C.P. No. 362 C.P. No. 362

(18,531) LIBRARY (18,531)
A.R.C Technical Report ROYAL AIF._AFT FSie BLISHGEWT A.R.C Technical Report
BiDFO~D.

MINISTRY OF SUPPLY

AERONAUTICAL RESEARCH COUNCIL
CURRENT PAPERS

Assessment of the Possibility
of Using Suction to Inhibit
Cavitation on Cylindrical Sections

By

G. E. Thomas

LONDON : HER MAIJESTY'S STATIONERY OFFICE

1957

THREE SHILLINGS NET






ADMIRALTY RESEARCH LABORATORY,

C.P. No. 362
AR.L/RL/G/HY/318/3

ASSESSMENT OF THE POSSIBILITY OF USING SUCTION TO
INHIBIT CAVITATION ON CYLINDRICAL SECTIONS

by G, E. Thomas

ABSTRACT

Tils report assesses the possiblility of using suction to reduce the suctlon
peek in the pressure distribution on a body moving In a fluid, with a view 1fo
delaying the onset of cavitation. Two cases are consldered:

(1) Iflow past elliptic cylinders with suction applled over the entire
forward half, and

{2 tlow past circular cylinders with suctlon spplied overllimited areas.

Results are glven of calculations made to deternline the effect of varying emounts

of suctlon as well as, in the case of (&, the added effect of chaging the locatim
and extent of the suctlon area It is shown that while the onset of cavltation can
be considerably delayad, the amount of suctlon required to eflect such an Improvement
proves to be excesslive. For this reason, it Is unlikely that the method c¢an find
appiication; At least, not on non=lifting two~dimensional forms.






ASSESSMENT OF THE POSSIBILITY OF USING SUCTION TO
IHHISIT CAVITATION ON CYLINDRICAL SECTiONS

INTRODUCTION

o rrer——— Ak k. 2 it

1.1 The inceptlon of cavitation on a body moving In & fluid can be delayed by
reducing the suction peak 1n the pressure distribution, In this report, the
possible use o distrlbuted suction 1s Investlgated as a means to this end.

1.2 The investigation deals with flow past elllptic cylinders wlth suctlon
applied over the entire forward half of the c¢ylinder. In addition, and for
circular cylinders oniy, a computing programme was undertaken to determine the
effect of suction when applled over limited areas of the gurface: In particular,
the effect on the suctlon peak of changing the location and extent of the suction
area was consldered. Results are glven, for both ¢ases, Lo show the extent by
which the free stream speed can be increased be fore the onset of caviiation for
various rates of suction.

1.3 In the asgesgsment 1t has been assumed that the flow round the cylinder
1s potent{ al flow. This assumption 1s Inevitable as a first approach to the
problem, In many practlical cases, however, 1t would be necessary to ensure
that 1t would be approximately ful filled to avold cavitation In the wake: this
could he achleved by a relatively small amount of suction over the rear halfof
the cylinder.

THEORET!CAL_CONS| DERAT[ONS

2.1 In this section, theoretlical eXpressions will be derived for two~dimenislonal
potential flow past an elliptic cylinder with suction distridbuted over the entire
forward half.

2.2 Distributed suction will be represented by a distribution o¢f sinks {f a
continuous dlstribution of sinks 1s taken, then the resul ting veloclty distribution
will also be continuous. A sink distribution of strength proportional to

cos M tor 0 £ <72 and equal to zero for /2 < |n| < satisfies this condition,
where 77 1s the eccentric mgle of the ellipse with 7 = 0 giving the forward stagnation
point,

2.3 The thegretlical problem then 1S to conslder two-dimensional potentlial flow
past an elliptic cylinder with # sink distribution over the forwaerd half of strength
proportional to cos 7. The analysis will be simplified by considering, In the first
place, flow Dast a circular cylinder and then using the methods of conformal
transformation to cbtain the corresponding flow past an elliptlic cylinder,

2.4 Consider a circular cyllnder given by |Z| = @ 1n a uniform stream whose
veloclty at 1nfinity s U/ In the negatlve X~dlrectien. It 18 a well-known result
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that the speed of ¢ at any point Z = aew on the surface of the cylinder 1s given by

q = 20 SmB Peav e {1)
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2.5 Consider next the problem of flow past a c¢lrcular cylinder with two sinks of

strength M located at points Z = a2*® and Z = ag”*® on the surface. The complex potential
of such a8 flow 1s

W=U[Z+i:;] + mi0g (Z2- ael™ + om0z (Z- ae i - 10 2

and the tangentisl speed ¢ at any point Z = ae!9 can be shown to be
m 1
qt o 281“6[0"'_.—*‘“"‘_“——} [(FERENN] (2}
a cos @ - cos

If the sink strength 1s » cos o, the tangentlal speed at 2 = aeié? is given by

m  cos o
= 2gnf |l +- —m—r veenss (3
9t s [+ac039—cosa] 3

2,8 Extending the problem to one of unlform flow past 2 clrcular cyllnder with a
distributian of sinks over the forward half of strength M cos o per unit arc length, the
tangential speed Gy Induced at any point P (Z = aew). is obtained by integrating the
expresslon for the speed induced at P by two symmetrically placed elementary sinks each
of length ad o. It follows from equatlon (3), that the tangential speed is

cos o 0«
28in 8l +m ————-~—-————-——]
cos & - cos o
On Integrating,
qt = 281“9([""”11.) teseen (4)
where
/2 /2
cos o T cos &
I = ——ee X = - = 4 —_———
cos & - cos 2 o cos 6 - cos o
This integral can be evaluated to glve
m
2

@
o [2cotB coth™} cot = for 0 <@ <
3]

ki
2 cot @ tanh™! cot = for- <G <7
2 2
In addition there is a normal veloclty given by

mcos 6 tor 0 < |8 <2
@ - {m 2 vevere {5

vii
0 Eslelsw (see Ref. ).

The resultant speed g at P can now be obtalned from equations (4) and (8) and 1s glven by

q L] !/q-tz'l'onz N AR ENTY (e}
2.7 The solution of the problem of flow past an elliptic cylinder can now be deduced

from the solution already obtalned for a circle. Conslder the confomal transformation

Z = g- {Z+/Z—ét?2) With Ca = 0,2-- w reever (7}
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This transformatlon maps the reglon outside the ellipse of semi-axes a0 tn
the Zplane Into the reglon outside the circle of radius # (a + b} in the Z plane,
Farthermore, any point P on the eillipse can be expressed In terms of the eccentric
angle 1 as Z= a cg8 7 + 1b sin 7, and corresponds to a point P’ on the circle glven
by Z=4 (a+b) e, Again, 1f ds end ds' are corresponding elements of length
contalning P and P! respectively, then

ds

dz
ds?

az

—astnm+ thoosnl Va® stnf 1 + B2 cos® 7
d(a+b) e | 4 (a+b)

=

Hence, a sink distribution of strength M cos 7 per unit length on the eliipse correspands
to a sink dlstrivution of strength

m cos nVE sin® n + b2 cos? 7
4 (a+ b

per unlt length on the circle.

It @' be the speeds at P and P! respectively, then

az a+b)
q = ! E: Q" —_— é‘{ - araren (8}
2 Vaf stn® n + U2 ws®
2.8 1t follows from equations (4), (3% =nd (8}, that the speed §' at P' is glven
by
ql = 1/qrt2 + qln-?z
where

gy = 2emn(U+nd)wimJ =

r*/? cos ¢ Vazslnzwbzcc;séa do

. 30+ b) " cosmcosx
and
=T Z

7 - 7 cos /% siny + b cos®y. for -2 <n < f
4 (a+b) 2 2

T 3n

0 for -3 & —

2 2

Hence, since g and ¢/ are related by the expression glven in {8), the speed G av any
polnt of the elllpse (glven ln terms of 1ts eccentric angle 7) 1s

Q = /qt2+ Qne EXEEE] (9}
4 b
where gt = 2sin7 (U +mJ) sfa+D)
V6" sin® 7 + bR cos? 7
T m
and qnn{m'ncosn Ior~-;)<77<5
T 3
0 tor - &< 71 & —
2 2

The integral J can be solved in terms of camplete elliptlc Integrals: the solution is

ahy v | i
[—2’—7—-}J = KR3cos®mpkeosnin [———é] +cotn VI-k2cos n|1n L o5 —KZF -1, Fa] ~F
- sinmw/ IR cos?n 2

Lo
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o
where £ = ———————— 13 the complete elliptlic Integral of the first kind,
40 L4 1 - kg Sin‘?‘ CX
Al 2

E= VI-B% s1n® & do 1s the complete elliptic integral of the second kind,
Jo

and ZfB k), the Jacoblan Zeta function, 1s defined as
E
ZIBR) = E(BRi - T{F (AR,

2.9 In the sbsenmce of suction, 1t follows from equation (1} ustng the transformation
in (7), that the speed at any polnt on the elliptic cylinder defined by 1ts eccentric
engle 1 1s

4 (a+d)

g = 20stn7n .
(0% 512 n + B cos? i

seeees {10}

3.1 In this sectlon, equations will be derived for flow past a circuler cylinder with
suction @plled through twe areas which are located symmerrically with respect to the

fore-and-aft plane of symmetry but which do not in general cover the entire front half of
the cylinder.

3.2 Let the extremities of one such area be given by angular co-ordinates 81 and 62,

e
\

Y
B =
S =

then the other suction area 1s given by co-ordinates - 81 and - &, (92 - 91) will then
be g measure of the width of the muction areas, If

——

'é i} 91 + 92
2
@ glves its location.,
3.3 Conslder flow past a circular c¢ylinder with a distributlon of sinks on the surface

from o = 91 o= 82 and from o = = 51 to a:-BB of strength

oo |lo23) ]
il

per unit arc length. ‘Tis suction distributlon falls to zero at 1ts edges and thus the
possibllicy of an Infinite suctlion peak ab these polnts is avolded,

3.4 From 2.6{4), it follows that

o~ 8

m o cos[—-——-——e = w:Ida

=2sin9[1+-1] where [ = —e LT cevess {11
) P cos & ~ cos ¢

1

i
v

q 6] -
and TUG = J57cos [82-853 for 6, < l6] < 8,

¢ tor all other &
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Let (62 - 91) be chosen such that ————- = an integer M.
2" 91
Then
2 a 2 2
cosnfo — 6) - cos No - sin no
I'=1,- - dx = cosnf - g + sinng ——- dx
cosf? - cosi cos? - cost cosf - coso
8 & 2]
1 1 1
=cos NG I, +sinndIg covens (12)
n “n
where
2 2
cos Ny sin no
In = ——————- - (it and I, = ——————
n cos O ~ cos o “n cos 8 - cos &
91 81

It can be shown that Ic and IS satisfy the following recurrence formulaes-—

4 6,8 -
Ic + Ic = 2cos @ Ic - gin {n - 1) 24— vos (n-1) 6 (18
n n-2 n-1 n-1 2
4 8,-8 -
lg +Ig = 2ws@Iy ————sin(n~1) S—L1sin(n16 (14
n -2 -1 n-1 2

By successive reduction of these formulse, expressions cazn be obtained glving Ic In
terms of I, and I, in terms of I, ; [, end I, can be evaluated to give
co Sn 81 CO S1

cos 8 ~ cos [8 * 92 - 61]

I N : a1 1 0036-0036_2
e = n and Ig =1ln |—
0 sin & - g, -8 1 cos 8~ cos 6

cosﬁ-cos(ﬁ- 22 1 1

Flnally, by using (12}, the following general formla emerges for In:-

- - sin 15 - stn ng
I, = cos N9 ng I in ng - I. - ng - 8,-8.)
n=_¢ cos C’.O+sn e el £ €03 sn9(2 1
Edmme 4 6, - 6
S — -
- it smn-w -a__-t] cos 18 . veveer (15
/2 ,sln @ n-am 2
M=l
3.5 From equatlons (11) and {18) the velocity distributlon around the cylinder

corresponding to chosen values of & and (92- 81) can be computed.
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NON-DIMENSIONAL COEFFICIENTS

4,1  SUCTION QUANTITY COEFFICIENT

A suction quantity coefflclent - which 1s a non~dimensional measure of the
quantity of suction applled ~ can be defined as

Quantlity of fluld sucked through unlt length of surface in it time y

Sﬂ k] =

20 200

where U = free stream velocity and b = semi~mlnor axis of ellipse.

il 2
Now V= 2un [ cos 1 (& sin 7 + b cos? ¥ dn
o

which, on integrating, beccmes

18 R
27 ma 0.5 + = anj:k where k% = 1"'52
mn a 1I-¥® ii+k
e S LI 7 ‘I}l B Oo5+ 22 mjl—k ssavas {16}

4,2 CONDITIONS FOR INCIPIENT CAVITATION

e preasure and veloclty at any polnt on the ellipse will be governed by the
free streem conditlons and the shape of the ellipse. Let the free stream pressure be
denoted by P. At the polnt of minimum pressure on the ellipse, (where, 1t follows, the
veloclity will be meximum) let the pressure and velocity be denoted by D, and @, respectively.
Cavitation will occur first at this polnt and will commence when D, = Vapour pressure of
the fluld. These parameters are related by Bernoulll's theorem thus:-

PedplP = po+dpaf carnes (17}
where ©2 1s the density of the fluld,

Rurthermore, to describe the condltlons under which cavitatlon occurs use will be
made of the cavitation number {J, which 1s defined as

P-p
Q = c ehbras {1.8}
$pl?
Combining (1% and (18} glves
] :]_QE_
0 - [U] 1 verres (19)

By putting ;nc = vapour pragsure ¢f the fluld, free stream conditlions corresponding to
incipience of cavitation can be deduced from the value of {.
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5. DESCRIPTION OF COMPUTATIONS

A, FLOW PAST AN ELLIPTIC CYLINDER WITH SUCTION APPLIED
OVER THE ENTIRE BORWARD HALF

5.1 Using equation (9), welocity distributlons were computed corresponding to
varying rates of sucticn for the following elllptic cylinders:-

b
a = 1) 00866p 0. 707y O- 5, 0.332' 0021

The resuits of these computations for a typlcal case {bfa = 0.5) are presented graphlcally
In Flgures 1, 2 and 3. It will be observed (Figure 1} that flows with suctlon possess
two stiction peaks - one on the forward half and the other on the rear half of the cylinder,
These peaks are plotted separately agalnst S glving the two curves shown in Flgure 2
thelir intersectlon glves tne optlimum suction peak. In Filgure 3, & comparison 1s glven

0! flow with optimum suction and fiow ln the absence of suctlon.

B.2 Similar curves were drawn for the other rive elliptic cyllnders; these results
are summarised 1n Figure 4 where peak veloclty 1s plotted against D/a.

B3 From (19) and the values of qc/U evaluated for each ellipse, the corresponding
values of {J can also be caleulated, Rewrlting (18) in the form
2 . PP
Fp0

enables values of ¥ corresponding to any value of P to be calculated for conditions ol
inciplent cavitation, ‘e results of such calculations with water at 70°F are presentod
in Figure 5, The three cases dealt wilth Indicate the extent by which the free stream
veloclty can be lncreased with optimum suctlomn. This point 1s further {llustrated In
Flgure 6 where U 1s plotted against U/@G for a free stream pressure of 15 1bs/sq. in.

with b/a > 0,5 optimum suction considerably delays the onset of cavitation: for exampie,
with b/ = (.5, the free stream speed can be more than doubled before the Inception of
cavitation, -

B, FLOW PAST A CIRCULAR CYLINDER WITH SUCTION OVER LIMITED AREAS

5.4 In thls case, the computing programme undertaken was designed to determine the
effect on the suction peak of suction area location and extent at various rates of
suction. Calculations were made for the followlng values of (9? - 61) and &:-

162~ 6 o0 60 | 30 | 20 l 16 | 12
8

{ 45 30, 45, 60 ] 15, 30, 45, 50, 75] 15, 30, 45, 60,76 | 15, 30, 45 60, 75 | 15, 30, 45 60y 78|

5.5 The results of these calculations are presented In Flgores 7 and 8. In Flgure 7,
peak velocity 1s plotted agalnst B for each value of (92 - 61) and curves are drawn relating

these parameters at constant values of & furthermore, for each value of (62 - 68,) a curve
relating optimum peak veloclty and & is also given,

5.8 Flgure 7 shows that, for any (82 - 91), a curve of peak veloclty agalnst & for
constant S etther

(1) falls with Increasing & to a minlmum where it meets the optimm curve, or
{2} remains above the optimum curve over the entire renge of &,

In the latter case 1t willl be seen that the lowest value of the peak veloclty occurs at
the upper limit of &, at which point 92 s 90°, Study of cases obeying (1}, Indicates
that, with Increasing (82 - 01) and for any particular value of S, ohe minimum peak
veloclty decreases whlle the corresponding value of P increases. In the limit, the
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value of (6‘a - 8,) will be such that the S curve and the optimum curve meet at the upper
limit ot & t‘.nat 13, where 8, = 80° Hence, for any S, the optimum values of (93 - 6,
and & always satisf:v the condltlon 6‘ = 80°, In order to detemmine the optimm combinatlon
ot (92 -8 ;) and B for any S values or the peak velocity on the forward and rear half of
the cyll.nder are plotted apgalnst values of 8 for which 92 = 90° In Figure 8 A palr of
curves can then be drawn for any value of & one glving the peak velcelty on the forward
half and the other the peak velocity on tne rear half, The polnt ¢f intarsection of eny
such palr gives the optimum values ot & and the peak velocity, whereas the corresponding
value of (8, - 8,) 1s given vy (6, ~ 6,) = 2 (90 - 8.

UMERICAL RESULTS

B.7 While 1t has been shown that dlstributed suictlon can considerably delay the cnsdt
of cavitation, the practicability of the method must obvigusly depend on the rate of
suction requlred, The following tables glve the permlssible free stream speeds at
conditions of Inclplent cavitation corresponding to various suctlon rates eXxpressed In
gallons per milnute,

A = FLOW PAST ELLIPTIC CYLINDERS WITH A DISTRIBUTION OF SINKS
QVER THE ENTIRE FORWARD HALF OF STRENGTH PROPORTIONAL TO cosm

b
TABLE 1: 71 = 1 end P = 15 1bsf3q. in.

- L | Suction rate per foot

8 —g 0 i length of cylinder ot
b dlameter 2¢
=~ gallons per minute
0.0 2 3 28.9 0
0.05 1.960 2.842 27.6 88
0.10 1,023 2.688 28.4 178
0.20 1.849 2.410 30.0 375
0. BO 1.6830 1,857 36,2 1130
1.0 1.320 0.742 54.1 2380
l.21(opt) 1.209 0.462 88.5 5180
b
TAELE 2 -& = 0,6 and P = 16 1bs/s5q. In,

u q i Suction rate per foot

S was 0 U length of cylinder
v with b = 19
- gallons per minute__

0.0 1.5 1.25 4.7 o
0.05 1.478 1.184 42.8 134
0.10 1.458 1.117 44.1 278
0.2 1. 418 1.011 46.3 579
0. 50 1.218 0.737 54,3 1700
1.00 i.180 0.202 Thed 485
1.19(opt)  1.130 0.277 88. 5 8580
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b
TABLE 3t E = (.2 and P = 15 1bs/sq in,

Suction rate per foot

© g 9 0 7 length of cylinder
U with b = 1n
- gallons per minut_gm
0.0 1.20 0.44 70.3 0
0.05 1.100 0.416 TE.8 288
0.10 1.180 0.392 74,4 435
0.20 1,188 0. 380 77.7 970
0.30{opt) 1.180 0.345 79,2 1485

B - FLOW PAST A CIRCULAR CYLINDER WITH A DISTRIBUTION QF SINKS OVER

a -_—
LIMITED AREAS OF STRENQTH PROPORTICNAL TO cos l‘[l l H] ‘il
{ —

bp = 6,
TIBLE 41 P = 15 1bsfsq 1n.
o 1 Cptimum Values ' Suctlion rate per foot
S -~ i U length of cyllnder of
6 |to, -6, % 0 diameter g

g - gallons per minute
0.0 - - 2 3 26.9 0
0.03 7c° 40° 1.945 2.733 27.9 52
0. 08 655° 49° 1.805 | 2.629 28.7 108
0.10 63° 53° 1,850 2,460 29,7 188
0.16 6e° 56 ° 1,810 2. 278 30.9 230
0.2 80° 60 ° 1.770 | 2.133 31.9 399
0.25 £8° 84° 1.725 | 1.978 33. 2 519

6.8 It 1s clear from the tables of 5,7, that in order to effect an appreclable delay

in the onset of cavitation, an excessive rate of suction 1s required. For this reason
alone, 1t 1s unllikely that the method of distributed suction can be usefully enmployed
in practlce, at least on non~1irting two-dimensional forms,

6.  SUMMARY AND CONCLUSIONS

Conslderation 1s glven to tne possibillity of using distributed suction to reduce
the suction peaX i the pressure distribution on a body In two-dimensional flow and s0
delay the onset of cavltatlion, Flow equations are derlived for two cases

{a) flow past elliptic cylinders with suction applied pver the entlre
forward half, and

{bY flow past circutlar cylinders with suction applled over limited areas.

Calculatlions have been made to determine the eflect of varylng amounts of suction and,
in the case of (L), the added effect of changlng the locatlon and extent of the suction
ares, These results are presented graphically. Wiile 1t has been shown that the
onset of cavitation can be conslderably delayed {for example, a clrcular cylindar with
¢ptimum suction cavitates for the same [ree stream conditions as an elliptle ¢ylinder
0f filneness ratio 5:1 In the absence of suctiony the rate of suctlion required to effect
guch an lmprovenent 1s excessive: even a small Improvement requlires a conslderable
rate ¢f suction. For thls reason, it is uniihely that the method can be usefully
employed In practlice, at least on huu-ilfting two-dimensional forms.
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