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ABSTRACT

CONSTRAINED CAVITATING FLOW PAST SIMPLE BOUNDARY ELEMENTS

Noor Azar Salman ‘ ' -

«
A deyelopment projéct was undertéken éq design a test
set up to'study the characteristics of noise and vortex #
shedd?ng‘frequency related tO\constrained\cavitating_flow'.
past simpie.boundary.elements. The boundary Qlément for
which the forebody was streamliﬁed is arbitrarily designated
"as the element set in the normal orientation. Tﬁe boundary

element with the vertical front face is designated as the

element set in the reversed orientation.

The pregent studies indicate that the gap velocity
Uy :is the pro vélocity scale to nqrmalise the vortex
sheéding freq;:::;\;;> flow past £he.bohndary elements set
in the normal-:orientation., The_préliminary results also
K ihdicate that the noise radiated by cavitating flow past thé
| boundary‘eleménts set in the reverse orientation attain a

peak value (RMS) in a narrow band of cavitation numbers for

ail blockages'.tested.’
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NOMENCLATURE
source size (width)
width of test section
blockage (constraint)
contraction coefficient
frequency of vortex shedding
pressure in undisturbed approaching flow
vapor pressure
Reynolds number (Ub/v)
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)

sound pressure level (dB) = 20 logld'(P/Pref

mean velocity of undisturbed approaching £low
mean gap velocity (Fig. 3)

conéracted jet velocity (Fig. 3}

velocity along the separation stream line (Fig. 3)
frequency (cps) in noise spectra

kinematic viscosity

density of fluid
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CHAPTER I -

INTRODUCTION .

1.1 GENERAL REMARKS ' ’ .

1

When the local pressure in flowing liquid is sufficient-
ly lowered either by increasing the ambient velocity or by de-
creasi%g the ambient pressure, a fully developed cafity

attached to a solid boundary occurs. This characteristic of

-!:J

" the flow 1s generally determined, to a large extent, by o¢.

- The ratio of model area to the test section area is de-
noted as blockage and it determines the influence of the side
walls on the charaﬁteristics of flow. Some studies have been
made in the past, to understand the effects of blockage on the

wake produced by flow passing over boundary elements

under cavitating conditions [1,2,3].

. The present effort is‘principally concerned with the
aevelopment of a set-up to study the effects of blockage on

the vortex shedding freéuency and noise associated with cavitat-
ing flow past Eoundary elements set on tﬁe‘wall of a two-
dimensional venﬁuri set up.

1.2 HYDRODYNAMIC CHARACTERISTICS OF FLOW PAST
ROUGHNESS ELEMENTS '

Some studies have been made {1,2] on the hydrodynamic



!

characteristics of flow pést a bouhdary element mounted on
the walls of water tunnels. These studies were aimed at de-—
termining the effect of blockage on Strouhal number for flow

paét a boundary element [1,2] mounted in water tunnels' (Fig.1l).

However, iﬁ the results reported, partly streamlined boundary .

elements (Fig, 2) were used and consequently, the test condi-

tion'often spanned the critical Reynolds number. This, in

" turn, rendered the results to be_highly Reynolds number depend-

ent. The experimental results of Arndt [23] indicate that

the cavitation inception index is direct}y related to the skin

friction coefficient for both smooth and rough boundary element.

-
.

1.3 VORTEX SHEDDING FREQUENCY

Vigander [2] wused high speed photography to obtain
the vortex shedding freqﬁeﬁcy for flow past boundary elements,

shown in Fig. 2{a). He states that "the intensity of pressure

fluctuations at the vortex shedding frequency decreases in

-~
il

the downstream direction. This decrease represents the decay

of the vortices as they are Ggevected’ggynﬁfzéam." He also

states that cavitation in the quasi-steady region reduces

the frequency of vortex shedding foﬁmatiOn to one-half the
frequency of vortex formation in non-& vitating;flow. Appel
[1] has made some stﬁdies related to the effects of blockage‘
on.vortex shedding.. According to him the vdrtex 1hedding fre-

quency related to flow past a rigid gate housed in a- conduit
, .

I
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is Qifférent from that of the flow past a spring mounted gate.
The latter gives rise to hydroelastic vibration which is con-
trolled by the elastlc characteristics of the gate For the

rlgld gate, he observed that the eddy behind the gate is stable.

For flow past a ndrﬁal'plate subject/tq constrained -
floﬁ, Shaw [13,14] states that the ratio of the sebaration
velocity to the uniform approach velocity, denoted by the
factor k increases uniformly with B/b. Note that the variable
k . is related to the jet contraction coefficiént.}cc(see nota-—
tions). He also showed that the jet.contraction velocity Uy
is equal to the separation velocity Us.when the blockage is at
least moderate. It may be added tpaﬁ the contfaction coeffi-

cient is a weak function of blockage for high blockage ratios.

1.4 BLOCKAGE EFFECTS

1.4.1 Non-Cavitating Sources

. In water tunnel tests, the side walls of the test

.section can changé the hydrodynamlc force coefficients and the

vortex sheddlng frequency of the model set in the test fac1llty.
b ]

Several investigations have been made~to determine the effect

of blockage on the drag coefficient ElO 11] and Strouhal'

nunber [4,5,6,?,8], of non-cavitating bluff bodies.

It has been shown that the separation velocity U

(Fig.3) is the characteristic. velocity scale that should be



.used to normalise the drég coefficient when the blockage
effects are severe [5,9,10,11,12]. Further, when the con-
figuration of the body is similar to the one shown in Fig.2(a),
the contraction coeffiéieﬁt Co is a weak function of blqckage.
As such, the gap velocity U, (Fig. 2(b)) can be used in place.
of U, f(or Uj) in normalising the vortex shedding frequency

for flow past such elements.”

1.4.2 Cavitating Sources

Very recently, Popp [22] has analysed the problem of
wall effects in cavitating flows and his'cohclusions are iﬁ
very good agreement with the studies of Wu et al [15,1i6].
Bhaskaran [18] has recently conducted an experimental‘study-
related to blogk;ée effects on bluff bodies set in a two-dimen-
sional test section. According to him; the gap velocity U,
(Fig.3) and the jet contraction velogity Uj are the proper
velocity scales to no?malise the drag force and the vortex
shédding frequency for constrained cavitating\ﬁlggxgiét bluff
bodiés. Carlier studies ¥elated to the vortexlgg;ading |

characteristics“of flow past cavitating bluff bodies include

those of Syamala Rao [19], Young [20] and Hammitt [21].

The present projéct was undertaken to achieve the

following'goals:



(1)

(2)

(3)

[

Develop a simple test -set-up which can be used
to determine the characteristics of constrained

cavitating flow past simple boundary elements.

’

Conduct preliminary tests to check the feasi-

bility of conducting comprehensive test programs

related to the following aspects of cavitating

flow past boundary elements:

(i) vortex shedding characteristics

including blockage effects
(i) cavitation noise characteristics

-
-

(1i1) cavitation erosion characteristics
Correlate data of preliminary tests related to

(i) and (ii) above, and arrive at tentative

conclusions.
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CHAPTER II

EXPERIMENTAL SET-UP

The present investigation was carried out in the two-
dimensional test section (154 mm x 6 mmfuof a venturi flow
apparatus which was developed for the study of flow past
roughness elements mounted on the walls of the test section.
One side of the test section was made of thick plexiglass
to aid both stroboscopic and higﬁ speed photographic studies.
Polished Stainless steel roughness elements formed the basic
shapes for the cavitation sources (Fig. 2). The minimum

height of the model was 16 mm. The model was mounted in the

‘test section, as shown in Fig. 3. Static pressure taps

were housed in the windows of the test section and these were
connected, in turn, to the manometers and pressure trans-

ducers. The flow was measured with the help of a calibrated
venturimeter.‘ The vertex shedding frequency was obteined

with the help of & pressure transducer. located in the edge

of the wake region of the course. The location of the trans—

. ducer for different sizes of the model was determined by

trial and error to register the primary vortex shedding fre-
quency. The associated instrumentation is shown in Fi§.4.

The amplified signal was recorded on a strip chart recorder
and the recorded signals were often checked with the help of

a frequency counter. An apalyser-( B & K) fitted wito a level

recorded was used for Spectral analysis of the recoroed data,

\



especially when the frequency of vortex shedding was not dis-
cernible from direct records of the strip chart. For this

purpose, large enough time sampleélWere chosen. These large.

-

enough time samples were chosen on the time axis, in order

-

to be able to make a representative ststlstlpal average over

the entire recorded signal and that was about 5%9 seconds.

Besides the larger test section (154 mm x 6 mm)}, a

harrower tesﬁ;section (6 mm x 61 mm) was used to conduct an

.erosion test which required much larger velocities. The

narrow test section was also used for the noise tests.

'The noise radia;ed by the boundary elements was
measured with the help of a noise meter (B & K). A simple
parabolic-shaped device was used to house the transducer
(Fig.5). The sound level meter was located at about 150 ﬁm
from the faée of the test section in the horizontal plane.’
The sound level meter had a built-in octave filter set with
eléven band pass filters in the range of 31.5 Hz to 31.5 KHz.
Sound pressure levels were obtained for. different cavitation

numbheérs at fixed f;ow velocities,

Some teges were conducted to determine the erosion
characteristics of flow past boundary elements. For ﬁhis,
soft aluminum test specimehs were mounted in the wake region
of the boundary elements. Since the number of erosion tests~

conducted were very few, no detailed analysis of the test

results were made. Nevertheless, the soft alﬁminum plates



¢

.
- . {
1

‘housed in the wake of the boundary elements were erodea
considerably during short term (30 minutes) tests. This

indicated the feasibility of using the narrow section for

’

4 i .

erosion tests,

/——-
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CHAPTER III

-

ANALYSIS OF -RESULTS

3.1 BOUNDARY ELEMENTS (NORMAL ORIENTATION)

Since the Reynolds number of the flow was close to
the critical'Reynoids number, the vortex shedding frequency,
and hence, the Strouhal numbers S display a Qide scatter
(Fig.6) . -Consequently, it is difficult to estéblish the
dependence of S and S ﬁith a cavitétion number. In spite
of this, mean curves were drawn to indicate the dependence

of. S and $: on the cavitation number (Figs. 6,7).

Fig..7(a) shows the effect of blockage on the vortex

shedding frequency of the boundary elements set in the

L]

normal orientation. The cavitation number of the flow was

very large (non-cavitating). The modified Strouhal nuhber

o )

.51 was based on the gap velocity U;, (Fig.7), while the

Strouhal number S was based on the undisturbed velocity U.
The vortex-shedding of these elements ceased when choking.
conditions: prevailed. Similar observations have been made
for flow past bluff bodies [18]. As a further attempt to
dﬁify the data, th; modified caﬁitatibn number 6} Qas
addﬁted to include the relationship between S; and o0,
which appears to provide a nearly unique ?epresentati05~

between these two variables for a wide range of blockage.
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The mean curves denoting S; for the three different blockage

'ratios tested tend to merge into a single curve for the non-

cavitating range (Fig.7(b)J"

3.2 BOUNDARY ELEMENTS (REVERSED.ORIENTATION)_

3.2.1 Vortex Shedding Data

The relationshiﬁ between cavitation number and vortex
sheddlng frequency for flow past boundary elements set 1n the
reversed orlentatlon (Flg 2(b)) is shown 1u Fig. 8. In
these experiments, the element shape chosen eliminated Reynolds
number effects (Fig.8). As before,wene notices that the
vorﬁex sheddihg will cease when choking cone;tibns occur. As
a matter of fact, it is difficult to-analyse uhe vértex
shedding frequency in the nelghbourhood of chocking conditions.
The spectral plots of the pressure srgnals were characterized
by well defined peaks only when cavitation numbers were
sufficiently high (Fig. 10). A séquence of presshre records
for a range of cavitation numbers is—shOWn in Figsi 9 and 10.
Fig. 10 shows the corresponding Bpectral density plots for
a few selected tests. The dip in the speetra at 63 eyeies-enﬁt
200 cycles in all spectral plots (Fig.10) is due to the shift
registered by the level recorder as different bandwidths are’
scanned. As such, this dip should be ignored while inter-
preting the spectra. When choking conditions are approached

-

(Fig.9), the pressure pulsations occur intermittently. Fig. 11
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shows the dependence of $; on 1. As it is shown the three

curves merge to a unigue curve.

It may be added that no attempt was made to prov1de a
unified presentation of the results for the vortex sheddlng
frequency for constrained flow past boundary elements set
in the reversed orientation. To do this, "one should know
the value of the parameter k for flow past the boundary
element in question. TFor the case of normal orientation, the
contractiPn coefficient Cc was a weak function of blockage for
moderately constrained flows and hence, one can use U1linstead
of Uj {see notations, page v) to unify the results. Since Ce
is a strong function of b/B for the revérsed‘orientation of
the roughness elementé, one cannot expect the test data to be
unified when S is replaced by S;. Therefore, in the absence
of the information about k, i£ is very difficult to analyze
this case further. F%g. 12 shows the'comparison of the vortex
shedding data for constrained flow past the boundary element

v

with some earlier results.

Generally, the present results are in good agreement
with the latter, in spite of the fact that there is some
difference in the element shapes. Sigce the experiments con-
ducted (set in ‘the normal orientation) are subject to the in-
fluence of Reynolds number effects, the cémparison should be

made only qualitatively. Table 1 shows the summary of the
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comparison of results.

3.2.2 Noise Test Data

Fig. 13 shows a typical spectral distribution of sound .
- pressure levels (w = 8,000 cps) at a flxed velocrty for cavi- .
tating flow past the boundary element set in the normal
orlentatlon. Beyond the inception point, it indicates that

the sound pressure levels incérease with the reductlon of
cavitation number, reach a peak value and decrease with

further reductiqn of cavitation number. At the inception of
'cavitation, the sonnd-pressure level increases due to the

" formation and collapse of vapour bubbles. This is especially
true in the high frequency range of the spectra, since the
smaller bubbles are associated with higher frequenc1es As

the cavitation number is further reduced, the number o;r
bubbles and their collapse pressure increase and this, in turn,
increases the radiated sound Pressure. The formation of

longer cav1ty at lower cavitation number promotes the growth of
larger bubbles at the expense of smaller ones. As the bubbles
become bigger, they absorb more and radlate less noise in the
higher frequency range. Hence, the rise of sound pressure
levels at the high frequency band is limited, as one approaches
the lower range of cavitation numbers. This also accounts for

.the reductlon of .the high frequency noise as choklng condi~

tions are approached.

e e e v,
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Fig. 14 indicates the spectfal distribution of cavita-
tion noise for a few seiected tests in which o waé varied at
a fixed velociﬁy._ For this test se;ies,'the peak noise
occurred when ¢ feached a value of 3.28. Cleafly, in the low
end of the spectra (w < SOOchs),Fan increase in noise level
in all frequency bands as one decreases the cavitation number

from large cavitation numbers (non-cavitating conditions).
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CHAPTER IV

CONCLUSIONS AND SUGGESTIONS

4.1 CONCLUSIONS

can be

Based on the present study, the following conclusions

reached.

(1) For constrained filow past the boundary element
set in the normal orientation thelgap velocity U; jig
the proper velocity scale that ylelds a modi fied
Strouhal number §, whlch is nearly constant over g
large range of cavitation numbers. Further, the use
of U; to form the modified cavitation number a1
yields a relationship between S, and o1 which is
almost unique for all blockages bénsidered in the
present study.
(2)  As the cavitation number is varied over a wide
range for constrained cavitating flow past the bognd—
ary element set in the reversed orientation, the peak

radiated noise occurs in a very narrow band of cavi-
+

tation numbers.
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4,2 SUGGESTIONS_

Detailed studies should be made to confirm the results
of preliminary studies and vortex shedding characteristics of
boundary elements. As a part of this study, one should investi-
gaté the relationship between the value of k and blockage for

the two boundary elements considered.
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