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Steady Analysis of the
Thermodynamic Effect of Partial
Cavitation Using the Singularity
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1t is well known that the suction performance of turbopumps in cryogenic fluids is much
better than that in cold water because of the thermodynamic effect of cavitation. In the
present study, an analytical method to simulate partially cavitating flow with the thermo-
dynamic effect in a cascade is proposed; heat transfer between the cavity and the ambient
fluid is modeled by a one-dimensional unsteady heat conduction model under the slender
body approximation and is coupled with a flow analysis using singularity methods. In this
report, the steady analysis is performed and the results are compared with those of
experiments to validate the model of the present analysis. This analysis can be easily
extended into unsteady stability analysis for cavitation instabilities such as rotating cavi-
tation and cavitation surge. [DOI: 10.1115/1.2409333]
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Introduction

Vapor production through cavitation extracts the latent heat of
evaporation from the surrounding liquid, which decreases the lo-
cal temperature, and hence the local vapor pressure in the vicinity
of cavity. This is called the thermodynamic/thermal effect of cavi-
tation. The thermodynamic effect of cavitation could be ignored
for usual applications especially with water at ambient tempera-
ture, but is much more important for cryogenic fluids such as
liquid oxygen and liquid hydrogen. For example, the suction per-
formance of a turbopump inducer for a liquid propellant rocket
engine is much better if operated with cryogenic fluids than in
water; the development of the cavity is suppressed because of
local vapor pressure depression due to the thermodynamic effect
of cavitation.

Many studies have been done to clarify the thermodynamic
effect of cavitation. The most important study might be
Stepanoff’s one [1], defining B-factor, to correlate the suction per-
formance with the thermodynamic properties of working fluids
with the idea of the latent heat exchange between vapor and liquid
phases. Ruggeri and Moore [2] also derived an empirical formula
to estimate the thermodynamic effect mainly for turbopump in-
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ducers of rocket engines. Fruman et al. [3] (and earlier Billet and
Weir [4]) constructed the vapor entrainment theory to predict the
thermodynamic effect based on the experimental correlation be-
tween the vapor flow rate and the gas flow rate in the ventilated
cavity geometrically analogous to the natural cavity. Kato [5] pro-
posed a simple model expressing the heat flow around the sheet
cavity by a one-dimensional partial differential equation of un-
steady heat conduction and Tokumasu et al. [6] investigated the
thermodynamic effect on closed sheet cavities by combining Rey-
nolds Averaged Navier-Stokes (RANS) simulation with Kato’s
model. Tani and Nagashima [7] simulated the cavitating flow
around a hydrofoil with cryogenic fluids by the bubbly flow model
based on the Rayleigh Plesset equation. Many numerical simula-
tions are being developed. However, most of them are limited to
the steady analysis and the impact of the thermodynamic effect on
cavitation instabilities such as rotating cavitation and cavitation
surge is still unclear.

We have developed a simple analysis of unsteady cavitating
flow combining a free streamline theory and a singularity method
and succeeded in simulating the cavitation instabilities of hydro-
foil [8] as well as those of cascade [9] such as rotating cavitation
and cavitation surge. The final goal of the present study is to
construct a simple analytical method of the cavitation instabilities
under the thermodynamic effect of cavitation by combining our
singularity analysis and Kato’s heat conduction model. As the first
step, a steady flow analysis is performed in this report, and is

FEBRUARY 2007, Vol. 129 / 121
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Fig. 1 Model for present analysis

validated through the comparison with the experiment by Franc et
al. [10], who investigated the thermodynamic effect by Freon
R-114 as a thermosensible working fluid.

Fundamental Flow Field

We consider a flat plate cascade with the chordlength C, spac-
ing h, the stagger angle (3, and the number of blade N as shown in
Fig. 1. We assume the flow far upstream is uniform with the
magnitude U and the angle of attack a. Each blades is represented
by bound vortex distributions v,(£)[n=0,1,...,N-1] and the
cavity with length [, which develops on the suction surface of
each blades is represented by source distributions g,(&)[n
=0,1,...,N—1]. Then the complex conjugate velocity is ex-
pressed by the following equation:

w(z)=u-iv

1”
f 0.6 - [fn(z,é) + I%e"ﬁ]dg

N-1

. 1
=Ue'“+ —E
275 0

Iy
+ if Yin(&) - [fn(Z, )+ ]\%eiﬁ} dé

0

C
ti| 7®- [fn( O+ fﬁ]d& (1)
IJ[ ’)/2 Z Nhe

n

T (= T s ni
fulz,8) = Ee (2 B) ~cot[m(z— e (2 '6) - W] ()
We divide the velocity components into the uniform velocity U
and the deviation (uj, vy), i.e.,

v=Ua+u, (3)

In the present study, we linearize the equations under the assump-
tions of the small angle of attack a<<1 and the small velocity
deviations |u,|v,| <U.

u=U+u,,

5

Boundary and Complementary Conditions

We assume that the cavity is sufficiently thin so that all bound-
ary conditions are applied on the blade suction surface. In the
following sections, boundary and complementary conditions ap-
plied are described for nth blade.

Boundary Condition on Cavity Surface. We assume that the
pressure on the cavity surface is equal to the vapor pressure. Un-
der the presence of the thermodynamic effect of cavitation, the
vapor pressure is locally different due to the temperature depres-
sion around the cavity surface. Here we apply the Clapeyron—
Clausius equation for the relationship between the vapor pressure
Py, and the temperature 7, on the cavity surface at a distance x
from the leading edge as

122 / Vol. 129, FEBRUARY 2007

dP L
Pyolx) = Py = = T,(x,0) - T] = ——PL [T (x,0) - T..]
ar T pr—py

4)
where L denotes the latent heat of evaporation, and p; and py
denote the densities of liquid and vapor phases respectively. The
subscript % means the value at the upstream infinity. We assume
that the temperature difference between on the cavity surface and
far upstream AT, is small, and express it as follows:

AT,=T,(x,0) - T, = aT.,,Cy,(x,0) (5)

Taking account of py<<p;, which is true for most real fluids,
Eq. (4) can be rewritten as follows:

Py,(x) = Py = pyLaCry,(x,0) (6)

Integrating the linearized momentum equation in the x-direction
from far upstream and substituting Eq. (6) into it, we obtain the
following equation:

Uee(X) T

Ua 2«

where u., denotes the velocity deviation on the cavity surface.
This equation can be regarded as the unsteady Bernoulli equation

applied between the upstream infinity and the cavity surface. The
cavitation number o and the parameter K, are defined as

_K2CTn(x’0) (7)

o=(P,- PVOC)/(PLUZ/z) (8)
L
we (2] 2

The boundary condition on the cavity surface can be obtained
by equating u of Eq. (1) and u, of Eq. (7), i.e.,

Reallw{nhe ™ P + x + 0i}] = U + 1o, (x) (10)
Boundary Condition on Wetted Surface. We employ the fol-
lowing flow tangency condition on the wetted blade surfaces:

Imag[w{nhe ™ + x-0i{]=0 (0<x<1)

Imag[winhe ™ ™P 4 x£0}]=0 (I, <x<C) (11

Kutta’s Condition. We assume that the pressure difference
across the blade vanishes at the trailing edge. This condition is
simply expressed as follows:

7211(lr1) =0 (12)

Cavity Closure Condition. We employ the closed cavity
model for its simplicity. The cavity thickness 7, can be obtained
by integrating the following kinematic boundary condition on the
cavity surface

dn,
U_ =
I qn(x)

Imposing the zero cavity thickness at the trailing edge of cavity,
we obtain the following cavity closure condition:

[}

1
7])1(111) = _f
v 0

Modeling of Thermodynamic Effect

(13)

n

4,(8)dE=0 (14)

In the previous section, we have described the kinematic and
dynamic boundary conditions, assuming that the temperature dis-
tribution along the cavity surface is known. To close the problem,
we need one more relation to obtain the temperature distribution.
Here, we model the thermodynamic effect of cavitation, using the
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Fig. 2 Heat conduction model on cavity surface

following heat conduction model for the liquid flow around cavity
and the evaporation model expressing the heat flux across the
cavity surface due to evaporation.

Heat Conduction Model. Figure 2 shows the schematic view
of the present heat conduction model. We assume that the heat
conduction in the main flow direction (x) is negligibly small, com-
pared to that in the direction (y) normal to the cavity surface. The
temperature increase (decrease) due to the formation of thin cavity
AT, should satisfy the following linearized energy equation for
inviscid flow

JAT, .\ U&AT,I _ wazAzT,l 15)
ot ox dy
where a denotes a thermal diffusivity. Kato [5] employed in his
original model the turbulent diffusivity factor e to take account of
the enhancement of thermal diffusion due to the turbulent flow
around the cavity. We also employ € as a free parameter, which
could be empirically determined. In the present study, we deter-
mine this value to obtain the qualitative agreement with the exist-
ing experiment in terms of cavity length and temperature depres-
sion as described later. Then, the other effects rather than
turbulence diffusion might be included in the turbulent diffusivity
factor.
For the present steady problem, Eq. (15) can be rewritten as
follows using Cy, introduced in Eq. (6)

iCy,  FCp,
oo TedT
ax dy

We can find that this equation is equivalent to a one-
dimensional partial differential equation of unsteady heat conduc-
tion. Assuming no temperature depression at the leading edge of
cavity (x=0), we can analytically integrate Eq. (16) using the
normalized temperature increase along the cavity surface Cg,(x)

- whs)

X expl————

y c(,n(@LP(ﬁg)
(x- &2

where K, is defined here as K,=ea/U. Then, the temperature
gradient normal to the cavity surface is derived as

(16)

CTn(x’y)z [
2VTKp J

d¢  (17)

PGy 1 f dCp(9) 1 di (18)
y—0  dy VaKply  dE (-3

Evaporation Model. In the original model proposed by Kato
[5], a parabolic velocity profile is assumed for the vapor flow
inside the cavity. However, for simplicity, we herein assume that
the velocity inside the cavity is uniform in the y-direction which
equals to the liquid velocity U+u.,, on the cavity surface, as
shown in Fig. 3. The effect of velocity profile inside the cavity
could be included in the thermal diffusivity factor . Considering
the continuity relation in the small control volume inside the cav-
ity, we obtain the following equation using the local evaporation
velocity V,, of gas:

V,dx=(U+uly,)m,— (U+ul,)n,=Udn,

csn

(19)

where we have made linearization under the assumption of small
cavity thickness 7,. Then, we can relate the heat flux across the

Journal of Fluids Engineering
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Fig. 3 Control volume for continuity equation

cavity surface gz, with the latent heat of evaporation as

dn,
dx

Using Eq. (13) and the normalized source strength C,,
=q,/Ua introduced later, Eq. (20) can be written as

an=_pVLVn=_pVLU (20)

21

We can obtain the heat flux gg, also from Fourier’s theorem
using Eq. (18), using the temperature gradient normal to the cavity

dmm =" LpVUQan

aT, enal, [FdCy (&) 1
qm=-e\ —| = —J ¢ (22)
! Iy o NmkpJ), dE (x-§"

where N denotes the thermal conductivity for the liquid phase.
Then, we finally obtain the following equation, which relates the
source strength with the temperature distribution along the cavity

surface

" dCy,(§)1dé [ @
—5dé=-K,\| —C 23
. (x_ é:)1/2 f 1 Ce qn ( )

Here, we have defined K, as
L cU
M N o
CPToo PL a

where C,, denotes the specific heat for the liquid phase.
From Egs. (7) and (23), we can easily find that the thermody-
namic effect of cavitation can be included through the following

thermodynamic parameter 3"
() [€
CpT\ pr. al?

The parameter 3" is equivalent to Brennen’s 3" [11]which is
derived from the thermodynamics of a bubble flowing along the
suction surface of a blade, and is also related to Stepanoff’s
B-factor [1]. We should note that the effect of the magnitude of
the mainstream flow, i.e., the rotational speed of cascade, is in-
cluded in the present analysis through the thermodynamic param-
eter 3"

E*zKl'Kzz

(25)

Analytical Method. Discretization of singularities distributed
along the blades and cavities are made in the same manner as
Horiguchi et al. [12], where nodes are distributed more densely
near the leading and trailing edges of the blades and cavities. The
temperatures along the cavity surface are evaluated at the mid-
points between each node as well as at the leading edge. The
control points, where boundary conditions are applied, are also
placed at the midpoints between each node.

We define the normalized strength of singularities as follows:

an(f) = Qn(g)/Ua
Cyln(g) = Vln(f)/UQ’
C’yZn(g) = ’)/Zn(g)/Ua (26)
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Discretizing the boundary and complementary conditions Egs.
(7), (10)—(12), (14), and (23), we obtain a set of linear equations
as follows:

[A(1,){Q}=1{B}

{Q} = {an(g)v LR valn(g)v LR sC'yZn(g)’ s ’Can(g)a ey U/Za}T
(27)

where A(l,) and B are a coefficient matrix and a constant vector,
respectively.

In the analysis, we obtain the cavity length /,, which satisfies
Eq. (27) for the given values of o/2a, K;, and K,. Because the
velocity deviation on the cavity surface u, is related directly
with temperature distribution Cy, through Egs. (7) and (23), we
can find from Eq. (27) that the cavity length /, depends only on
0,/2a and the thermodynamic parameter 3"

In the present study, geometrical parameters of cascade are set
such that the solidity is C/h=2.0 the stagger is 8=78.8 deg and
the number of blades is N=4. The angle of attack a=4.32 deg is
used if needed. Numbers of nodes for discretization of singularity
distributions are 37 both for cavity and wetted surfaces of each
blade. It has been found that the present results coincide with
those obtained with the number of nodes of 101 and that the errors
among them are less than 1%.

Results and Discussions

The present analysis treats the cavity on each blade individu-
ally, so that it can be applied to the analysis of cavitating flow
with different cavity shapes for each blade such as alternate blade
cavitation, which is known to occur for inducers with even blade
count [12]. However, in this paper, we concentrate on the cavitat-
ing flow with identical cavities for each blade; the results for
alternate blade cavitation will be discussed in a future report.

Figures 4 and 5 show the cavity length plotted against the cavi-
tation number obtained by the present analysis and the experiment
by Franc et al. [10], respectively. These results are obtained for
cold water and Freon R-114 with the temperature of 290 and
310 K. To specify the values of K; and K,, the chordlength of
C=0.203 m and U=34.0 m/s (5000 min~') are used. The turbu-
lent diffusion factor ¢ is difficult to be estimated and chosen here
to be £=8000 so that the numerical results fit to the experimental
results. Note that the value of €=8000 is smaller than Kato’s &
=103, but it is still quite large for the turbulent diffusivity factor.
Because, in the experiment, the cavity length is measured at the
midspan of the blade, but plotted against the cavitation number
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Fig. 5 Experimental results for cavity length in the case of
R-114 and cold water (see Ref. [10])

defined at the tip, numerical results are also plotted against the
cavitation number at the tip. The cavity length is normalized by
the blade spacing h.

We can see from Fig. 4 that the cavity becomes shorter for
higher temperature due to the thermodynamic effect of cavitation.
This tendency coincides with the experimental results shown in
Fig. 5. However, if we make a close comparison between Figs. 4
and 5 for lower cavitation number, we can find that the degree of
increase of the cavity length against the decrease of the cavitation
number is more remarkable for the present analysis. It can be also
noticed that the range of cavitation number is very different be-
tween in Figs. 4 and 5 even in the case without thermodynamic
effect of cavitation. The reason for this is not yet understood, but
three-dimensional flow field, especially the flow induced by the
leading edge swept of inducer possibly makes an important role,
because it is known to be effective for cavitation performance;
this cannot be included in 2D analyses like the present one.

In order to decrease the qualitative disagreement between the
present analysis and the experiments, we think about the modifi-
cation of the evaporation model. Figure 6 shows the normalized
source distributions C,, in the cases with 0=0.2 and 0.6 for Freon
R-114 with the temperature of 290 K. As implied by Eq. (21), the
heat flux normal to the cavity surface is proportional to C,, and
for the positive (negative) values of C,,, evaporation (condensa-
tion) occurs and the temperature there decreases (increases) due to

60

-0-0=0.6
-=0=0.2

S
=3

N
(=]

(=]

Quantity of the source ,Cq

0 02 04 06 08 1
x coordinates normalized
by steady cavity length, x/In

Fig. 6 Distribution of the quantity of the source along the cav-
ity surface in the case of R-114, 290 K
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the latent heat exchange between the cavity and the surrounding
liquid. In the present closed cavity model, the cavity terminates
with a rapid condensation near the trailing edge, but it is reason-
able to imagine that some portion of vapor flows away forming a
cloud cavitation and condensates far downstream of the cascade.
Then, as an extreme case, we hereafter take account only of the
heat flux due to evaporation and neglect that due to condensation
near the trailing edge of cavity. This large amount of condensation
comes from employing the closed cavity model with the linear
assumptions of |u|, |v,| < U, whereas we have large value of v
=UaC, on the cavity surface near the leading and trailing edges
of cavity as shown in Fig. 6. This fact also encourages us to
decide the neglect of recondensation. Nonlinear effects would be
expected there and should be discovered in future studies.

Next, we derive an approximate relation between the evapora-
tion flow coefficient Cy, and cavity length. We define Cy, here as a
total amount of evaporation rate required to form the cavity as
follows:

1 (" L
Co= e fo (-V)dé=—2 JO UaC,,(§)dé (28)

where the integration is made in the region with C,,>0.

Figure 7 shows the evaporation flow coefficient C(, obtained by
the present analysis. Figure 7 also shows the following empirical
relation, which is derived from Kamono et al.’s experiment [13]
for ventilated cavitation on the isolated hydrofoil

Cp=0.0104(1,/C)"? (29)

We can find from the present analysis that Cy is almost inde-
pendent on the thermodynamic effect of cavitation. We can obtain
the following approximate expression for Cy by curve fitting of
the results of the present analysis

Cy=0.026(1,/C)"3 (30)
from which we can find that the present evaporation model leads
the smaller exponent on /,/C, which means the smaller effect of
the cavity length on the evaporation flow coefficient for the
present analysis. One of the possible explanations for this discrep-
ancy is that the present analysis cannot simulate the cloud cavities
shed from the trailing edge of the cavity, which is frequently ob-
served for longer cavities in experiments; longer cavities might
require more evaporation to compensate the cavity volume lost by
the shedding of cloud cavity. Then, to take account of the effect of
the cavity shedding virtually, we multiply the right hand-side of
Eq. (23) by 1,/C.
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Fig. 8 Numerical results for steady cavity length in the case of
R-114, C/h=2.0, B=78.8, a=4.32 deg, and £=1000

Figure 8 shows the cavity length obtained from the present
analysis with abovementioned modifications. The turbulent diffu-
sion factor ¢ is rechosen to be e=1000. We can see a good quali-
tative agreement between the present analysis and the Franc et
al.’s experiment [10] shown in Fig. 5.

Franc et al. estimate the bulk temperature depression against the
cavity length, defined as follows:

1 dpP
EpLUz((TC —-0)= d—TAT

The bulk temperature depression AT is calculated from the
cavitation number o and that for cold water o, for the identical
cavity length.

Figures 9 and 10 show the temperature depression AT obtained
by the present modified analysis and Franc et al.’s experiment,
respectively. We can find a good qualitative agreement between
the present analysis and the experiment. The temperature depres-
sion is larger for longer cavities, higher main flow temperature,
and larger main flow velocity (rotational speed of cascade.) It can
be noticed that the amount of temperature depression is much
larger in the present analysis than that in the experiment. The
overestimation of the present analysis can be improved by choos-
ing the other value of turbulent diffusivity factor &, while no
physical background can be found to do so. How to choose the

(31)
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appropriate value of the turbulent diffusivity factor remains un-
known and is to be discovered in future studies.

Conclusions

In this paper, we made a simple steady analysis of partial cavi-
tating flow with the thermodynamic effect of cavitation. The re-
sults are compared with those of the experiments by Franc et al.
[10] for validation. The main results are summarized as follows.

(a) By combining the heat conduction model in the outer flow
of cavity and the evaporation model expressing the heat flux
across the cavity surface due to vaporization, it becomes possible
to treat the local temperature on the cavity surface.

(b) We proposed a simple singularity analysis of partially cavi-
tating flow with thermodynamic effect of cavitation by applying
the local vapor pressure based on the local temperature for the
cavity boundary condition.

(c) It is shown by a free streamline model that the thermody-
namic effect can be included in the analysis only thorough one
thermodynamic parameter 3", Thus, for a given geometry of the
cascade, the cavity length is a function of /2« and 3"

(d) After the modifications considering the cloud cavity sled-
ding, the present analysis agrees qualitatively with the experiment.

The present study analytically models the thermodynamic effect
of cavitation, whereas some parts such as the determination of the
turbulence diffusion factor € and the inclusions of the effects of
cloud cavity shedding rely on the experimental observations. The
quantitative estimates of them are crucial to develop this analysis
for more practical applications. Further experimental data with
cryogenic fluids and sophistication of the model are needed for
this purpose. The present analysis can be easily extended to un-
steady stability analysis of cavitation instabilities such as rotating
cavitation and cavitation surge. This would be made in the near
future.
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Nomenclature

A = coefficient matrix in Eq. (27)
a = thermal diffusivity
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Unsteady Cavitating Flow
Behavior in Inducer Blade
Cascades

The cavitation behavior of a four-blade rocket engine turbopump inducer is simulated. A
two-dimensional numerical model of unsteady cavitation was applied to a blade cascade
drawn from an inducer geometry. The physical model is based on a homogeneous ap-
proach of cavitation, coupled with a barotropic state law for the liquid/vapor mixture.
The numerical resolution uses a pressure-correction method derived from the SIMPLE
algorithm and a finite volume discretization. Unsteady behavior of sheet cavities attached
to the blade suction side depends on the flow rate and cavitation number. Two different

unstable configurations of cavitation are identified. The mechanisms that are responsible
for these unstable behaviors are discussed, and the stress fluctuations induced on the
blade by cavitation instabilities are estimated. [DOI: 10.1115/1.2409320]

Introduction

To achieve operation at high rotational speed and low inlet
pressure, rocket engine turbopumps are generally equipped with
an axial inducer stage. Under such operating conditions, cavitation
develops on the suction side of the blades and at inducer periphery
near the tip. When pressure is decreased from cavitation inception,
vapor develops more and more and, finally, leads to the inducer
performance breakdown (Fig. 1).

Between low-cavitation conditions and the performance drop,
for some particular range of the cavitation number, unsteady phe-
nomena may appear, associated with different blade cavitation
patterns. Figure 2 illustrates successive flow patterns observed
experimentally in the case of a H2 inducer for different values of
the cavitation parameter 7 [1].

At cavitation inception, a steady and balanced flow pattern with
one short attached cavity on each blade is observed from flow
visualizations (Fig. 2(1)). When the cavitation parameter is
slightly decreased, a steady and alternate cavitating configuration
appears (only on four-blade inducers) with alternatively one short
and one long cavity (Fig. 2(2)). Then flow visualizations achieve
to identify an unsteady flow pattern (Fig. 2(3)): rotating cavitation
appears at low cavitation parameter [2] just above breakdown.
Unbalanced attached cavities are observed in the different chan-
nels, their distribution rotating faster than the inducer [1,3] and
leading to large radials loads on the shaft [4]. Finally, near the
breakdown of the inducer, a steady and balanced flow pattern with
fully developed cavitation is observed (Fig. 2(5)).

Over the last few years, numerical models have been developed
to predict the cavitation instability in inducers [5]. These models
are based on stability analyses and linear approach, taking into
account the total flow-rate variations through a cavitating blade-
to-blade channel [6-9], or calculating the flow around attached
cavities [10-12].

To improve the understanding and the prediction capability of
cavitation instabilities, numerical and experimental analyses are
developed through collaborations between the LEGI, the Rocket
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Engine Division of Snecma and the French space agency CNES.
In the present paper, the cavitation behavior of a four-blade in-
ducer is simulated using a two-dimensional (2D) model of un-
steady cavitating flow developed at LEGI [13-16].

The paper illustrates a qualitative study whose aims are better
understanding the instability phenomena and to propose a meth-
odology for further parametric study. In spite of the progress of
CFD, 3D unsteady calculations in inducer geometries are very
time consuming and 2D approach is still interesting (even if it
cannot represent completely the original three-dimensional case).

1 Physical and Numerical Model

Numerical simulation of the cavitating flow in the inducer was
performed with the objective to take into account the cavitation
sheets attached to the blades and their unsteady behavior. The 2D
numerical model of unsteady cavitating flow 1Z, developed in
previous studies with the support of the CNES-Centre National
d’Etudes Spatiales [13-15], was adapted to 2D blade cascades
[16]. The main features of the models are:

e The liquid-vapor mixture is described as a single fluid,
whose density p rapidly varies between the pure liquid den-
sity p; and the pure vapor one p, when the static pressure in
the flow field reaches the vapor pressure. The fluid density is
managed by a barotropic state law p(p), as described in
previous works. The barotropic law is given as a function of
the maximum slope 1/A2.  where A%, =dP/dp.

e 2D unsteady Reynolds-averaged Navier-Stokes equations
are applied to model the homogeneous mixture. The numeri-
cal resolution uses a pressure-correction method derived
from the SIMPLE algorithm on 2D structured curvilinear-
orthogonal meshes. It is based on a conservative finite vol-
ume formulation (HLPA nonoscillatory second-order con-
vection scheme) and on an implicit method for the time
discretization. The used turbulence model is the classical
k-& RNG model, associated with wall functions along solid
boundaries.

e Other boundary conditions are (Fig. 5): imposed velocity at
the mesh inlet (the flow velocity is deduced from the clas-
sical value Q/pSp,.), imposed static pressure at the outlet,
and periodicity or connection conditions between the differ-
ent channels of the blade cascade. These conditions are ap-
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Fig. 1
inducer (tests in cold water) [1]

Experimental performance chart for a H2 turbopump

plied along non-matching boundaries, through a special
treatment developed in [16] to assure the best transfer of
both mass and momentum fluxes.

The details of the numerical resolution were presented by [15]
and [16]. A complete validation of the method was performed, and
the influence of the numerical parameters was widely investi-
gated. The results are reported in [15].

2  Geometry

The three-dimensional (3D) inducer geometry considered in the
present study is illustrated by the Fig. 3. Even at nominal flow-
rate, the inducer is designed to operate with nonzero incidence
angle. Nevertheless, in the range of running conditions, the angle
of attack remains very small because of the variable thread and

Fig. 3 3D inducer

the associated curvature of the blades. In these conditions, the
inlet backflow is not relevant and a 2D geometry approach can be
adopted for qualitative and parametric studies. It is important to
note that tip clearance and backflow effects are neglected, and
consequently, the applicability of the approach proposed in this
paper might be limited to high inducer flow rates.

Hence, to study the unsteady behavior of the cavitating flow,
some computations are performed in a four-blade cascade derived
from an entire inducer. The transformation from the 3D geometry
to the 2D blade cascade leads to neglect the peripheral cavitation
in the inducer: only attached sheets of cavitation on the blades
will be considered. To obtain the 2D geometry, the 3D inducer
(Fig. 3) is cut at a constant radius R,.

In the present paper we present results obtained for R.=70% of
the tip radius R. The resulting shape of the blade cut in the plane
(R.-0,Z7) is given in Fig. 4.

We use a 195 X 40 structured mesh per channel, giving a total
of 31,200 internal nodes when calculating the four-blade cascade.
A special contraction of the mesh is applied close to the blades
(Fig. 5) to ensure that the first cells remain in the logarithmic
region of the turbulent boundary layer, and apply the k-¢ RNG
turbulence model with wall functions. The application of period-

4 icity and connection boundary conditions needs also adequate
3 5 meshes (small curvature and limited variation of cell sizes) in the
1 2 connection zones between channels.
f\ The calculations are done in the rotating frame. The imposed
flow velocity W at the mesh inlet is given by
C=C,
v=4 =29 v=2 @ ==l U
=12 w
Fig. 2 Sketches of cavitation patterns for various cavitation
parameters and their correspondence to the performance where
curve [1]
—
@
of
—
’ F 4

Fig. 4 Blade cut in the plane (R..0,2)
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Fig. 5 Curvilinear, orthogonal mesh of a single channel (gen-
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The considered number Reynolds is equal to 10° and the baro-
tropic law slope is given by A,/ Vier=0.1. The convergence cri-
terion is given by a residue of 107 for the mass balance equation
and a residue of 3.107* for momentum equations.

3 Results

Quasi-steady calculations are performed on the one-channel
mesh and unsteady computations are performed on the four-blade
mesh. The periodicity condition is then applied between the fourth
and first channels, reflecting the true periodicity of the actual flow
field. The time step, mesh, and turbulence model are chosen with
the focus on capturing the low-frequency fluctuations of the at-
tached cavity, rather than the local unsteadiness in the cavitation
sheet wake (cloud shedding): the time step is fixed equal to 1% of
the blade passage time 7 Successive time accurate computa-
tions are performed at fixed cavitation number and flow-rate
coefficient.

3.1 Head Drop Chart. Several four-channel computations
are performed at nominal flow rate, with a cavitation number o
varying from low-cavitation conditions down to the final perfor-

036

mance drop. The corresponding head drop chart is drawn on Fig.
6. Some difference with the performance chart obtained with a
single channel computation appears clearly, particularly for 0.6
<0<0.75. This is due to the appearance, at these operating
points, of unstable cavitating behaviors. We first present in Sec.
3.2 the results obtained in stable configurations (0>0.75 or o
<0.6), and then the mechanisms of unstable configurations will
be detailed in Sec. 3.3.

3.2 Stable Configurations. At nominal flow rate, stable con-
figurations correspond to cavitation numbers higher than 0.75 or
lower than 0.6. Between these two extrema, unstable conditions
are obtained, which will be detailed in Sec. 3.3.

For 0=0.8, sheets of cavitation are small, as indicated on Fig.
7(a). The four cavities remain identical, even if the calculation is
continued for a long time, or if perturbations are simulated to
enhance a possible instability. The time evolution of the cavity in
the first channel, reported in Fig. 7(b), confirms that sheets of
cavitation are completely stable after the initial transient. For
these flow conditions, the performance of the inducer is only
slightly affected by the presence of vapor, since its decrease does
not exceed 5%.

A similar configuration is obtained for a cavitation number
equal to 0.6 (i.e., the inferior limit value). The sheets of cavitation
are much more developed and responsible for the important per-
formance drop that is observed at this operating point: the obstruc-
tion due to the cavities modifies the velocity fields on the blades,
which leads to the head drop.

3.3 Unstable Configurations. For some particular values of
the cavitation number, nonsymmetrical configurations of sheets of
cavitation on the four blades are obtained. These configurations
are periodical and involve physical fluctuations of almost constant
magnitude in the flow field, after the initial transient period. Two
main configurations were observed.

3.3.1 First Configuration for 0=0.7 (Nominal Flow Rate). At
this operating point, mass flow rates in the four blade-to-blade
channels become different. Their evolution is reported in Fig. 8. It
appears that at a given time, the mass flow rate in channels 1 and
3 is very different from the mass flow rate in channels 2 and 4. All
evolutions are periodical and suggest a coupling between, respec-
tively, channels 1 and 3, and channels 2 and 4. The corresponding
evolution of the four sheets of cavitation between 7/7T ;=115 and
T/T,=135 is represented in Fig. 9.

It is clear in Fig. 9 that mass flow-rate variations in the different
channels are strongly correlated with the size evolution of the
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Fig. 6 Comparison between the performance charts obtained with four-blade

computations (—e—) and with single blade computations (

flow rate
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Fig. 7 Cavitation development for ¢=0.8 and Q=Q,: (a) Den-
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vapor (scale ratio x/y=10). (b) Time evolution of the cavity in
the first channel. The time is reported in abscissa, and the Z
position on the blade is graduated in ordinate. The colors
(shading) represent the density values. At a given point in time
and position, the color (shading) indicates the minimum den-
sity in the corresponding cross section of the channel.

sheets of cavitation. This continuous variation of cavities in chan-
nels 1 and 3 is the opposite of the one in channels 2 and 4, as for
the mass flow rate in Fig. 8. In the first two configurations of Fig.
9, for example, sheets of cavitation are growing in channels 1 and
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Fig. 8 Time evolution of the nondimension mass flow rate in
the four channels (¢=0.7 and Q=Q,)
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3, whereas they decrease in channels 2 and 4; at the same time,
mass flow rate is decreasing in channels 1 and 3, and increasing in
channels 2 and 4. This is due to the obstruction generated by the
biggest cavities, which leads to a deviation of the flow toward free
channels (i.e., channels in which cavities are small). This mecha-
nism is amplified by the increase of the void ratio in the cavitation
sheets during the step of growth: the vapor makes the flow to
curve round the leading edge of the corresponding blades, and a
part of the flow rate passes in the upper channel. This is illustrated
by Fig. 10, which shows (inside the circle) the deviation imposed
by the biggest cavities to the flow.

A spectral analysis of the mass flow-rate evolution downstream
from the blades is proposed in Fig. 11(a). The frequencies are
indicated in the rotating frame. A characteristic frequency f.
=0.16 f, (f; is the rotating frequency of the inducer) is obtained,
which is consistent with the periodical mass flow-rate evolutions
reported previously in Fig. 8. Indeed, f, corresponds to the evo-
lution of the sheets of cavitation on the blades. This phenomenon
also appears on the spectral analysis in the absolute frame of the
static pressure far upstream from the blades, drawn in Fig. 11(b):
the frequency f,.,=0.32 f is predominant. f.,=2 X f., the factor 2
being due to the alternate cavitation pattern on the blades. We can
observe also other frequencies of about 4f,, 6f., and 8f..

In order to deepen the frequency study, we have plotted also the
spectral analysis of the total pressure signal near to the leading
edge of the blade cascade in the absolute frame (Fig. 12). These
results indicate two characteristic frequencies of (2fy+f,) and
(2fo—f.). The combination of these frequencies reproduces mass
flow fluctuation with the frequency of f,. in the rotating frame
shown in the Fig. 11(a). Moreover, the combination of these fre-
quencies seems to be also related to the frequencies 2f,, 4f,, 6f.,
and 8f, observed in Fig. 11(b).

We will name this configuration “unstable alternate cavitation.”
This special configuration was found only for the values (o=0.7,
0,) and (An/ Vier=0.1, Re, =105, 10<y*<60). To deepen the
analysis of this configuration, we have performed numerical tests
with different meshes, Reynolds numbers, y* and time-step val-
ues. According to our numerical tests, for a different mesh (390
X60; 10<y*<20; Apin/Vier=0.1, Rey=10%), the simulations
give a regular super synchronous cavitation instead of unsteady
alternate cavitation.

For this operating point (0=0.7, Q,) and 195X 40 mesh, the
numerical tests pointed out also the influence of the following:

* The celerity value: for A,/ V,er=0.04 (Rey=10°, 10<y*
<60), we observe a regular supersynchronous cavitation
with a characteristic frequency of 1.6 f,. As a matter of fact,
for smaller A, values, the cavitation length and thickness
change and the unsteady cavitation behavior is also
modified.

e The Reynolds number: for Rey=3.10° (corresponding to a
range of 20<<y"<100 in the case of 195X 40 mesh), the
unsteady alternate cavitation becomes very irregular and
changes to a supersynchronous configuration. Indeed, the
trigger mechanism of the instabilities seems to be related to
the friction in the boundary layer flow and, consequently, to
the values of y* (calculated as a function of Reynolds num-
ber and mesh thickness).

It is interesting to note that a recent work [17], concerning the
same geometry but based on a different numerical model and
mesh (20<y*<100), pointed out also an unsteady alternate cavi-
tation configuration for ¢=0.7 and Q=0Q,. In this same work, a
steady alternate cavitation was observed for o of ~0.77.

3.3.2 Second Configuration for c=0.625 (Nominal Flow
Rate). If the cavitation number is decreased down to a value be-
tween 0.6 and 0.65, another type of unstable behavior is obtained.
It is characterised by four different sizes of the sheet of cavitation
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in the four channels. No simple correlation between channels is
detectable at any time, as can be seen in Fig. 13, in which the
evolution during 155 T/ T, of the four mass flow rates in the four
channels is reported. As previously, the instability is periodical
after the initial transient period, with mass flow rate fluctuations
of constant magnitude in all channels. Nevertheless, the mecha-
nisms that govern the cavity evolution in each channel are much
more complicated than in the first unstable configuration, since all
cavities interact.

The spectral analysis of the mass flow rate downstream from
the blade is proposed in Fig. 14(a). A characteristic frequency f.
=0.38 f| clearly appears in the rotating frame, with two harmonic
frequencies. It corresponds to the evolution of the mass flow rates
in the four channels, and this phenomenon in the absolute frame
has a higher frequency than the inducer rotation. The main char-

YA ref
6.000

Fig. 10 Deviation of velocities due to high void ratio (T=110
Trer)
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acteristic frequency f.=1.38 in the absolute frame is observed,
from the spectral analysis of the upstream static pressure evolu-
tion drawn in Fig. 14(b). This is the reason why such unstable
configuration is called supersynchronous rotating cavitation. It
means that the configuration in the inducer at a given time (the
four different sizes of the cavities) rotates faster than the inducer
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Fig. 11 Spectral analysis (0=0.7, Q=Q,): (a) Mass flow rate

downstream from the blades, in the rotating frame and (b)
static pressure far upstream from the blades, in the absolute
frame (results concerning a calculation time of about 30 rota-
tion periods of the inducer)
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of the inducer)

itself.

All frequency analyses performed in the present study have
been carried out from calculations whose duration was at least 25
periods of inducer rotation. The whole of performed unsteady
cavitating simulations represent a great effort in terms of compu-
tation time, and, at present, these kinds of frequency analyses
cannot be done from 3D calculations. It is worth noting that the
considered time step and time calculations do not allow us to
detect very low frequencies (below 0.1 f;).

0,130

6.00E-05

5.00E-05

4 00E-05

3.00E-05

Intensity

|
2.00E-05 I
|

1.00E-05

{.00E+00
00 2 04 06 a8 1.0
(a)
f/f0

5.00E-06

4.00E-06 !

3.00E-06

2.00E-06

Intensity

1.00E-06

0.00E+00 \
a.0 1.0 20 3.0
(b) 0

4.0 50 6.0

Fig. 14 Spectral analysis (0=0.625, Q=Q,,): (a) Mass flow rate
downstream from the blades, in the rotating frame and (b)
static pressure far upstream from the blades, in the absolute
frame (results concerning a calculation time of ~30 rotation
periods of the inducer)

3.4 Efforts on the Blade in Unstable Configurations.

3.4.1 Unstable Alternate Cavitation. To improve the under-
standing of the effects of cavitation instabilities on the blade and
on the entire inducer, the fluctuations of the forces acting on the
blades have been calculated and drawn in Fig. 15. The objective is
to estimate the magnitude of the stress fluctuations. The stresses
are calculated through the momentum conservation in a control
volume surrounding one blade. Projecting this relation, respec-
tively, onto the normal to the inlet boundary and onto the normal
to the rotation axis gives the axial and the transverse components
of the nondimensional hydrodynamic force, whose time evolution
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Fig. 13 Time evolution of the non dimension mass flow rates in the four chan-

nels (0=0.625, Q=Q,)
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Fig. 15 Time distribution of the axial and transverse forces on
the blades (0=0.7 and Q=Q,)

is then represented in Figs. 15(a) and 15(b) for three different
blades. Stress fluctuations in these figures are generated by un-
steady cavitation.

The mean nondimensional axial force F,/ (prer?efoef) can be
estimated to 0.27, whatever blade we consider, and the order of
magnitude of the fluctuations is ~0.016. Thus, cavitation insta-
bilities lead in the present case to fluctuations of the axial force
equal to 6% of the mean force. In the case of the transverse force,
the fluctuations reach 13% of the mean force.

3.4.2  Supersynchronous Configuration. The corresponding
force evolutions are represented in Figs. 16(a) and 16(b). In the
case of the second blade, for example, the mean axial force still
equals 0.27, while the fluctuations magnitude is ~0.03: rotating
cavitation is responsible, in this case, for fluctuations whose mag-
nitude can be estimated to 10% of the mean effort. In the case of
the transverse force, the fluctuations reach almost 20% of the
mean force.

According to these first calculations, the simulated unstable al-
ternate cavitation seems to be less critical for the inducer than
with the calculated supersynchronous rotating cavitation. In this
case, axial forces on the blades substantially increase and the pe-
riodical forces acting on the blades could be responsible for some
damage to the inducer.

4 Conclusion

Computations were performed at different operating conditions
by varying the mass flow rate and the cavitation number. The
resulting performance charts of the blade cascade at the calculated
mass flow rates are reported in Fig. 17. Stable and unstable cavi-
tation configurations are also indicated, so that the limit of the
rotating cavitation behavior can be identified. Results for mass
flow rates <0.9 Q, are not reported because of the numerical
difficulties that we encountered at these flow conditions. Indeed,
at partial flow rate, angle of attack of the flow at the blade leading
edge and cavity thickness both increase. In case of rotating behav-
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ior, it can result in the complete obstruction of a channel, which
induces serious numerical problems. Moreover, at partial flow
rates, tip leakage and backflow influence cannot be neglected and
a 2D approach would probably lead to high errors.

It can be seen (Fig. 17) that the cavitation parameter range of
rotating cavitation increases when the flow-rate coefficient de-
creases. This result agrees with experimental observations [3,18].
At nominal flow rate Q,, the experimental instability range is
about Aoy, =0.15, which is consistent with the results obtained
previously by [16] in the case of a similar four-blade inducer
geometry. The mass flow-rate limit for appearance of unstable
configuration (1.2 Q,,) is also identical to the one obtained in this
previous study. Further work is now needed to assess the predic-
tion capability of the model. Therefore, improvements of the
analysis of 3D inlet flows and study of the influence of the cas-
cade design by numerical simulations are in progress, in parallel
to the development of a full 3D model [17,19].
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Nomenclature
Amin = slope of the barotropic state law: AfmnzﬁPl dp

(minimum speed of sound in the vapor/liquid

mixture)
0, 0,, = nondimensional mass flow rate, nominal mass
flow rate
C(C,,,Cy) = velocity vector in fixed frame: Cp,=Q/(pSpow)
L. = reference length L =mR./2
p, P = static pressure, total pressure: P=p+0.5p,C>
P, = vapor pressure
R, = cut radius for the passage from 3D to 2D
R, 6, Z = cylindrical coordinates
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T\t = reference time: Tyop=Leoi/ Vier
Vet = reference velocity: V,=R.)
W(W,,,W,) = velocity vector in relative frame
yt nondimensional distance to the boundary
Q) = angular rotation speed of the inducer (rad/s)
U = training velocity at inducer tip radius Ryp:
=Rtin
7,7 = cavitation parameter for inducers, 7' =7/7,

7. = critical value. 7=(Piyerpy)/ (O.SleﬁpQZ)
o = cavitation nb (downstream):
o= (Poutlet_pv)/(o-sljlvfef)

f, fo = frequency, inducer rotation frequency

W = head coefficient (Poyei—Pinter)/ (leﬁpQZ)
P Py, p = specific mass of the liquid, of the vapor, of the

mixture
a = local void ratio: a=(p—p;)/(p,—p1)

References

[1] de Bernardi, J., Joussellin, F., and Von Kaenel, A., 1993, “Experimental Analy-
sis of Instabilities Related to Cavitation in Turbopump Inducer,” 1st Int. Symp.
on Pump Noise and Vibrations, Paris, France, pp. 91-99.

[2] Kamijo, K., Shimura, T., and Watanabe, M., 1977, “An Experimental Investi-
gation of Cavitating Inducer Instability,” ASME Paper No. 77-WA/FW-14.

[3] Pagnier, P., Morel, P., Spettel, F., Henry, C., and Champagne, J.-Y., 1995,
“Conception and Experimental Study of an Inducer,” Cav’95 Int. Symp., Deau-
ville, France.

[4] Goirand, B., Mertz, A., Joussellin, F., and Rebattet, C., 1992, “Experimental
Investigation of Radial Loads Induced by Partial Cavitation with Liquid Hy-
drogen Inducer,” 3rd Int. Conf. on Cavitation, IMechE, C453/056, Cambridge,
England, pp. 263-269.

[5] Tsujimoto, Y., 2001, “Simple Rules for Cavitation Instabilities in Turboma-
chinery,” 4th Int. Symp. on Cavitation, Pasadena.

[6] Tsujimoto, Y., Kamijo, K., and Yoshida, Y., 1993, “A Theoretical Analysis of
Rotating Cavitation Inducers,” ASME J. Fluids Eng., 115, pp. 135-141.

Journal of Fluids Engineering

[7] Joussellin, F., and de Bernardi, J., 1994, “Analytical Modelling of Instabilities
in a Cavitating Turbopump Inducer,” 2nd Int. Symp. on Cavitation, Tokyo, pp.
98-94.

[8] Horiguchi, H., Watanabe, S., Tsujimoto, Y., and Aoki, M., 2000, “Theoretical
Analysis of Alternate Blade Cavitation in Inducers,” ASME J. Fluids Eng.,
122(1), pp. 156-163.

[9] Horiguchi, H., Watanabe, S., and Tsujimoto, Y., 2000, “A Linear Stability
Analysis of Cavitation in a Finite Blade Count Impeller,” ASME J. Fluids
Eng., 122(4), pp. 798-805.

[10] Pilipenko, V., Semyonov, Y., and Kvasha, Y., 1995, “Theoretical and Experi-
mental Computational Methods for Determining Volume of Cavities and Co-
efficients of Dynamic Equation of Cavitation Cavities,” Tech. Report No. SEP
TC/T 23227/96.

[11] Watanabe, S., Tsujimoto, Y., Franc, J.-P., and Michel, J.-M., 1998, “Linear
Analyses of Cavitation Instabilities,” 3rd Int. Symp. on Cavitation, Grenoble,
pp. 347-352.

[12] Watanabe, S., Sato, K., Tsujimoto, Y., and Kamijo, K., 1999, “Analysis of
Rotating Cavitation in a Finite Pitch Cascade Using a Closed Cavity Model
and a Singularity Method,” ASME J. Fluids Eng., 121(4), pp. 834-840.

[13] Delannoy, Y., and Kueny, J. L., 1990, “Two Phase Flow Approach in Unsteady
Cavitation Modelling,” Cavitation and Multiphase Flow Forum, ASME-FED
Vol. 98, pp. 153-158.

[14] Reboud, J. L., and Delannoy, Y., 1994, “Two Phase Flow Modelling of Un-
steady Cavitation,” 2nd Int. Symp. on Cavitation, Tokyo, pp. 39—-44.

[15] Coutier-Delgosha, O., Reboud, J.-L., and Delannoy, Y., 2003, “Numerical
Simulation of the Unsteady Behaviour of Cavitating Flows,” Int. J. Numer.
Methods Fluids, 42, pp. 527-548.

[16] Coutier-Delgosha, O., Courtot, Y., Joussellin, F., and Reboud, J.L., 2004, “Nu-
merical Simulation of the Unsteady Cavitation Behavior of an Inducer Blade
Cascade,” AIAA J., 42(3), pp. 560-569.

[17] Pouffary, B., Fortes-Patella, R., and Reboud, J. L., 2005, “Numerical Analysis
of Cavitation Instabilities in Inducer Blade Cascade,” 5th Int. Symp. on Pump-
ing Machinery, ASME 2005 Summer Meeting, Houston.

[18] Yokata, K., Kurahara, K., Kataoka, D., Tsujimoto, Y., and Acosta, A. J., 1999,
“A Study on Swirling Backflow and Vortex Structures at the Inlet of Inducer,”
JSME Int. J., Ser. B, 42-3, pp. 451-459.

[19] Pouffary, B., Fortes-Patella, R., and Reboud, J. L., 2005, “Numerical Simula-
tion of 3D Cavitating Flows: Analysis of Cavitation Head Drop in Turboma-
chinery,” 5th Int. Symp. on Pumping Machinery, ASME 2005 Summer Meet-
ing, Houston.

FEBRUARY 2007, Vol. 129 / 135

Downloaded 03 Jun 2010 to 171.66.16.156. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Characterization of the Content of
the Cavity Behind a High-Speed
Supercavitating Body

A high speed/high flow test facility was designed and implemented to study experimen-
tally the supercavitating flow behind a projectile nose in a controlled laboratory setting.
The simulated projectile nose was held in position in the flow and the cavity interior was
made visible by having the walls of the visualization facility “cut through” the supercav-
ity. Direct visualization of the cavity interior and measurements of the properties of the
cavity contents were made. Transducers were positioned in the test section within the
supercavitation volume to enable measurement of the sound speed and attenuation as a
Sfunction of the flow and geometry parameters. These characterized indirectly the content
of the cavity. Photography, high speed videos, and acoustic measurements were used to
investigate the contents of the cavity. A side sampling cell was also used to sample in real
time the contents of the cavity and measure the properties. Calibration tests conducted in
parallel in a vapor cell enabled confirmation that, in absence of air injection, the prop-
erties of the supercavity medium match those of a mixture of water vapor and water
droplets. Such a mixture has a very high sound speed with strong sound attenuation.
Injection of air was also found to significantly decrease sound speed and to increase

transmission. [DOI: 10.1115/1.2409356]
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1 Introduction

Cavitation on a given body takes many forms depending on the
extent and intensity of cavitation characterized by the cavitation
number, o, defined as

P.—P,
= W
— V2
210

where P, is the free stream or ambient static pressure, P,. is the
cavity pressure, V is the flow velocity, and p is the liquid density.
As o becomes very low (0<<0.1), the flow enters the supercavi-
tation regime when the length of the continuous large cavity be-
comes greater than the body length [1-3]. In order to achieve a
small o such that the supercavitation can be maintained, either a
high free stream velocity or a small pressure difference P..-P,., or
a combination of both is needed. The small pressure difference
can be obtained by either decreasing the ambient pressure, P,, or
increasing the cavity pressure, P, through cavity ventilation. Su-
percavitation with cavity ventilation is usually referred to as arti-
ficial or ventilated supercavitation compared to natural supercavi-
tation in the absence of cavity ventilation [2,3]. Application of
ventilation has simplified some research and expanded the appli-
cation fields [2]. Gravitational effects may become important for
artificial supercavitation, these effects are characterized by the
Froude number, F, [1], which is defined as

F,=VIgl )

where g is the gravitational acceleration and / is the characteristic
length of the cavity.

Supercavitation has become a hot topic due to its potential to
significantly enhance the speed of undersea weapons, projectiles,
and vehicles by enabling them to travel inside a vaporous or gas
fed cavity through significant reduction of viscous drag [4]. Sev-
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eral recent supercavitating body experiments and numerical simu-
lations have improved our understanding of the physics of the
phenomena [5,6]. Tests conducted on underwater high speed pro-
jectiles and self-propelled bodies have been able to characterize
the cavity overall shape and behavior, and compared favorably
with proper numerical simulations [7]. However, for underwater
supercavitating projectiles, the measurements of the propagation
of shock waves through the cavity showed significant differences
from those obtained with tests preformed in an equivalent ideal-
ized static cavity. It was hypothesized that these differences are
due to the contents of the cavity being different in the real situa-
tion from the idealized laboratory simulation.

This study aims at addressing this issue and at characterizing
the contents of the cavity in a controlled laboratory setting. The
investigations included visualization of the cavity, measurement
of two properties of its acoustics: the speed of sound and the
attenuation of an imposed perturbation, and measurement of some
physical properties of the cavity contents. Such an investigation
intends to contribute to enhancing our understanding of the phys-
ics of supercavitation.

2 Experimental Facility and Setup

The three dimensionality of a supercavity behind the projectile
and the presence of a perturbed nonsmooth water/cavity interface
renders the cavity opaque and makes it very difficult to have di-
rect optical observations of the inside of the cavity and to conduct
nonintrusive measurements of the physical properties of the cav-
ity. In addition, generation of a natural supercavity requires a very
low cavitation number, which requires either a very high velocity
liquid flow or a very low ambient pressure in the test section.

To tackle these two challenges we adopted a test section design
with a venturi-like profile sandwiched between two parallel trans-
parent sidewalls to obtain a very low pressure in the test section
without requiring reduction of the pressure everywhere in the test
facility and to generate a cavity which is a slice through of the
three-dimensional cavity (Fig. 1). This simplification of flow field
is acceptable as long as the concerned cavities are such that ve-
locities perpendicular to the flow direction are negligible and cur-
vature effects have a negligible effect on the cavity characteristics.
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Fig. 1 Sketch of the experimental simulation of the supercavitation behind a
projectile. On the left (a) two configurations for the simulated projectile head
placement in the visualization facility are shown with the arrows indicating the
viewing angle. On the right (b) a sketch of the developed cavity and the viewing
angle and placement of measurement transducers are shown.

This simple design enabled us to construct a supercavitating-
projectile facility that met the design requirements and that was
able to use an existing 24.4 m (80 ft) wave tank as a very large
water reservoir, where accumulation of air from the generated
supercavity was not an issue. Through this facility we could also
achieve very low ambient pressures over the cavity while keeping
the outlet of the test section open directly to the atmosphere,
which offers a major setup simplification. Since our objective is to
quantify the cavity content and not the cavity shape and dynamics,
effects neglected with this approximation are of little impact on
the results of the study. Figure 1 shows sketches of two setups
considered: in the first one, Fig. 1(a), curvature effects are in-
cluded, while they are neglected in Fig. 1(b).

Figure 2 shows a sketch of the experimental setup. The flow is
driven by an 11 kW (15 hp) Goulds pump model 3656, capable of
347 L/s (550 gpm) at a head of 172.4 kPa (25 PSI). The test
section is made of acrylic and has multiple mounting locations to
mount the projectile head in order to generate the desired super-
cavity. Since air ventilation has a large effect on the cavity char-
acteristics, two air ports were machined in the test section,
through which air can be injected into the cavity in order to gen-
erate a ventilated cavity. The flow rate of the air into the cavity is
regulated by a set of valves. To facilitate the measurements inside
the cavity, a series of measurement ports were arranged along the
top and bottom sides of the test section, through which probes and
sensors can be mounted.

A simplified sketch of the test section with dimensions (unit in
cm) is shown in Fig. 3. The various mounting port positions are
also shown in the figure. The projectile is mounted at port M. Air
injection for ventilating the cavity is made possible through the
two air injection ports A; and A,. Devices for instrumentation can
be mounted through the instrumentation mounting ports, S;—S;.

To write conservation equations at any point in the test loop of
vertical position, /2, we define Q as the liquid flow rate, and A as
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Test section 4" pipe
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4" pipe
Inserts (4" rod)

4" nipples 4" flanges

3x4" reducer
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Pump

4 pukhead fitting  Ball Valve| 4" flow meter

4" flanges
4" coupling 4" pipe

Fig. 2 Sketch of the experimental facility setup
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the considered section area. We also use subscripts p, b, and a to
refer to the location of the pump, the projectile head, and the area
open to the atmosphere, respectively

Q=VA 3)

and

1

P= P Epv pg(h hp) Ploss (4)
where P, is the unrecoverable pressure head loss due to viscous
effects over the path from the pump to the given point in consid-
eration. The test section comprises a constant pressure section in
which the super cavity is formed. The cavity length, L, is related
with the cavitation number and projectile diameter by the follow-
ing approximate expression [8]:

8b 1
e = ;CD; (5)

where b is the projectile diameter and Cp is the shape drag
coefficient.

Behind the constant pressure section, the test section expands to
allow a pressure rise from the very low pressure around the cavity
to the atmospheric pressure. This is achieved through an expan-
sion angle as large as possible without inducing flow separation.
This is obtained by limiting the expansion angle to 7 deg. An
additional constraint that we imposed was to minimize the overall
length of the facility.

3 Flow Visualizations

3.1 Cavitation Number Effects. As the ambient pressure
around the projectile head decreases with increasing flow rate, the
flow evolves from a noncavitating flow to a cavitating flow then to
a supercavitating flow. Flow visualization of the supercavity was
achieved by high resolution digital photography as well as by high
speed photography. The evolution of the cavitating flow from lim-

~ e} Flow direction N 0
2 - — e &
Az - Al m
S S Sz 91
30.5 76.2 5.1
15.2 8,9
15.2 15.2 21.0 7.6

Fig. 3 Side view of the test section with dimensions in cm, A,
and A, are air supply ports, S;—S, are sensor mounting ports,
and M is the projectile mounting port
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Fig. 4 Evolution of the cavitating flow with decreasing cavita-
tion numbers (here increasing flow rates). (a) Q=15.8 L/s (250

gpm), V=8 m/s, 0~0.13; (b) Q=22.1L/s (350 gpm), V
=11 m/s, 0~0.07; (c) Q~34.7 L/s (550 gpm), V=18 m/s, o
~0.02.

ited cavitation to supercavitation with an increasing flow rate for a
projectile one inch high is shown in the pictures of Fig. 4. Figure
4(a) shows for o~0.13 and a relatively low flow rate (Q
=15.8 L/s (250 gpm), V=8 m/s) flow separation behind the pro-
jectile head and the resulting formation of shed cavitating vorti-
ces. Bubbles generated from the cavitation on the projectile head
can be seen both as bubbles convect downstream and as bubbles
“captured” in the separation area behind the projectile head. Fig-
ure 4(b) shows such a condition, for o~ 0.07 (0=22.1 L/s (350
gpm), V=11 m/s). As seen in the picture, the bubbles generated
from the intensified cavitation become so dense that the flow be-
comes a bubbly flow downstream of the projectile head and the
shed vortices become more difficult to identify. The separated area
becomes more and more filled with cavities with increasing flow
rate; the cavities finally coalesce and form large cavity pockets.
With further decrease in the cavitation number, o~0.02 (Q
~34.7 L/s (550 gpm), V=18 m/s), a single cavity is formed and
the flow becomes supercavitating as shown in Fig. 4(c). Once the
cavity is formed, the cavity pressure remains very close to the
vapor pressure in the range of 4000 Paand varies very little with
further velocity increase.

3.2 Projectile Shape. The shape of the leading edge of the
simulated projectile head affects the characteristics of the super-
cavity. Figure 5 illustrates the difference between the cavity inter-
faces when the leading edge is sharp versus an angled tip. The
projectile heads in Figs. 5(a) and 5(b) are the same except they
were mounted with opposite orientation. Although separation is
initiated at the sharp edge of the projectile head in both cases, the
disturbance of the cavity interface at the test section side wall is
much less for a cavity formed from the projectile head without a
transition slope (Fig. 5(a)) compared to that of the cavity formed
from the projectile with a transition slope (Fig. 5(b)). The differ-
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\Wall horseshoe
vortex

Fig. 5 Effects of the projectile shape on the cavity formation.
Q~31.6L/s (500 gpm), V=16 m/s, 0~0.03. The vortices
above the supercavity are the horseshoe vortices formed near
the projectile.

ence could be attributed to the fact that the shear layer between
the cavity and the liquid is thinner and there is not much boundary
layer development prior to the shear layer separation point in the
case shown in Fig. 5(a), while a boundary layer develops on the
projectile head and feeds the shear layer prior to separation in the
case of Fig. 5(b). In this later case the shear layer is thicker
and stronger entrainment of a two phase medium is seen at the
interface.

3.3 Secondary Effects. Because the simulated projectile head
is sandwiched between the two parallel sidewalls, the shape of the
leading edge of the projectile that contacts the wall has a strong
secondary effect on the flow pattern outside of the cavity. As
shown in Fig. 5(a), there exists a strong horseshoe vortex above
the supercavity if the leading edge of the projectile head contact-
ing the wall is a 2D flat front face. As pointed out in Ref. [9], this
strong horseshoe vortex around the 2D flat leading edge can be
reduced or eliminated by adding a curved leading-edge section to
the simulated projectile head shape, with either a filleted or an
undercut shape, Fig. 6 shows a top view of different types of
projectile leading edges that we have tested. The experimental
results shown in Fig. 4 were conducted using a projectile head
with a filleted leading-edge shape from which we can clearly see
that the horseshoe vortex around the supercavity is greatly weak-
ened, does not cavitate and thus is not apparent in the picture.
However, in order to produce a clearer cavity for better inside-
cavity observation and measurement, a simulated projectile head
configuration as shown in Fig. 5(a) was used for most of the
experiments reported here such that the disturbances at the inter-
section between the cavity interface and the side walls of the test
section were minimal, even though the secondary vortex was
present outside of the cavity.

3.4 Reentrant Jet. The range of values of o that we were
able to achieve while keeping the supercavity within the test sec-
tion was 0.13=0¢=0.02. In this o range, the supercavity had an

Side-wall Projectile Head
| A Cl 5 [ = 1
Flow /
ol | ol | ol |
2-D Flat Filleted Undercut

Fig. 6 Top view of different types of projectile shaped leading
edge that were tested to minimize the secondary horseshoe
vortex
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Fig. 8 Supercavity formed from a 1/2 projectile mounted on

Air injection (b)

Fig. 7 Cavities with air ventilation. (a) Air injection towards
upstream. (b) Air injection towards downstream. Q~31.6 L/s
(500 gpm), V=16 m/s. The vertical line and horizontal arrow
indicates the approximate position of the injector and the direc-
tion of the injection, respectively.

oscillatory behavior. A reentrant jet, periodically appeared as a
turbulent mass of liquid shooting upstream in the cavity toward
the projectile head as seen in Fig. 4(c). The frequency of recur-
rence of the reentrant jet varied with the flow rate, the projectile
head shape, and the degree of ventilation. Previous studies have
shown that there is a critical Froude number F,., below which the
reentrant jet disappears, F,<F,. [10]. Brennen’s study gives a
value of F,.~2.5 [11]. In the present experiments the Froude
number was between 4 and 8, i.e., in the range where a reentrant
jet always existed. The frequency of recurrence, however, was
relatively low, and a calm and clean supercavity free from the
reentrant jet disturbances could be observed for a relatively long
time for adequate measurements (a couple of seconds) between
reoccurrences of successive reentrant jets.

3.5 Ventilation. Figure 7(a) shows a ventilated cavity with air
injection towards upstream from an air injection port which is
about 1.3 cm (0.5 in.) downstream from the projectile head, while
Fig. 7(b) shows a ventilated cavity with air injection directed
downstream from an air injection port which is about 16.5 cm
(6.5 in.) away from the projectile head. Air injection raises the
pressure in the cavity to the air injection pressure as expected. In
our tests, the injector was bent to be parallel to the liquid flow to
avoid direct jet impact on the cavity wall. However, even a very
small air injection flow rate (P,;, of 300 Pa) destroyed cavity sta-
bility and resulted in a very disturbed ventilated cavity as shown
in Fig. 7. This is mainly due to the interaction of the air jet with
the walls of the cavity. Probably, a careful design and extensive
testing would result in conditions which avoid such an interaction,
but such an effort was not pursued during this study.

3.6 Gravity Effects. All cavities shown above were obtained
from experiments with the simulated projectile head mounted at
the bottom of the test section, i.e., only half a cavity is produced
with the flow occurring only above the top interface of the cavity
which expands and then curves down from the maximum position
to the closure. In such a configuration, a perfect symmetry is
assumed between the top and the bottom part of the cavity. To
study the effect of gravity and the imposed symmetry on the char-
acteristics of the supercavities, experiments were also conducted
with the 1/2 projectile head mounted at the top of the test section
and a full projectile head mounted in the middle of the test
section.

When the projectile head was mounted at the top of the test

Journal of Fluids Engineering

the top of the test section. (a) Formation of a reentrant jet, Q
~31.6 L/s (500 gpm), V=16 m/s, 0~0.03. (b) Cavity vented to
the atmosphere, Q~31.6 L/s (500 gpm), V=16 m/s.

section, only the bottom interface of the cavity was simulated.
Compared to the case where the supercavity is formed from the
same projectile head mounted at the bottom of the test section, at
the same flow rate, the supercavity formed at the top of the test
section expands to a further downstream location before it curves
up and closes. The observed cavity is then longer. Fig. 8(a) shows
an example of such a cavity again with a strong reentrant jet. As
the flow rate increases, the cavity formed at the top of the test
section elongates further and further and finally reaches the exit
section connected to the atmosphere. The test section cannot then
accommodate further growth of the cavity, and the cavity can no
longer close; instead the supercavity flow transforms into a free
surface flow behind the projectile. Figure 8(b) shows an example
of such a cavity that is open to the atmosphere.

When the projectile head is mounted in the middle of the test
section, the flow can develop both above the top interface and
below the bottom interface of the cavity and the cavity shape is
affected by the effect of gravity. Figure 9 shows a supercavity
formed from a 1.3 cm (0.5 in.) projectile head mounted in the
middle of the test section, the cavity exhibits a nearly symmetric
shape that tilts a little downward due to gravity. At the maximum
flow rate that the pump can achieve, an end closed supercavity
with reentrant jet is always maintained. However, the upstream
distance that the jet can reach is reduced when a full projectile is
used as the reentrant jet is no longer exactly symmetric and curves
downward and hits the lower cavity wall before reaching the pro-
jectile head.

Fig. 9 Supercavity with reentrant jet formed from a full projec-
tile mounted in the middle of the test section. Q~34.7 L/s (550
gpm), V=15 m/s, 0~0.03.
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Fig. 10 Setup for direct sound speed measurement in the test
section

4 Acoustic Properties of the Cavity Content

Sound speed and attenuation in the cavity fluid medium are
direct indicators of the nature of the multiphase mixture in the
supercavity. They can be used as indirect measurements of the
properties of the medium. Technology developed for the ABS
Acoustic Bubble Spectrometer® [12-15] was adapted to measure
the acoustic properties of the cavity medium. Sound speed and
attenuation measurements were conducted using a spark generator
that is used for generating explosion-like bubbles [15] and a 1 in.
square ABS hydrophone. The spark generator utilizes coaxial
electrodes with the spark gap between the inner and the outer
electrode filled with an insulating layer. A spark is generated by
the very fast discharge of a high-voltage (up to 16,000 V) between
the two electrodes [15]. The spark generator electrodes and the
hydrophone were mounted at Port S, and S, respectively, as
shown in Fig. 3 (also refer to Figs. 1 and 10).

Initially a second transducer was used, as in the ABS technique,
as a sound signal generator, but the intensity turned out to be
relatively weak and gave bad signal to noise ratios. In addition,
use of two transducers required very small transducers or a very
large supercavity to avoid interaction with the cavity walls. Com-
pared to using another hydrophone as a projector, the spark gen-
erator provides a much stronger signal for time of flight measure-
ments. The sensor element of the hydrophone used is made of
piezoelectric material and has an operating frequency range from
20 to 250 kHz.

Figure 10 shows a sketch of the setup for direct sound speed
and attenuation measurements inside of a supercavity. The hydro-
phone was located right behind the projectile where the supercav-
ity initiated which ensured that it did not interact with the cavity
and the spark electrodes were located downstream inside the su-
percavity and did not interfere with it. In most measurements, the
distance between the electrodes and the transducer was 21 cm. A
similar setup was also used for measurements in the side sampling
cell and the vapor cell described later below. The data acquisition
was handled by a digital oscilloscope, Gould 1604, which has a
sampling rate of 20 MS/s and was connected to a personal com-
puter through a general purpose interface bus board for data ex-
port. A Krohn-Hite 3103A filter was used between the hydro-
phone and the oscilloscope to filter out the low frequency electric
noises below 1 kHz. An optical sensor located outside the cell and
facing the spark was used to detect spark initiation and to trigger
the data acquisition system when the spark was fired.

The hydrophone is used to detect the acoustic signal generated
by the spark. The hydrophone and the spark generator are sepa-
rated by a known distance, L. The spark generates an acoustic
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Fig. 11 Typical signals from optical sensor and hydrophone

impulse very rich in high frequencies, which travels upwards and
is detected by the transducer after a time of flight given by Az, the
sound speed can therefore be calculated from

c=L/IAt (6)

At measures actually the time of arrival of the direct path from the
electrodes to the hydrophone. This is followed by the arrival of
other signals reflected by the facility side walls, from the super-
cavity, and from any other resonance of the air volume. Therefore,
these are irrelevant for our problem here, where we are only in-
terested in the direct path to measure c. This is illustrated in Fig.
11, which shows a typical signal received by the hydrophone. The
signal strength is excellent and well above the noise level, and the
arrival of the acoustic signal at the hydrophone can be unmistak-
ably measured. Concerning the time of sparking, we initially
thought that we could detect it through the electric noise generated
in line at sparking, however, this signal turned out to not being
well distinct under all conditions. For this reason, an optical sen-
sor was used, which sensed the light generated at sparking and
sent the signal to the data acquisition system to provide a synchro-
nization of the timing of the event. This optically generated signal
is also shown in Fig. 11, where one can clearly see distinct corre-
spondence between the sharp optical signal and the weaker elec-
tric signal detected by the hydrophone at the time of sparking. The
measurement of the time of flight was therefore quite accurate
with signal to noise ratio being very high. After the distinct acous-
tic signal arrival, the hydrophone signal has some oscillations with
decaying amplitude which are due to reflections, cavity oscilla-
tions, and transducer ringing. We did not consider this latter part
of the signal for the present study.

In addition to the time of flight measurement, the amplitude of
the received acoustic signal when compared to that measured in
air under ambient conditions, provides the relative signal attenu-
ation. In all test conditions, the spark was fired when the charge of
the spark generator reaches 11,000 kV to maintain a consistent
acoustic source for accurate attenuation measurements and all
measurement were conducted under very similar room tempera-
ture of 25°C.

To check the accuracy of the method, repeated tests were con-
ducted in the dry test section (i.e., in air). The measured average
sound speed was 347.5 m/s with a scatter lower than 0.8%. How-
ever, the measurement of the signal amplitude had much larger
variations up to 18%.

For comparison purposes, sound speed measurements were
conducted in the test section with and without the presence of a
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Fig. 12 Sound speed in the test section under various condi-
tions as indicated on labels

supercavity. Figures 12 and 13 show the measurement results of
the sound speed and the corresponding peak amplitudes of signals.

The sound speed was between 480 and 500 m/s when the mea-
surements were conducted in a calm and clean cavity (labeled “in
cavity”). However, when the measurement was conducted under
conditions where occurrence of the reentrant jet was affecting the
measurement (i.e., presence of water droplets in the cavity), the
sound speed was significantly higher and varied in a wide range.
In presence of the reentrant jet, the cavity content is a mixture of
vapor and water. It is known that in a homogeneous mixture of
gas and liquid, the sound speed could be much smaller than that of
either of two constituents [10]. However our experiments consis-
tently showed that the sound speed measurements taken between
occurrences of two reentrant jets were much higher, and of the
order of 750 m/s (labeled “reentrant jet”).

Figure 12 also contains a data point where the measurement
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Fig. 13 Peak amplitude of signal in test section under various
conditions as indicated on labels
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Fig. 14 Sketch of the setup for measurements in the side sam-
pling cell

was conducted in a cavity which was formed from a projectile
head mounted on the top of the test section and after the cavity
vented to the ambient atmosphere (labeled “open to air”). As ex-
pected, the sound speed measured was about 360 m/s, only very
slightly higher than the results obtained from measurements con-
ducted before the run when the test section was dry. This provides
a validation of the method. The sound speed measured with the
same method in air was about 350 m/s (labeled “in air”), and was
similar to the results obtained right after the run is stopped while
there is a water layer in the test section (labeled “with water
layer”). After the test loop was stopped following a run and while
the test section was still wet, sound speed is seen to decrease
further and become very close to the sound speed in air (labeled
“after end of run”). The higher sound speeds can be attributed to
the presence of droplets and to high moisture level in the mea-
surement environment. The high sound speed measured in the
cavity, as also evident from the measurements in the side sam-
pling cell and the vapor cell discussed below, is attributed to the
fact that the cavity is full of water vapor and droplets.

For measurements conducted inside a supercavity, the peak am-
plitudes of the signals received by the hydrophone, as seen in Fig.
13, were about an order of magnitude lower than those of the
signals when the measurements were conducted when there was
no cavity or when the cavity was open to the atmosphere. There-
fore, the cavity contents significantly attenuate the acoustic
signals.

5 Side Sampling Cell

Due to the nature of the turbulent environment inside the cavity,
it was not easy to conduct direct measurements of the physical
properties of the cavity contents. In order to overcome these dif-
ficulties, we took advantage of the fact that the pressure in the
cavity is very low and attached a secondary cell to the test section
of the main test facility. As shown in Fig. 14, the main test section
was flipped over 90 deg and made horizontal and the side sam-
pling cell was added and positioned vertically above the test sec-
tion. The two cells were connected by a 1.9 cm (0.75 in.) diam-
eter opening. Once a supercavity formed behind the projectile, the
resulting low pressure in the cavity sucked out any liquid or gas in
the side sampling cell which then filled with the contents of the
supercavity. The geometrical location of the sample cell is such
that the perturbations in the supercavity did not propagate inside
the side sampling cell, and we could therefore always operate in
this cell in a clean and quiet environment and obtain quality mea-
surements, even when reentrant jet were impacting the projectile
head or when we ventilated the supercavity.

Sound propagation experiments were then conducted in the side
sampling cell for both natural and ventilated cavities, the distance
between the electrodes of the spark generator and the hydrophone
is the same as that used in the test section. While tests for venti-
lated cavities were impossible directly in the supercavity, they
were easily conducted in the side sampling cell. The cavity pres-
sure increased with the increase in air ventilation. The pressure in
the cavity was therefore used as an indication of the amount of

FEBRUARY 2007, Vol. 129 / 141

Downloaded 03 Jun 2010 to 171.66.16.156. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



500

-] Dataset 1
a Dataset 2

475

450

425

400

375

Sound speed (m/s)

350

325

b s e |
40000 60000 80000 100000 120000

Pressure (Pa)

L 1
3000 20000

Fig. 15 Sound speed as measured in the side sampling cell for
increasing amounts of ventilation or supercavity pressures,
Dataset 1 and Dataset 2 were conducted at two different dates

ventilation. Figures 15 and 16 show the variations of sound speed
with the pressure in the supercavity and sampling cell and the
corresponding peak amplitudes of the signals. Both figures in-
clude datasets from experiments conducted at two different dates.
As we can see, the variations in the sound speed measurement are
much less than those in the attenuation measurement, this is due to
the larger error in the spark energy repeatability.

As shown in Fig. 15, the sound speed measured is seen to
decrease when the cavity pressure increases and thus when air is
added to the ventilated cavity. From about 440 m/s, when no air
was injected where the supercavity pressure stabilized at about
4000 Pa, it decreased to about 350 m/s when the injected amount
of air was such that the pressure in the ventilated cavity became
close to the atmospheric pressure. The trend is very clear and is as
expected. Concerning the amplitudes, despite the scatter in the
data, there is a trend for the peak amplitude of the received signal
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Fig. 16 Peak amplitude of signal measured in the side sam-
pling cell for increasing amounts of ventilation or supercavity
pressures, Dataset 1 and Dataset 2 were conducted at two dif-
ferent dates
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to increase with increasing air and pressure in the cavity. In other
words attenuation of the signal by the contents of the cavity de-
creased when the contents of the cavity had a larger portion of air.
Since the sound speed is affected little by pressure, this presents
further indication that the presence of vapor and droplets
in the cavity is a strong attenuator to sound propagation in the
supercavity.

6 Vapor Cell Tests

In order to interpret better the measurements conducted in the
cavity and in the side sampling cell discussed above, we also
conducted parallel measurements in a vapor cell where the air and
vapor contents as well as the pressure were controlled to deter-
mine the air/vapor mixture proportions. Figure 17 sketches the
operation of this cell. Vapor was generated by heating water and
was injected in the vapor cell. Similarly ambient air was injected
in the cell in a controlled fashion using metering valves. Once the
saturated vapor entered the vapor cell, it condensed and produced
droplets. By adjusting the amount of vapor and air into the cell,
we could obtain an environment in equilibrium that has the de-
sired composition of vapor, air, and droplets to simulate the con-
tents of a supercavity.

Systematic measurements were also conducted in the vapor cell
with and without air injection. When the cell was only filled with
vapor (i.e., the air valve was closed), the temperature in the vapor
cell stabilized at about 47°C (116°F) and the pressure equili-
brated at about 9900 Pa. The measured temperature and pressure
in the vapor cell then matched those of saturated vapor [16]. A
steady vapor flow rate was maintained through the vapor cell with
an incoming vapor flow rate of about 7600 cm?/min and an out-
going vapor flow rate of about 1000 cm?/min, the difference re-
sulting from vapor condensation in the vapor cell. The corre-
sponding water condensation rate was thus about 0.55 g/min.
Therefore, the contents of the vapor cell consisted of a mixture of
saturated water vapor and droplets. By varying the amount of air
fed, a desired pressure in the vapor cell could be achieved. This
provided us with a simulated environment of a ventilated cavity.
Figure 18 shows the results of sound speed measurements. The
trend is similar to that measured in the side sampling cell, i.e., the
sound speed decreases from about 460 m/s in pure vapor to about
350 m/s in presence of air injection at a pressure close to the
atmospheric pressure (this is also close to the sound speed in air at
atmospheric pressure).

Figure 19 shows the corresponding peak amplitudes of the re-
ceived signals. Again, the sound attenuation decreases with the
reduction of the proportion of vapor in the mixture. Compared
with those measured in the side sampling cell in Fig. 16, both
shows the trend of decreased attenuation with increased pressure,
however, the pattern of change are different, and the data scatter-
ing is much less and the attenuation is stronger in the vapor cell.

Both Figs. 18 and 19 include two datasets that were obtained
from experiments conducted at two different dates. As before the
sound speed measurements are much less scattered than the at-
tenuation measurements. The two datasets show different attenu-
ation slopes, which is again attributable to poor repeatability of
the acoustic energy in the generated spark.

Since the cavity content is a mixture of vapor, air, and water
droplets, a comparison of the sound speeds measured in different
setups to the theoretical sound speed values in ideal environments
of saturated vapor and air can provide some insight into the cavity
content. Figure 20 compares the measured variations of sound
speed with pressure obtained with the various methods described
above, with the theoretical values for vapor and air. The figure
thus includes the sound speed obtained theoretically at various
pressures in air [16], in saturated water vapor [17,18], and in wet
air at 304 K (86°F) [19], and sound speed obtained experimen-
tally in the supercavity, in the side sampling cell, and in the vapor
cell.
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Fig. 17 A sketch of the setup for measurement in the vapor cell. Both contents of the cell

(vapor and air) and pressure were controlled.

As seen in Fig. 20, for a supercavity without ventilation, the
sound speed measured in the side sampling cell was very close to
the sound speed in saturated water vapor. This indicates that the
content of the supercavity as measured in the side sampling cell
were principally saturated vapor. However, compared to the sound
speed measured directly inside the supercavity, the sound speed
measured in the side sampling cell is about 40—60 m/s (8—12%)
lower. The reason for this difference can be attributed to the fact
that in addition to saturated water vapor, there are fine water drop-
lets scattered inside the cavity. The presence of droplets, which
are not present in the quiet side sampling cell, increases the sound
speed in the real supercavity. Although connected to the cavity,
the passage from the cavity to the sampling cell may have par-
tially blocked the entry of droplets to the sampling cell, which
resulted in fewer droplets in the sampling cell.

As also shown in Fig. 20, the sound speed in the vapor cell
without air ventilation is higher than the corresponding sound
speed in saturated vapor; this can be attributed again to the pres-
ence of fine water droplets in the saturated vapor in the vapor cell
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Fig. 18 Sound speed in the vapor cell for various cell pres-
sures or amounts of air/vapor mixtures, Dataset 1 and Dataset
2 were conducted at two different dates
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due to condensation. The sound speed in the vapor cell was still
lower than the sound speed directly measured in a natural cavity;
therefore, the droplet concentration due to condensation in the
vapor cell is less than that in the cavity.

For measurements at the higher pressures in the side sampling
cell and in the vapor cell, high air ventilation was directed into the
cavity. Measurements in both the side sampling cell and in the
vapor cell with air ventilation show similar trends as those of wet
air. The sound speed is shown to decrease as the air ventilation
increases. Due to the injection of air into the cavity, the vapor
droplets condensate and the gas content inside the cavity changes
from mainly water vapor to a mixture of air and less and less
water vapor and droplets. The larger the air injection rate, the
lower was the measured sound speed until it became close to the
sound speed in air when the pressure reached the atmospheric
pressure.
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Fig. 19 Peak amplitude of signal in the vapor cell for various
cell pressures or amounts of air/vapor mixtures, Dataset 1 and
Dataset 2 were conducted at two different dates
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7 Conclusion

In this study, a supercavitation facility that allowed direct ob-
servations of supercavitation behind a simulated projectile head
and enabled measurement of the properties of the fluid inside the
supercavity was built and used to study the properties of the su-
percavity contents. This was achieved by utilizing transparent
walls cutting through the cavity, and placing inside the cavity
various instruments.

To overcome difficulties associated with the presence of un-
steady reentrant jets which affected the instrumentation, a side
sampling cell technique was developed. The side sampling cell
was connected to the supercavity and was made to fill up with the
supercavity content during the test. Sound measurements in this
side sampling cell enabled repeatable collection of high signal to
noise ratio data for both natural and ventilated cavities at various
levels of ventilation. In order to be able to interpret the sound
speed and attenuation measurements, calibration measurements
were conducted in parallel in a vapor cell which enabled measure-
ments in an environment where the amounts of vapor and gas
were controlled.

Experiments have shown that the cavity/water interface or shear
layer in the simulated conditions was strongly affected by the
simulated projectile head shape and air ventilation. A projectile
head with a sharp edge produces much less disturbance on the
cavity interface than a projectile with a sloped transition. Sound
speed and pressure attenuation measurements in a natural super-
cavity indicate very strongly that the cavity is full of water vapor
and droplets which results in sound speeds as high as 440 m/s
and in very strong shock attenuation. The sound speed and attenu-
ation further increase in the presence of strong recurring reentrant
jets, which saturate the cavity with droplets. Injection of air ap-
pears to reduce the effect of the vapor presence and significantly
drops the sound speed in the cavity, while improving shock
transmission.

In this study the sound speed was not studied as a function of
the acoustic wave frequency and the values provided correspond
actually to the fastest moving acoustic wave in the frequency rich
source provided by a spark. Further study is therefore still needed
to better characterize the cavity content in terms of droplet sizes
and temperature effects.

144 / Vol. 129, FEBRUARY 2007

Acknowledgment

This study was partially supported by Office of Naval Research
Contract No. N00014-00-C-0344 monitored by Dr. Judah Gold-
wasser. We appreciate his support very much. We would like to
thank Dr. Howard Steves from Advanced Technology and Re-
search Corporation for closely following our work and making
several useful suggestions. We also are very thankful for Gregory
Harris from the Naval Surface Warfare Center, Indian Head Divi-
sion for introducing us to the problem. Many colleagues at
DYNAFLOW contributed to various degrees to this work. We
thank most particularly Dr. Kenneth Kalumuck, Dr. Chao-Tsung
Hsiao, and Dr. Jin-Keun Choi for various suggestions and com-
ments, and Gary Frederick and Pat Aley for direct contributions to
the experimental setup fabrication, and loop operation.

Nomenclature
¢ = sound speed
f = friction factor
g = gravitational acceleration
| = characteristic length
A = cross section area
D = hydraulic diameter
P = pressure
QO = flow rate
L = length
V = flow velocity
Cp = drag coefficient _
F. = Froude number, F,=V/\gl,
At = time of flight
Greek Symbols
p = density
o = cavitation number, o=P—P,/(1/2)pV?
o; = cavitation number at cavitation inception
Subscripts
¢ = cavity
p = pump
v = vapor
loss = friction loss
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1 Introduction

Hydropower is a clean form of power generation, which uses a
renewable source of energy: water. Moreover, storage capability
and flexible generation makes hydropower the quasi-ideal form of
power generation to meet the variable demand of the electricity
market, therefore it is not surprising that the turbines tend to be
operated over an extended range, far from the optimum flow con-
ditions. In particular, at part load operating conditions turbine
fixed-pitch runners show a strong swirl at the runner outlet. As the
incoming swirling flow is decelerating in the diffuser cone, a hy-
drodynamic instability arises under the form of a characteristic
precession flow—see Jacob [1].

For the usual setting levels of the turbines, defined by the
Thoma cavitation number o, the static pressure is such that the
cavitation development makes visible the core of the vortex and,
therefore, the precession movement through a typical helical
shape of the cavity in the draft tube cone. The cavitation vortex
core of the swirling flow at the runner outlet is the so-called
“rope.” The development of cavitation introduces compliance in
the turbine draft tube flow and, consequently, a natural frequency
corresponding in a first approximation to the frequency of the free
oscillation of the water plug in the draft tube against the compliant
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vapors volume of the rope. The coupling between this natural
frequency and the precession frequency leads to the draft tube
surge; see Nishi et al. [2], which can inhibit the operation of the
whole hydropower plant.

Characterizations of the part load operating conditions have
been carried out extensively; see Jacob [1], and the technology for
overcoming the draft tube surge through active control has been
established. However, any attempt of modeling the hydrodynamic
phenomena leading to the development of the rope and its inter-
action with all the turbine and hydraulic system components needs
further investigations.

Recent developments of experimental methods and numerical
simulation techniques permit the detailed analysis of this flow. It
is feasible presently to predict this operating regime, from the
point of view of the theoretical background, the computational
resources, and the existence of accurate experimental measure-
ments to rely on.

The availability of advanced optical instrumentation, such as
laser Doppler velocimetry (LDV) or particle image velocimetry
(PIV) systems, gives the opportunity to perform flow surveys in
turbomachinery and in particular to investigate the unsteady char-
acteristics of the complex flow velocity fields in the case of, for
instance, the rotor-stator interactions, the draft tube, or the spiral
casing.

The progress of the numerical techniques in the prediction of
the turbine characteristics for the operating ranges in the vicinity
of the beam efficiency point (BEP) insure a good accuracy—see
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Table 1

Bibliographical result of the CFD/experimental global values comparison

Comparison between
experimental and

numerical data Ruprecht et al."  Scherer et al” Miyagawa et al.®  Sick et aly  This paper

CFD f,/Experimental f, 0.93 1 (low Not 1.12 1.13
resolution) available

CFD pressure pulsation 0.7-1.3 1-1.4 Not 0.83 1

amplitude/experimental available

pressure pulsation amplitude

*See Ref. [5].
bSee Ref. [6].
“See Ref. [7].
dSee Ref. [8].

Vu et al. [3]. The massively parallel computations development
permits now the numerical simulation of the whole turbine—see
Ruprecht et al. [4] or to detail the flow in a specific part of the
turbine.

One of the new challenges for the numerical turbine simulation
is to predict the partial or full flow rate operating regimes and the
first simulations are promising. Ruprecht et al. [5] are focused on
the influence of different turbulence models on the modeling of
the draft tube vortex, carried out in a straight cone. Based on the
length of the predicted vortex structure, certain turbulence models
tend to have a damping effect and from this point of view, the
most accurate, is found to be a two-scale model described by
Hanjalic, reduced to a two equations set by a Very Large Eddy
Simulation (VLES) approach. The validation of the numerical
simulation is performed on a Francis turbine draft tube with three
outlet channels. For a relatively coarse mesh—250,000 nodes—
and the computed runner outlet velocity profile as inlet conditions,
the vortex frequency is well predicted—93% of the measured vor-
tex frequency, but an underestimation of the wall pressure fluc-
tuation amplitudes is obvious. The given explanation turns to-
wards the possible variation of the flow rate during operation at
low flow rate.

Scherer et al. [6] reported the turbine design improvement for
the draft tube operating at partial flow rate conditions by Compu-
tational Fluid Dynamics (CFD). An unsteady one-phase Reynold’s
Averaged Navier-Stokes (RANS) simulation of the draft tube vor-
tex in a Francis turbine model is used to compare two draft tube
configurations. By comparing the calculated performances of two
model machines over the operating range, the second one is found
to have better draft tube efficiency at low flow rate operation,
justified by the obtained pressure pulsations improvement, the di-
minishing of the strong velocity gradients, and backflow zone in
the cone. The comparison with wall pressure experimental data
shows a good agreement for the vortex frequency and a systematic
underestimation of the pressure fluctuation amplitudes.

Miyagawa et al. [7] performed an unsteady simulation of the
draft tube vortex for a Francis pump turbine, consecutively for
two different runners. The purpose was to analyze the influence of
the velocity profile at the runner outlet on the flow instability in
the draft tube. Two runner designs are tested for the same draft
tube geometry—using a mesh of 620,000 nodes. The same vortex
behavior changes are observed in CFD and experimentally by
qualitative comparisons with the rope visualizations. The authors
tested a one phase and a two-phase model as well, and found that
it influences mainly the fluctuation amplitude and has no influence
on the vortex frequency, but no further details are given. The void
fraction in the vortex core is found to be similar compared to
high-speed camera visualizations, but quantitative comparisons
are not available.

In the last two papers, the inlet boundary conditions are taken
as the result of the steady calculation of the runner and/or guide
vanes—stay vanes. It provides, thus, the uniform axial and tan-
gential velocity profile, circumferentially averaged. As outlet con-
dition, a constant pressure value is considered.
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Sick et al. [8] performed a numerical simulation of a pump
turbine with a Reynolds stress turbulence model, already validated
for near BEP operating conditions. Unlike other studies, the run-
ner and the outlet domain were included in the computational
domain with 1.5 million of cells for minimizing the steady inlet
velocity profile effect and the uniform outlet pressure boundary
condition effect. The comparison with experimental data shows an
overestimation of the vortex frequency and a quite good agree-
ment for the pressure fluctuations amplitude. The analysis of the
forces and bending moments on the runner shaft due to the vortex
gives the same characteristics like the pressure pulsations: a good
agreement for the amplitude and an overestimation of the fre-
quency.

These papers get to a fairly good agreement with the global
characteristics of the flow—see Table 1, but a validation implies
the validations of the partial flow rate vortex phenomenology and
also comparisons of the detailed flow field.

In the frame of the FLINDT—flow investigations in draft
tubes—project, Eureka No. 1625, the operation in low flow rate
conditions of a Francis turbine is investigated, both experimen-
tally and numerically.

The present paper describes:

— FLINDT phase 2 experimental LDV, PIV, and wall pres-
sure measurements for the rotating vortex study in non-
cavitating regime in the cone of the draft tube. In this
paper only the local measurements in the cone region will
be presented;

— CFD methodology for the unsteady simulation of the ro-
tating vortex;

— comparison of the numerical solution with experimental
data.

2 Experimental Approach for the Draft Tube Rotating
Vortex Measurement Scale Model of Francis Turbine

The investigated case corresponds to the scale model of the
Francis turbines of high specific speed, ¥=0.56 (n,=92) of a hy-
dropower plant built in 1926, owned by ALCAN. The 4.1 m di-
ameter runners of the machines were upgraded in the late 1980s.
The original draft tube geometry is of Moody type. For the pur-
pose of the FLINDT research project, an especially designed el-
bow draft tube with one pier replaces the original Moody draft
tube. The scale model—D7,=0.4 m—is installed on the third test
rig of the EPFL Laboratory for Hydraulic Machines and the tests
are carried out according to the IEC 60193 standards [9].

The energy-flow coefficients and efficiency characteristics of
the scale model are represented on the hill chart in Fig. 1. Accord-
ing to the objective of the study, an operating point is selected at
partial flow rate condition. The point of interest is selected for a
specific energy coefficient of ¢/=1.18 and a flow rate coefficient of
¢=0.26, which corresponds to about 70% Qggp and a Re number
of 6.3 105.
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Three different measurement methods are used: 3D PIV, 2D
LDV, and unsteady wall pressure. The investigated zones are pre-
sented in Fig. 2.

2.1 Particle Image Velocimetry Instrumentation. The 3D
instantaneous velocity field in the cone is investigated with a Dan-
tec M.T. 3D PIV system, which consists of a double-pulsed laser,
two double-frame cameras, and a processor unit for the acquisi-
tion synchronization and the vectors detection by cross
correlation.

The illuminating system is composed of two laser units with
Neodynium-doped ~ Yttrium  Aluminium  Garnet  crystals
(Nd:YAG), each delivering a short impulse of 10 ns and 60 mJ
energy at 8 Hz frequency. Thus the time interval between two
successive impulses can easily be adjusted within 1 us—100 ms
range, depending on the local flow characteristics or the phenom-
enon, which is to be captured. The output laser beam of 532 nm is
guided through an optical arm, for accessibility, to a beam ex-
pander and transformed into a sheet of 4 mm width and 25 deg

032 0

Y

036 028 040 Da2 044 0456 D048 ¢

~

=)

Scale model hill chart and part load operating point

divergence.

Two Hi-Sense cameras with a resolution of 1280 X 1024 pixels
are used for 200X 150 mm? investigation area. The cameras are
placed in a stereoscopic configuration, focused on the laser-sheet,
synchronized with the two pulses. They capture the position of
seeding particles of ~10 wm diameter by detecting their scattered
light. In order to avoid possible reflections in the laser wavelength
on the cameras, due to the optical interfaces or to residual bubbles
in the flow, fluorescent particles of 580 nm emission wavelength
are used, along with corresponding cutoff filters on the cameras.

For the optical access, the cone is manufactured in Polymethyl
methacrylate (PPMA) with a refractive index of 1.4, equipped
with a narrow window for the laser’s access and two large sym-
metric windows for the cameras access, having a flat external
surface for minimizing the optical distortions.

The corresponding two-dimensional vector maps, obtained
from each camera by a fast Fourier transform-based algorithm, are
combined in order to have the out-of-plane component, character-
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Fig. 2 Measurement zones in the cone of the FLINDT turbine
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Fig. 3 Calibration setup for 3D PIV measurements

izing the displacement in the laser-sheet width.

The correlation between the local image coordinates and real
space coordinates is realized through a third order optical transfer
matrix, which includes the correction of distortions due to differ-
ent refractive indices in the optical path and to the oblique posi-
tion of the cameras. The calibration relation is obtained acquiring
images of a plane target with equally spaced markers, moved in
five transversal positions in order to have volume information, see
Fig. 3. The target displacement in the measurement zone, with
accuracy within the narrow limits of 0.01 mm in translation and
0.1 deg in rotation, insured a good calibration quality; see Iliescu
et al. [10]. The overall uncertainty of the PIV 3D velocity fields is
3% of the mean velocity value.

2.2 Laser Doppler Velocitry Instrumentation. The 2D ve-
locity profile survey is performed by the LDV measurement
method—see Fig. 2, on two complete diameters, at the cone inlet
and outlet.

The LDV system is a Dantec M.T. two components system,
using backscattered light and transmission by optical fiber, with a
laser of 5 W argon-ion source. An optical window with plane and
parallel faces is used as interface. The geometrical reference po-
sition of the measurements is obtained by positioning the laser
beams on the windows faces with accuracy better than 0.05 mm.
Two components are measured: the tangential component of the
velocity C,, and the axial one C,, see Fig. 2. The uncertainties of
the laser measurements are estimated to 2%—see Ciocan et al.

[11].

2.3 Unsteady Wall Pressure Instrumentation. The unsteady
wall pressure measurements—100 simultaneous acquisitions—

permit to discriminate the rotating pressure field due to the vortex
rotation and the synchronous pressure field at the same
frequency—see Arpe. [12] In order to capture the phenomena of
interest in low flow rate turbine operating conditions, all pressure
signals are acquired simultaneously with a HP-VXI acquisition
system using a sampling frequency of 16Xn, 80Xn and 24
samples. The spectral analysis does not show differences between
the three sampling frequencies, thus for the analysis it was chosen
the 16 X n acquisition rate. This setup allows recording 430 vortex
passages, providing an acceptable number of segments for the
averaging process and insuring an uncertainty of 3%.

The pressure field evolution, depending on the Thoma number,
is obtained in the whole draft tube. Only eight pressure sensors in
the cone will be presented in this paper, corresponding to the
positions described in Fig. 2.

2.4 Data Post Processing. For periodic flows, the signal is
reconstructed by synchronizing the acquisition with a reference
signal at several time shifts =Fig. 4. The reference signal comes
from a pressure sensor and the pressure drop corresponding to the
vortex passage is used for triggering all acquisitions.

Thus the periodic signal can be decomposed according to

C{1)=C+C(1)+C'(r) (1)

The phase-locked component C+C is obtained by averaging the
instantaneous values at the same 7 value; see Eq. (3)

N
C=(Ch=lim~3 1) @)
N—=N
1 N
C(9) = lim — X, [C(7) - C] (3)
N’HwN i=1
with
C=0
)

(Cy=lim[C{(r) - C-C]=0
N—ox

Fifteen phase values, equidistant in a vortex passage interval, T,
are selected to complete the phase average. Thus the vortex syn-
chronous flow is reconstituted.

The LDV acquisition is triggered with the wall pressure signal
breakdown given by the vortex passage. The LDV data signal is
not continuous, thus an additional reference signal is taken from
an optical encoder mounted to the runner shaft. The resolution of
the optical encoder is 0.04 deg of runner rotation. In this way we

LDV signal decomposition
15 . : . T . i :

instantaneous
phase average|

PIV signal decomposition
15 T T T . T : :

It;s(antar;eous
phase average

1 1
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Fig. 4 Phase average calculation of the LDV and PIV velocity signal

Journal of Fluids Engineering

FEBRUARY 2007, Vol. 129 / 149

Downloaded 03 Jun 2010 to 171.66.16.156. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



———— P\
LDV + 2%

08 . . . .

0 01 02 03 o7 05 08
t/Tr Q]

07 08 09

Fig. 5 LDV-PIV phase average comparison

have the relation between the runner spatial position and the vor-
tex period. Thus each LDV acquisition is reported to the corre-
sponding vortex period via the runner position—see Fig. 4. In this
way the fluctuation of the vortex period is obtained at 3% of its
mean value.

Subsequent to a mean convergence study, the number of ac-
quired velocity values for each phase, 7 value, has been between
1000 and 3000 instantaneous values, thus the mean velocity value

C represents the statistic over 30,000 instantaneous velocity
values.

For the PIV measurements, subsequent to a mean convergence
study, the number of acquired vector maps for each phase, 7 value,

has been set to 1200, thus the mean velocity value C represents
the statistic over 18,000 instantaneous velocity fields. The PIV

acquisition is performed at constant 7 value reported to the vortex
trigger signal—see Fig. 4. The influence of the vortex period
variation for this kind of phase average calculation is checked and
fits within the same uncertainty range like the measurement
method 3%—see Fig. 5.

The direct comparison between the mean velocity values, see
Fig. 12, or phase average velocity values, see Fig. 5, obtained by
LDV and PIV measurements in the upper part of the cone, shows
an excellent agreement as well.

Concerning the phase average calculations for the unsteady
pressure acquisition—at constant acquisition rate—and for the nu-
merical results, they are performed by averaging the instantaneous
values for each 7 interval.

2.5 Description of the Study Case. The experimental inves-

Fig. 6 Waterfall diagram and corresponding cavitation ropes
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Fig. 7 Computation flow domain and mesh

tigation is carried out for a range of Thoma cavitation numbers
varying from o=1.18, cavitation free conditions, to ¢=0.38,
maximum rope volume. For a given operating point, same head
and flow rate, the vortex frequency, pressure pulsation amplitude
and volume of vapor in the vortex core are dependent of the o
value as shown on the waterfall diagram in Fig. 6.

Since, for the moment, the numerical simulation is performed
for single-phase flow condition, the study case is limited to the
cavitation free condition, o=1.18. The present operating point
corresponds to a flow coefficient ¢=0.26 and a specific energy
coefficient ¥y=1.18.

3 Numerical Simulation of Unsteady Flow Behavior

3.1 CFD Methodology for the Unsteady Simulation of the
Rotating Vortex. Nowadays it became common to predict flow
behavior and energy loss in hydraulic turbine components by CFD
application, using a Navier—Stokes flow solver closed with the
k-epsilon turbulence model. When individual hydraulic compo-
nents are optimized, then steady state stage flow analysis for com-
bined hydraulic components is performed to establish the effi-
ciency of the entire turbine—see Vu et al. [3]. For investigation of
unsteady flow behavior in hydraulic turbine components, such as
the rotating rope phenomena in draft tubes at partial flow rate
condition or the interaction of flow between wicket gates and
runner blades, unsteady flow computation is required. For the
present application, ANSYS-CFX 5.6 version is used for the com-
putation. Also the standard k-epsilon turbulence model is used for
the flow simulation.

3.2 Choice of Computational Flow Domain. For the un-
steady flow simulation of the rotating vortex rope, there are three
possible configurations for the computational flow domain. The
first configuration considers only the draft tube geometry. The
second configuration includes runner and draft tube, and the third
one includes wicket gates, runner, and draft tube geometries. The
second configuration is selected here for the unsteady simulation
as the best compromise between solution accuracy requirements
and computer resources. The transient runner/draft tube simula-
tion allows us to predict the true unsteady interaction of the flow
between the upstream runner and the elbow draft tube. In this
approach, the unsteady relative motion between the two compo-
nents on each side of the general grid interface (GGI) connection
is simulated. The interface position is updated for every time step,
as the relative position of the grids on each side of the interface
changes. Figure 7 represents the computational flow domain for
the unsteady flow simulation and the multi block structured
meshes generated for the runner and the draft tube. An O type

Journal of Fluids Engineering

420,000 node mesh is used for the draft tube and an H mesh type
with 500,000 nodes is generated for the 17 flow passages of the
runner. Due to a foreseen requirement of very large Central Pro-
cessing Unit (CPU) time for the computation, we prefer to keep a
relatively coarse mesh size for the application.

3.3 Computational Procedure for Unsteady Flow
Simulation. Two preliminary steady state calculations were per-
formed, the first one for the spiral casing and the distributor, and
the second one for the stay vane, guide vane, and runner assembly.
The results of the first calculation were used as inlet conditions for
the second calculation. In turn, the inlet conditions for the un-
steady calculation—including turbulent kinetic energy and dissi-
pation rate profiles—were extracted form the second steady state
calculation. The average turbulence intensity at inlet to the un-
steady calculation domain is about 3.5% while the average rela-
tive viscosity is 110. In this way, for the unsteady computational
domain—runner and draft tube—the flow rate, flow direction, and
the turbulence intensity obtained in the second steady preliminary
calculation are specified as the inlet boundary conditions. The
outlet condition is the zero gradient condition in the outflow di-
rection is applied for all variables.

Since we are interested in simulating a periodic-in-time quasi-
steady state, it is recommended to first obtain a steady state solu-
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Fig. 8 Evolution of pressure monitoring in transient
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Fig. 9 Comparison of CFD and experimental frequency spectra

tion using the stage flow calculation and then using this steady
state solution to start the unsteady runner/draft tube simulation.
The transient solution should converge to the desired periodic
behaviour after several runner revolutions. For hydraulic turbine
machines, using time step of about 1 time step /deg of revolution
is satisfactory. The rms convergence criterion of the residual for
each time step is specified to 107, Figure 8 shows the evolution
of pressure monitoring in the draft tube cone during the transient

Top section Z = -1.5R_. - upstream sensor

computation. It takes about 1000 time steps to start the fluctuation
from a steady state solution and another 3000 time steps to reach
the periodic unsteady state. Then starting from that point, we ob-
tain a periodic signal at the cone region as shown in Fig. 8. The
numerical solution is considered to be well converged after 11,500
time steps or after 24 runner revolutions. The computation is car-
ried out on a Beowulf Linux cluster. It takes about 25 CPU day
time in parallel computing with 4 CPUs.
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Fig. 10 Period adjustment and phase shift on the numerical data to compare with the experimental ones
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Fig. 12 Mean velocity profiles comparison in the cone

Unsteady flow computations generate tremendous amounts of
data if one wants to write a transient solution for every single time
step. It is preferable that monitoring points are specified at loca-
tions of interest during the preprocessing stage and only interme-
diary transient solutions are written at a certain interval time step.
For the present application, during the last 2500 time steps, moni-
tor points are specified for all locations at which pressure and
velocity components (PIV) are measured for a total of about 1200
points. Also, transient solutions are written for every ten time
steps.

4 Comparison of the Numerical Solution With Experi-
mental Data

4.1 Validation With Global Quantities. For the partial flow
rate operating points, the determining parameters for the interac-
tion between the machine and the circuit are the vortex frequency
and the associated pressure amplitude pulsations. The waterfall
diagram, as shown in Fig. 6, gives a three-dimensional represen-
tation of the pressure fluctuation amplitude spectra in the fre-
quency domain for each o value. This frequency varies between
0.3 and 0.36 of the runner revolution frequency for the o investi-
gation range.

4.1.1 Vortex Frequency. For 0=1.18, the vortex frequency
from the experimental data is 0.30 of the runner revolution. The
numerical vortex frequency obtained by frequency spectrum
analysis is 0.34 of the runner revolution frequency—see Fig. 9.
Thus the numerical simulation vortex frequency is about 13%
higher than the measured vortex frequency but it falls within the
measured variation range for the o values in these operating con-
ditions.
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4.1.2 Pressure Fluctuation Amplitude. For comparing the
phase average pressure fluctuation resulting from the numerical
calculation with the experimental results, the phase reference of
the numerical simulation is adjusted in order to match the phase of
the experimental signal. Therefore, the phase reference is chosen
for an experimental sensor: all the others begin synchronized with
this one. The numerical phase—without any physical
significance—is adjusted on the position of the experimental sen-
sor and all numerical phase averages are corrected with this phase
shift (difference) S7—see Fig. 10.

To be coherent for the period representations, the experimental
period was chosen like reference and the numerical period is
stretched to a dimensionless vortex period as follows:

T= TNumerical ~ or

TrN umerical ( 5 )

k,=

TrExperimemal

T= TExperimental * kT

Figure 2 shows monitor points for static pressure at different
section planes. Figure 11 shows the comparison of the numerical
static pressure fluctuation with the experimental data for one pe-
riod of the vortex. Both signals are normalized with their own
vortex frequency. The correlation between the numerical simula-
tion and the experimental data is excellent. The pressure fluctua-
tion amplitude is well predicted not only at the runner outlet, but
its evolution in the cone is in good agreement with the experimen-
tal data for all sensors angular positions, as well—see Fig. 2. The

FEBRUARY 2007, Vol. 129 / 153

Downloaded 03 Jun 2010 to 171.66.16.156. Redistribution subject to ASME license or copyright; see http://<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>