaporcloud
always is anchored near the throat of the venturi and grows/shrinks
in extentdownstream of this point. In general, the growth portion of

Table1 Summary of simulations conducted

Case Fluid D, in.  Re K Cp L"™/L; St Cpexp
1 LOX 2943 6.6 x 107 495 0922 0.157 0342 0951
2 LOX 2943 66 x 107 330 0915 0213 0295 0.951*
3 LOX 2943 66 x 107 247 0911 02838 0262 0.951*
4 LOX 2943 66 x 107 198 0913 0338 0232 0951
5 LN, 2943 97 x 107 480 0921 0.149 0.344 0.960"
6 LN, 2943 97 x 10’ 320 0916 0.223 0.296 0.960*
7 LN 2943 97 x 10’ 240 0925 0.300 0.260 0.960*
8 LN, 2943 97 x 10’ 192 0919 0.387 0.229 0.960*
9 LH, 2508 3.6 x 10° 477 0931 0.133 0374 —

10% 3.18 0933 0.199 0323 —
108 239 0938 0.269 0291 —
108 191 0953 0319 0255 —
10 1.051 0.849 1 — 0.831

10 LH, 2.508 3.6
11  LH, 2.508 3.6
12 LH, 2.508 3.6
13 Water 0.100 1.9

14 Water 0.100 2.4 x 10° 1.031 0.850 1 — 0.832
15 Water 0.100 2.9 x 10° 1.021 0.850 1 — 0.833
16 Water 0.100 3.2 x 10° 1.018 0.850 1 — 0.835
17 Water 0.125 3.3 x 10° 1.027 0.853 1 — 0.884
18  Water 0.125 3.7 x 10° 1.021 0.853 1 — 0.877
19 Water 0.125 4.0 x 10° 1.018 0.853 1 — 0.878

10° 1.015 0.853 1 — 0771
10° 3.704 0911 0.188 — —
10° 1.937 0913 0249 — —
10° 1.566 0914 0.361 — —
10° 1.406 0913 0.465 — —

20  Water 0.125 4.3
21  Water 0.208 2.1
22 Water 0.208 2.5
23 Water 0.208 2.9
24  Water 0.208 3.3

XXX XX XXX XXXXXXXXXXXXXXXX

b

*x =measured at one backpressure. °——=not available.

T =130
0.0 0.1 0.2 0.3 0.4 05 0.6 0.8 0.9 1.0
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0.0 01 0.2 0.3 04 0.5 0.6 0.8 0.9 1.0

[N =150

0.0 0.1 0.2 0.3 04 05 0.6 0.8 0.9 1.0

Fig. 5 Density contours, working fluid: liquid oxygen, P, = 2150 psia,
and P, =1075 psia (case 1 in Table 1).

Fig. 6 Typicalstreamlinesinside a venturiorifice, working fluid: liquid
oxygen, P; =2150 psia, and P, =1075 psia (case 1 in Table 1).

the cycle takes much longer than the collapse phase. In some cases
the collapse caused a splitting of the cavity into two pieces. The
collapse region is known to be subject to large gradients, and the
computations show a sharp density gradient corresponding to this
event. Experimental observations* also confirm this behavior.

Figure 6 shows the streamlines at the same instants shown in
Fig. 5. The physical domain extends downstream of the region de-
picted that is, the right-hand boundary on the plot is not the edge of
the computational domain. As seen from the plots, the flow tends to
separate near the aft end of the cavity. Numerous researchers have
pointed to the violence of a cavity collapse as the local pressure
rises rapidly leading to a local backflow region near the wall. Sim-
ilar behavior has been noted in orifice flows® in prior work. At the
end of of the cavitation region, circulation is generated as a result
of bubble collapse.

Figure 7 shows nondimensional pressure contours at the instants
correspondingto thatin Fig. 5. In this plotdashedlines denote nega-
tive pressure values. The nondimensional vapor pressure of this case
is —0.23. As seenfromthe plots, the lowest pressure (vapor pressure)
starts at the throat and extends a substantial distance downstream.
Hydrodynamic nonequilibriumeffects inhibit the bulk of the liquid
from vaporizing at this condition, and the vapor region is restricted
to a small annulus near the wall as highlighted in Fig. 5. Note the
sharp pressure rise near the collapse region in the = 140 and 150
time slices. The pressure wave is highly unsteady and moves along
the wall very rapidly as observed and studied in detail in cavitating
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Fig. 8 Streamwise mean velocity profiles atx =0, 1,3, 7, working fluid:
liquid oxygen, Py = 2150 psia, and P, = 1075 psia (case 1 in Table 1).

orifice flows.” Individual bubble collapses are not modeled in this
homogeneous flow formulation.

The dimensionless streamwise mean velocity # profiles at dif-
ferent axial locations z=0, 1,3, 7 at the same times depicted in
Figs. 5-7 are shown in Fig. 8. The z=0 data are at the throat,
and downstream locations are depicted in the scale on Fig. 7. A
strong positivepressuregradientis induced by the diffuserin the (see
Fig. 7), causing the axial mean velocity near the wall at z=0, 1, 3
to be much higher than that in the core region. The maximum ve-
locity near the wall is nearly five times as the Bernoulli velocity
computed by Eq. (4), indicating the two-dimensionality of the flow.
In the diffusion section the flow is subject to an adverse pressure
gradient and eventually separates from the wall in the aft part of the
diffuser. Reverse flow is noted at all three time slices at the z=7
location.

Figures 9 and 10 shows a typical history of discharge coefficient
and cavitation length. Here, discharge coefficient is defined as the
ratio of the computed mass flow rate to the theoretical mass flow
rate based on Bernoulli velocity

my = 0 AV, (16)

where A, is the cross-sectionarea at the throat. The computed mass
flow rate is obtained by integrating the mass flux at either the throat
or the exit plane. The location of the integration did not affect the
mean Cp, values,butdid causea phase shiftin the plot. The cavitation
length L. is nondimensionalized using the throat diameter and is
defined as the most downstream point where pseudodensityis equal
to 0.98. The sharp density gradientsin the collapse region make the
L value insensitive to this threshold level.

1.2

e
n
e

| IR L L 1
90 ~—"50 100 150 200
t
Fig. 9 Typical discharge coefficient history, working fluid: liquid hy-
drogen, Py = 2150 psia, and P, = 1720 psia (case 9 in Table 1).

Fig. 10 Typical cavitation length history, working fluid: liquid hydro-
gen, P; =2150 psia, and P, = 1720 psia (case 9 in Table 1).
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Fig. 11 Spectrum of cavitationlength and discharge coefficient oscilla-
tions, f,: cavitation length oscillation frequency, f; discharge coefficient
oscillation frequency (case 9 in Table 1).

The operating conditionsof Figs. 9 and 10 correspondto case 9 in
Table 1, where the working fluid is liquid hydrogenand the upstream
pressureis held as 2150 psia and backpressureis held as 1720 psia.
Thelinearrise in Cp and L =0regionfrom0 < t < 70 are artifacts
of the startup process as the assumed initial conditions at interior
points are purged from the flowfield. The oscillations in flow and
the cavity growth are tightly coupled. The maximum flow rate cor-
responds to the time when the cavity is near its largest value; the
growth of the cavity acts to push fluid that is already in the diffuser
out the exit. During the collapse phase, the opposite effectis present
as liquid fills in the volume previously occupied by the vapor cloud.
The oscillations are a high enough frequency that they would effect
the accuracy of only the shortest tests, that is, long-duration tests
go through so many oscillations that only the average Cp value is
pertinent.

By performing Fourier transformation, we can obtain the princi-
pal frequency of oscillation of discharge coefficient and cavitation
length.Figure 11 shows the spectrumfor the resultsin Figs. 9 and 10.
Results indicate that the bulk of the energy is contained at a single
frequency; there is some response at the second harmonic of this
primary tone. Note that the transforms for both mass flow and cav-
itation length show nearly identical frequency content because the
extent of bubble cavity is the primary cause in the fluctuation of
mass flow.

In testing of cryogenic propellants, it is often difficult to ensure
a constant temperature venturi inflow condition due to stratifica-
tion within the holding tank. For this reason the influence of inlet
temperature was investigated for the liquid oxygen venturi used in
cases 1-4 in Table 1. Because we have a hydrodynamic model and
do not solve an energy equation, the sole influence of temperature
changes is in the change in the fluid vapor pressure and hence the
cavitation number K.

Figure 12 shows the discharge coefficient histories for three dif-
ferent liquid oxygen (LOX) inlet temperatures. For LOX tempera-
tures of 80, 94, and 110 K, the associated vapor pressures are 4.4,
23.6, and 78.8 psia, respectively. As seen from the plot, variation
of temperature (and the associated changes in vapor pressure) has
very little effect on discharge coefficient. For all three temperatures
the resultant average discharge coefficient is the same. The reason
for this behavioris that the vapor pressures for the entire 80-110 K
range are all relatively low in comparison to the inlet pressure of
2150 psia; for this reason all three cases have nearly identical cavi-
tation index values.

As mentioned in the prior section, the nucleation site density 71,, is
an input parameter for the cavitation model used in the simulations.

1.2 r
ds
i 7N
- v/
0.8 4
on o6
- T=80K
sk S T=94K
I T=110K
o2f
0_ L L L L i ) L L ) 1 L L L L 1 L L L L 1
0 50 100 150 200

Fig. 12 Effect of temperature on discharge coefficient, working fluid:
liquid oxygen, case 1, T}, =94 K, P; =2150 psia, and P, =1720 psia.

1.2 u
3 Ny A\Y A\
T YA A\
i A\
sk > \ 4 \
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I n’=4.63x10"
041 0 12
[ -=-=-- n=4.63x10
- ——— n’=4.63x10"
0.2
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Fig. 13 Effect of site density on discharge coefficient, working fluid:
liquid oxygen, case 4, T;, =94 K, P; =2150 psia, and P, =1075 psia.

In principle, this property can be measured via microscopic eval-
uation of the fluid itself. Microparticles serve as nucleation sites,
and it is widely known that “clean” fluids can tolerate and exhibit
lower cavitition threhold pressures as a result of a limited number of
sites. Unfortunately, it is very difficult to measure submicron sites
that can actively support cavitation, and the influence of the wall
(its structure and microchemistry)is also difficult to assess. For this
reason, we undertooka study to investigate the sensitivity of results
to this parameter. Previous studies in orifice flows’ have shown that
cavitationis not sensitive to this parameter when 7, > 108 sites/m>.

Figure 13 depicts the results of 72, variations on the discharge.
As seen from the plot, the average discharge coefficient changes
little over a four-order-of-magnitudechange in site density. For this
reason, we decided to use the value of 4.63 x 10'? sites/m® for all
simulations performed in this study. Here we note that this value has
been used in prior orifice studies and lies within the range quoted
by experimentalists as reasonable for most working fluids.

It was desirable to determine the influence of the fluid vapor
pressureon the overall performanceofthe venturisstudied. To assess
this factor, the discharge coefficient and the maximum cavitation
length during a cycle were time averaged over several periods of the
oscillation once a limit-cycle behavior was obtained. These results,
as well as the Strouhal number for the oscillation, are plotted as
a function of cavitation number in Fig. 14. The average discharge
coefficient is shown in the upper plot in Fig. 14. Although there
is some scatter in the results, the discharge characteristics exhibit
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Fig. 14 Average discharge coefficient, average maximum cavitation
length, and Strouhal number vs cavitation number.

no discernable trends with changing fluid vapor pressure. In most
cases considered, the inlet pressures used were much greater than
the vapor pressure. In practical devices this is almost always the
case. The one case at K ~ 1 does show a significantly lower average
discharge coefficient for this reason. We should also point out that
the venturi geometry has a significantimpact on Cp values and that
the database in Fig. 14 contains venturis of differing designs.

The middle curve in Fig. 14 shows the variation of the maxi-
mum cavitation length, nondimensionalized against the length of
the diffuser L p, with cavitation number. Here, there is a strong de-
pendence on the maximum size of the region with changes in K.
When K is small, the downstream pressure is nearly equal to the
fluid vapor pressure, and very large cavities result. In fact, in some
cases the cavity can extend beyond the end of the diffuser. As K
grows large, the maximum cavity length takes on an asymptotic be-
havior; for the practical values of K shown, there is still significant
evidence of cavitation as maximum Lc/Lp values are still in the
range of 10-15%. Here, we note that similar behavior has also been
observed/computed in cavitating orifice/slot flows.* 13

The bottom curve in Fig. 14 depicts dimensionless oscillation
frequencies (Strouhal numbers) for cases where quasi-periodic os-
cillations were obtained. The Strouhal number was defined using
the diffuser length and Bernoulli velocity:

St=fLp/V; a7

Physically, this parameter represents the number of times the cavity
oscillates during the time it takes a fluid element to traverse the
diffuser at the Bernoulli velocity. The oscillation frequencies are in
general inversely proportional to cavitation lengths. Similar results
have been observed/computed in cavitating slot/orifice flows.>!!:13
The Strouhal numbers obtained in this study are lower than those
computed by Bunnell et al.? for a cavitating injector slot caused by
the deceleration of the fluid in the diffuserin the present case.
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Fig. 15 Ratio of experimental/computed discharge coefficient vs
Reynolds number.

Fig. 16 Sensitivity of
mass flow to downstream
pressure, liquid oxygen
venturi in cases 1-4 of
Table 1.
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Significant sound and vibration can be attributed to these oscilla-
tions as the cavitation collapse event can be quite violent. Because
the oscillationsof the bubblecavity and mass flow rate couple tightly
with each other, this informationis important to understand how the
facility may affectenginestability in the case of rocket propulsionor
other combustion devices. The venturi can be responsible for send-
ing relatively high-amplitude tones into the combustion chamber.

The predictive capabilities of the model are summarized by com-
paring measured flow rates (where available, see Table 1) with com-
putations. Figure 15 shows the variation of 7 vs cavitation number
where 7 is simply the ratio of experimental-to-computed Cp, values:

1= Cpep/Ch (18)

As shown from the plot, the model is capable of predicting the
discharge coefficient within 2-5% compared with the experimental
results. Similar accuracy has been noted in computations of ori-
fice flows. Errors can be attributed to a variety of sources including
deviations of the actual geometry with that modeled, turbulence ef-
fects from the inflow, and limitations regarding the assumptions of
the model itself. In addition, the lack of an energy equation in the
simulations could also account for some of the discrepancies. In
general, there is a need to predict discharge characteristics much
more accurately than 2-5%, and so additional model calibrations
and improvements would be required to have a valuable predictive
capability. In addition, at present we do not believe there are suffi-
cient data to show any significant trends with the Reynolds number.

Finally, we wish to assess the sensitivity of the flow rate through
the venturi to changes in backpressure. Cavitating venturis are be-
lieved to provide a flow rate that is insensitive to backpressure once
the pressure is lowered to the point where cavitation occurs at the
throat. Figure 16 shows the effect of variation of backpressure on
average discharge coefficient for the liquid oxygen venturi studied
in cases 1—4 in Table 1. As seen from the plot, the flow transits from
unchoked mode to choked mode somewhere between 5 and 10%
A P. Under choked conditions there is a slight variation in the av-
erage mass flow rate as backpressure changes. As the backpressure
is lowered [(P, — P,)/ P, growing], the mass flow decreases by a
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few percentand actually reachesa minimumat (P, — P,)/ P, =0.4;
as the P, value is reduced further, the discharge actually increases.
The explanation for this complex behavior is tied to the unsteady
growth/collapse of the cavitationregion and its effecton the average
mass flow through the device. Similar deviationscan be noted in the
data for liquid nitrogen and hydrogen in Table 1. Because it is of-
ten desireable to have a venturi control of the flow rate to within
1%, this result indicates that the user must be alert to the effects of
downstream pressure on the flow rate.

Conclusions

Two-phase flows through cavitating venturis have been studied
with ahomogeneousfluid approachusinga k — w turbulencemodel.
A constitutiverelation for the pseudodensityhas been used to reflect
the growth/collapse dynamics simulated in the Rayleigh—Plesset
equation. Results indicate that the vapor cavity exists in a region
near the wall downstream of the throat. The cavity oscillates in
quasi-periodic fashion and does lead to unsteadiness in the mass
flow produced by the device. The maximum size of the cavity is in-
versely proportional to the cavitation number, while the oscillation
frequency increases with increasing cavitation number. In contrast
to conventional belief, the venturi mass flow is a weak function
of backpressure, even under cavitating flow conditions. Mass-flow
variations of a 1-2% were demonstrated over a range of backpres-
sures for a liquid oxygen venturi.
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