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A Study on the Repeatability of Cavitation Tunnel Tests

By Hidetake Tanibayashi*, Afember
oo ¢ Noritane Chiba¥*, Mentber

Summary

In ()ram' 1o understand the level of the accuracy und the repeutibility of cavitation tunnel tests, a propeller
twodel was tested repeatedly in cavitation tunnel and in open-water. The test results were analvzed in terms
1 the variation of thrust and torque st cuch set of advance constunt and cavitution number.  From the teat
results and the analysis, it can be concluded that
{1y the variation of cavitation test results is, in non-ciavitating condition, about the same as the variation of

open-watcer test results, while in cavitating condition the variation of cav jtution test results is about three
times as large as the variation of open-water test results,
1) etfect of air content on cavitation test results is not o clear for the range tested (a/a =1 5—407 ),
13 there is a necarly linear relationship between the variation of thrust and torque, thus it is considered that
the variation of thrust and torque is mostly due to the yvariation of the hft on the hlade.
‘ 1 Introduction

Among many propellers tested in the cavitation tunnel of the Mitsubichi Experimental Tunk, some showed
fairly different churacteristics when the tests were repeated. The variution of test results misht be brought
ahont by many cuuses, such as air content in water, temperature, error in the measurement of thrust, torque
and wuter speed, cte.

In order to understand the level of the accuracy and the rehability of cavitation tunnel tests, w modo!
propeller was tested repeatedly both in cavitation tunnel and in open-water throush o vear,  The test resuits
were analyzed in terms of the variation of thrust and torque at cach set of advunce constant and cavitation

‘ number. It was found that there is a nearly linear correlation hetween the variation of thrust and torque.

Attempts were made to find the possible reasons of

|
/R=1000 : the variution of thrust and torque, taking into account
/ 0875 /K- - the error in the measurement and other sources of
c/R-osooo
/ K \ o750 ‘, - variation.
[ C/R=06263
Table 1 Particulurs of Propeller P. 1324
— — - C/R- 06850 TR
1 | Diameter 2850 i
, 0250 iiteh {constant) 250
- X VN eselosrss /T titch Fatio 1.000
Expanded Area Fatio 0.FM
. o Bocs Tatin ¢,200
_ Kj “hictness-Clord katio % 0.7R 4,95 ¢
]
! L Tumber of iladeg 4
i

} Fig. 1 Propeller P. 1324
‘ 2 Test Procedure

The propeller model used in this series of tests is the I'T'TC standard propeller (Fiz.1).  This was used
fur the I'TTC comparative tests, whose results were reported at the 10th I'T'TC (London) in 1963, "I'he parti-
culars of the propeller ure piven in Table 1.

The tests were repeated 27 times in the cavitation tunnel and 12 times in the towing tank. The dates
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* Expcrmuntal Tank, Nagasaki Technical Institute, I\Iltbuhlslll Heavy Indusmcq I.td.
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Table 2 Dates and Test Cordiiigrs
of the rereated Tects
(a) Cavitatior Tenis
Tect Water Air Content
) =Rt Renar-s
To. Cex~.(°C) °{/O(s ()
1 16.0-18,4 12,9 |
oo 19,0-1v,1 10,7
) J 20.0-70.2 ‘ .,
z LUV Tume 14 29.5-20,7 1.0
LI R 23.,7-00,0 15,4
é IR LIS ] [ 16.A=1,9
7 Loy Ae. 1% 27.0 a0k
& .| ,Ber. 1tia | M.6-00.0 276
21.0 16,2
[ 1 DU A=l E no,1
b 17.7-17.0 21,2
‘ ) 1a.5-1-.9 1%.0
o2 1..1-1 .- 20.5
i WL 1 17.5-10.0 L5
ir B BRI 15.0
Ve 1065 | 1.rem /.3
L L. lorE A o L1.71-22,5
i S e G T4 5.1 ' Voriztion of
19 N - A 2 nLE Air Carteni (1)
"0 17,0 ¢ 1065 G 98,10-07.8
2 17, ke, 1065 L5 .6=28 .9 H.T=30.2
> T, 0en. 1045 T1.5-25,0 17.2
23 30,5, 1055 | 21,2-71.6 20.4
22 1,07t. 1977 2105 25.0 Variation of
g Toomt. 1785 4 21,1-71.3 29,0 hir Content (2)
26 €, ct. 1045 | 21.4 36.9 , '
27 T.Net. 1665 “NLs 38.3 _'

and the test condition of the tests are shown in Table 2.

The cavitation tunncl is K-18 tvpe of Kempf & Remmers with the measuring section of 300mm X 500mm.
The water speed was measured with 8 Venturi meter and the static pressure was measured at the upstream
end of the meusuring scction.  In several cases of the serics of the tests, the warter speed wis micasured, toge-
ther with the Venturi meter, with a “midway” pitot tube (mounted at the midway between the propeller tip
and the tunnel wall, ef. Fig.2) or u pitot tube on the side wall just beside the propeller (Fig.3), to sce whether
the method of speed tieasuremient uffects the variation of the test resnles, Propelier revolurion was measured
with an electronic counter. Air content in the tunnel water was measured with o Van Shike's appuratus. In
general, air contunt ratio «/ag was adjusted around 20°,. In the last 11 test numbers the air content ratio
wus varied methadically from 17 to 387, to sce the effeet of air content on the cavitation test results. Some
photograpls of cavitation were taken to record the cavitation pattern on the blades.,

The cavitation tests were carried out at gp= (14, 0.6, 0.8 and atmo: pheric condition, with the propelier
revolution ol 40, 35, 30 and 28 r.p.s. respectisely.  The water speed was changed to vary the advance ratio

from J= 0.5 to 1,0 with the interval of 0.1, "able 3 shows “stutic pressure -vapour pressure’” and the water

speed measured with the Venturi incter for cach ser of o, and I
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In the towing tank, the advance speed was (1) "Static ireire F o Varour icecouea e
measured with a current meter. Propeller revolution ~ni

was measured with an clectronic counter,  Advance

=
[

constant J was vanied, as in the cavitation tannel, by
chinging the watcr speed while keeping the propeller
revolution constunt.  "The number of revolution of
the propeller was 13,5 rp.s, which s the masimum
tor the capacity of the dvnamometer to cover the
range of advance ratio J= 05— 1.1, The Revnolds
number Regk) based on the resultant inflow velocity
at 0.7R was (5.5—7.3) .. 105 depending upon the
water temperiture,  Propeller immersion was kept
constant. It was ubout the same as the propulicr
diameter e, T =,
3. Test Results
3.1 Cavitation Tests

The measured thrust and torque were corrected for the ‘idles' und were reduced to the non-dimensional
coefticients Kt und Ky, ‘The water speed measured by the Venturi meter was not corrected for the tunnel
waell etfect. Tigs, 4 und 3 show the exunple of Kt and Ky plotted to the base of test number.

As unumenical expression of repeatsbility, the standard deviations o were calenlated for coch set of o,
and ], viz.,

~K1,07 Kr,g (nieasured) -Kr,g (mean) (h
. e . S 1172 .
l}(}\q-,u)t LN.?L(AI\'I.‘Q)i-J (2)
In Fig.6 the scattering of the test results are presented with the bands of the standard deviations along the

mean lines.  In Fig.7 the stundurd deviations are plotted to the base of advance coetficient J with cavitation
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i number as parumeter.  They incrcuse gradually with J under atmospheric pressure, while in cavitating con-
ditions they show rapid increase in higher J range and reach their maxima around J =09 The maximum

, standard deviation in cavitating conditions is about three times as large as under atmospheri - pressure. The

{ relations berween olK7.0) and Kr.¢ (mean) are presented in Table 4.

{ 3.2 Open-water Tests

. In apen-water tests, the measurcment of thrust and torque was carricd out at J which ~va linle ditfereat

from the preseribed value, because the time for adjusting the water speed and propeller rov lutiog is much

shorter than in cavitation tunndl. Therefore the standard deviations cannot be culeulated dircetiy from the

measured Kr and K. as was done i the case of cavitation rests.  Then ail the measured thrust and torgue

e s s x wma

were plotted to the base of | in terms of Kr and Ky, und their mean lines were drawn,  T'or each group of |

the deviations K1 and Kq were read from their mean lines as shown in Fig.8. and the standard deviations
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THME FULL LINES ARE THE MEAN LINES OF

THE 27 EXPERIMENTS,

THE BROKEN LINES SHOW THE

\\ SCATTER BANDS (STANDARD
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Fig. 6 Results of the Repeated Caviturion Tlests
Table 4 Relative Variutions o(IX1)/Kt and o(Kgq)'Kq
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were calculated by egs. (1) and (2).
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rrelation between ARt and aKg

Fig. 8

Table 3
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Deviation of Open-water Test Results

J= v/np
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They are plotted also in Fig.7, in which it can be seen that the standurd

deviations are almost constant for J, and are about the same as those in cavitation tunnel under atmospheric

Correlation Coeflicient 7 between

2Kt and aKy

3G 0..1 finG Vo atm
0.5 (Baaks 0.4 0. % @NeY
0.€ 0.05 ¢.00 0.76 0.08
0.7 0.9¢ 0.51 0.73 C.57
0.8 0,76 0.80 0.7 0,62
O] 0.90 n.a7 0 3 0.85
1.0 - N.ES 0.59 0.0
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4. Discussion on the Test Resulls

4.1 Correlation betweeen aAKt and 2Kg

A close examination of the test results suggests that there might be u correlation between the variations
of Kt and Kq; when Kt is lurger than the mean K, Kq is in general larger thun the mcan Kq. IFrom the
cross-plotting of 2. Ky and & Kg as shown in Fig. 9, it is found that there is a nearly lincar relationship
between AKy and aKg. The correlation coefficient ;+ culculated by the equation below are 0.7—0.9 as

shown in Tabhle. 3.

1N } .
Y (aK1), (sl , =
.,,_N'iL .i) (_ iQ_) (3) ,/ ¥
s a(Kt)ra(y)
Referring to the velocity diagram for a blade clement (Fig.10) g / |
~
and scparating the thrust and turque into \ g 4':??’ E
the lift und drug clement of the blude, S ‘f’/\‘;‘/—LL—l—“
i » a7
T:J (dl. cos 3, —dDsin j5,) €}
Q:J‘r(cll, sin 5,4+ dD cos 3) (5) Fig. 10 Velocity Diugram for u Blude Element

we mav sav thut the variations having the correlation between aKr and AKq are caused mainly by the change
in lift of the blade scction.

It is to be noted that the slope of the mean line through the cross-plotting of aKt and aKy are nearly
cqual to the slope of the Kr-Ky curve for each 7a, viz.,

AI\'T . r/KT
NN ©)
Lahg v
The relationship between alr and aKg deseribed above holds also for the results of open-wuter tests.
Dicus=ion on the saurce of the variation of the open-water test results is aiven in Appendix.
4.2 Effect of Air Content in Water
It has been considered that the air content in water 1s one of the purmucters having significant etfects on

cav itatien test results, In the present study, thercfore,

|
artempts were made to see the effeet of air content 003, Ko ——— I
by vary ing it svstenatically,  The variation was tricd o Totm
k > b . i < %835 Seelegy o0 FR s 9
twice s shown in Table 2 and Fig:. 4=3. In the first 002 == — —oneogt T
. . . . . - | ¢ o0 ® ee’e «3 e & -
series of the variation (Test No. 17-21) the measured * R °
Kt and K deercased with air content ratio. The O'Oi .
- ..'- e &, N Te s %W P
tendeney was most clear around J=U.9 and 7y = 0.6 o On=04
0.8, where the standard deviation of Kr and K 15 20 25 30 25 40
reach the maxima.  In the sccond series (Test No. AR CONTENT RATIO %
22-27), however, Kt und Kq were almost constunt
with respect to air content ratio.  Fig.11 shows the
. B . o5 f—————-—Kr
plotting of Kt and Kq at J=0.9 to the base of uir
9 \ - g
content ratio «/n,. Theré can be scen, 1n some - 8, (v @ Lodum e -
X Rk S ) .
range, a tendency that K and K decrease slightly 0l0 ‘0- :18_. 0
. n=
. . . .
with air content ruatio, but as a whole we cun not | '@ ep® v 0 e . D
4 . [ CICEE I .
derive a gencrul conclusion about the effect of air o054 —— . Or0&
content rativ on the variation of Kt and Kq. It . . CneCa
. .o - .0.’.' o :t... LY
should be mentioned that the variation of air content o O

15 20 25 30 25 40
AIR CONTENT RATIO %

wis Unuted to o ruther narrow range (i /ag 17-358°),
since with the increase of air content ratio it occurs

nore often that simall air bubbles come into the Fig. ¥ Effect of Air Content (J=0.9)
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pressure taps and the tubes connected to the manometers, thus impairing the accuracy of the speed measure-

ment.

Comparison of the cavitatiun patterns suggests, however, that air content may affeet the rvpe of cavitution.

As shown in Fig. 12 for example, it can be seen that the amount of bubble cavitation increases with air content

ratioin water.

U‘Aﬁs= 224 % '%«S =383%
Kt =00872 Kr =00672
Iig. 12 Effect of Air Content on Cuvitation Patern at J=0.9and 6,=0.6

4.3 Effect of Water Temperature

Propeller characteristics are affected by water temperature, muinly throurh the variation of the drayg coefhi-
cient of blades with Revnolds number.  In the case of cavitution tests, however, the plotting of Kt and Kq
10 the base of water temperature did not show a systematic change; the Reynolds number is considered to be
lurge enough so that the variation of drag will be quite ftle.

4.4 Effect of the Methods of the Speed Measurement

The water speed measured with a midway pitot S .
tube ar a pitot tube on the wall showed a slight ars Lo ) 2] On=05
variation in each test, whercas the water specd R ! G cHlt
€300 ; %
measured by the Venturi meter wus kept constant . ”
throughout the repeated tests. The relation between . s' 300 5 < .
A] (variation of J due to the varintion of water [T °:‘~‘f:m°o oLy
3
speed measurcd by a pitot rube) and ARt are shown ' o 7T
in Fig.13. In this figure there can be seen no il s
definite relationship between oKt and J. In other L
words, the variation of Kt und Kq is little atTected by et ~boaet
the method of speed measurement. Tig. 13 Variution of Method of Speed Measurement

4.5 Sources of Variation of Cavitation Test Results

We have learned in the previous scctions that there exists a correlation between the variation of thrust
and forque, and the vuriations will be uscribed mostly to the variation of the lif: of the blades.  Efiver of air
content is not so clear as expected and etffect of water temperature can be neg'ected.  In the following, attenipts
are made to find the possible reasons of the variation of thrust and torque, tuking into account the error in the
measurerments und other sources of variation whether or not influencing the lift of the blades.
(1) Error in the reading of the dynamometer

The scales of the dvnamometer of pendulum  Table 6  Variations due to the Error

type for measuring thrust and torque are graduated in the lleagsurement of Thruet and Terque
with the interval of 1.0kg for thrust and 0.01 kg-m

for torque. As the oscillation of pendulum during _C:q_ 0.4 0.6 0.5 ata

the measurement was considerably small through ple “'f 3.1 4.1 5.6 €4

the whole range of the tests, the crror in the ¥ v ; EoL ot 5.6 6.4

- ' Tt
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reading of the dynamometer may amount to 0.2 kg in thrust and 0.005 kg-m in togue. The corresponding
oKt and 2K arc calculated by
AK:=0.2/pmzD+
~AKqg—0.005/pnD5
Substitution of propeller revolution for cach test condition vields the variations as shown in Table 6.
(2) Error in the reading of manometer
For each test point the water speed und the static pressure in tunnel were adjusted to the prescribed values.
As they were meusured by mercury-wuter manometers, the error in the reading of the munometors results in
the variation of the measured thrust and torque.  ‘The reading of the manometers is affected ulso Ly tluctuation
of the mercury wabes.
The reading of the manometer connected to the Venturi static holes on the tunnel may be as accurate
as 0.2mm in lower speed range and about 0.3mm in higher speed range.  The resulting error duc to thus

measured water specd is estimated by

ARy —'/’./}\[TAJ

- ’;]\'1
AY\Q: = JAJ
af
where a]=cxvnD)
Numrical evaluation of Kt and K leads to the results as shown in Table 7.
The reading of the manometer fer rhe static pressure in the tunnel is a little less accurate than that of
Venturi-meter. ‘Fhe variation of thrust and torque resulting from the error in the reading can v estimated

through the variativn of cuvitation number und is given by

. ol
s K=" vsui,
g
. 71
TR =4 Yo piiy,
tefp
12.395-0h
where Latiy—

Lon=D-

Estimuting the accuracy of the reading dh, to be T mm, we obtain the aKr and aKg as shown in Table &

Tuble 7 Variatiuns due to the Error in the Tuble 8 Vuariutions due to the Iirror in the
Measurement of Water Speed Aleasurement of Static Pressure
A o & I Ay w1 - ar w1t 4 =2
INTD Ce ] f B . R I SN ] s o] I D
0.5 P N T I 1., e N RELE By P I RN
| . 4 -
0.6 1.0 1.8 ; 1400 o 2.l 6.6 n.4 S.517.0 LD
0.7 pULE IR IE I P BTN PR I o BN I 08 0.7 o8 (9 ! 101100
0.8 1.0 1.7 1. 8.6 | oua 0.t sua] wun 0.0 T3 T AN B e 5 Pall S IR s e
[ e B
3.9 sol 4.2 2000 s0s ] ob e a1 0.9 : TO[TT] o] 120 11024110
1.0 R R I R N A _ 7517.”‘3.4 1.0 - 7.0 ".Q - [11.7]11.0 |

(3) Error in the number of revolution of propeller

T'he number of revolution of propeller was adjusted and kept constant for cach test condition by means
of an clectronic control system.  The revolution was measured up to two decimuals in r.p.s. by an clectronic
counter connected to the propeller shaft.  The difference of the propelier revolution from the preseribed vilue
is Jess then 0.02 rop.s. so that its effect on the measured thrust and torque can be neglected compared with
other sources of variation,
(4)  Other sources of variation

In atmospheric condition, the sum of the aforementioned variations due to the measurement error s a
littde more than a half of the standard deviations obtained through the repeated tests. Considering the varia-

tion of the water speed measured by pitot tube as mentioned in 4.4, it may be that the variation has resulted




also fiom the variation of the uniformity of
the

Assuming that the fluctuation of the

the velocity distribution in measuring
seetion.,
velociy disiribution can be expressed as A =
0.002 with reference to Fig. 13, we obtain the
vorresponding varintion of Kp and [Nq as shown
in Tabic Y. In stmospheric condition, expecially
in lower | ranue, addition of thesc vilues to
the variations due to measurenient errors leads

to about 'he same as thuse obtained through
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Viriations due to the Fluetuation
of Veloeity Oistribution

Table 0

the repeated tests.  In higher J runge, there
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Fig. 14 Comparison of Estimared Standard
Deviation and those obtained by Experiments

namic pitch angle 51 and angle of incidence including the effect of downwash for a given set of J and K.

remains a little difference between the variations thus
estimated and those obtained by the repeated tests.
(Fig. 14).

In cavitating condition, however, the estimated
variations wre far less than the variations of the test
the

variations around J — 0.9 can not he cxpliined by the

results. In particular, large penk of the

summation of cach meusurement error. Remienie
bering the correlation between ARt and aKg,
there will be o still other facrors influcncing  the
operation of the cavitaring blades, which lead to the
variation of the 1iit on the blades.
4.6 Unstable Cavitation of the Blades

In the range where the variation of Kt and K,
are large, the bludes of the propeller operate with
buhble cavitation an the after half of the back und
with shoeet cavitation an the face at the same time.
It is expected that the charucteristics of the propeller
are most unstable in such conditjon.

The operating condition of the propeller blade
will be caleulated approximuttely by the wid of the
vortex theory of propeller. Assuming the circulation
distribution to be optimum, we obtain the hvdrody-
At

J=0.9, the angle of incidence is about zero (~=+30') and the cavitation number 7y.7 based on the resulting
inflow velocity at 0.7R is 0.11 at on=0.6 and 0.14 at ¢,=0.8

Muy be cavitation on the blades at such small angle of incidence and ut the cavitation number 5., =0.11

=0.14 is more unstable than in the other conditions.

5. Conclusion

The results and the analysis of the repeated cavitation tests muy be summarized as follnw S,

Under atmospheric pressure in the cavitation tunnel, the standard deviations of Kt and Kq are usually
These deviations are about the same as those in the open-water test results,

In cuvitating condition, at J=0.5-0.6, the deviation is a little Targer than under atmospheric pressure, but

(1)

0.4-1.5"; of Kt and K.
(2)

it shows rapid increase noar J=0.9 and amounts to 5-79%, of Kt and Kq.
3)

mostly to the variation of the lift of the blades.

There is a nearly linear correlation between AKrt and aKy. The variation will therefure be ascribed
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() The estimated variation of Kt and Kgq, considering the error in the measurement and the non-uniformity
of the water speed in the tunncl, is in fairly good agreement with the test results under atmaospheric pres-
ure. But in cavitating condition, the estimated variation is much smaller than the experiment. The
ditference may be ascribed to the instability of the cavitation.

(5)  "T'he variation of test results is large when the blades operate with a small angle of incidence and with
cavitation number a,;=0.1-0.15 (bused on the resultant velocity at 0.7R).  In such condition,
cavitation on the blades is considered to be unstable.

(6)  Air content ratio in water does not scem to affect Kt and Kq for the range tested.  But the cavitation
pattern may be influenced by air content; it was observed thut bubble cavitation increased with air

content.

Appendix Variation of Open-water Test Results
The stundard deviations of the open-water test results are us follows.
a(K1)=0.0010
a(Ky)  0.00015
The accurucy of thrust und torque measurement is about 0.02kg in thrust and 0.0008 kg-m in torque.  The
resulting variations of X and Ky are
aRNr=0.0003
~ K, = 0.00003
Constdering the correlution hetween Kt and K, the difference between the water velocity as measured
by the current micter and the inflow velocity to the propeller will be a source of the deviations.  If we ascribe
the rest of the deviations ta these of the inflow velority, the corresponding deviation of the velocity is
—v=0.005 m s
This variation may he explained by a complex behaviour of the residual current in the towing tank after

the run of towing carricve, as has been observed in resistance tests.

il A o AL TR 3 I ) ™ .
o + L CoL o i, ,4.‘&?‘3' A ; ViR 5,_’ B e Ty . ) ‘”'!'_ v =
R ¢ . 0 GRS . 4‘”5 a(;‘ SR A T
- oo Ay . o0 20 N hER i e Le o v
S e e e e . N Bpgn mgrhge | N
ges R 2 ____.,_,__-___...__@.‘-.‘.‘_,_..._.,._,_..-.-_&:. ~
18 WA A i st oy 123 05




