LI

homas

foa
iy
[
e



%

o5
By
o
2

£3
i)

&
m
4]
9

ig

of ¢l

ourse

18 valu

ou

T

Lhe

BROTE

an of

3

O

&

or would

he auth

B

eyed

HNavy wihi

1
ne

&

D0B8

t
&

study



&,

of atiac

£

ol
SES

ang
=

Gorys g e,
St s

D




Syrmbol Definition
o Span
€ Chord length

Mormal force coefiiciant

edge {positive nose up)

Alr volume

pep
Yo e .
C.,= Pressure coefficient
o B
sUT/2
.fé?ﬁ Normal force
Pan "Pe .
o= 5 = Cavitation number
pU™/2
1 Cavity length from the leading
J €
M : Moment about leading edge
Pe Cavity pressure
Pep Stream presgsure far upstream
at depth of leading edge
5 Submergence
U Free stream velocity
a Angle of attack
é Spray sheet thickness
o Density
= Froude numbey
ge

Moment coefficient about leading

flow rate coafficient

edge

Dirmensionless

Dimensionless

Dimensioniess

Foot pounds

Pounds per
square foot

Pourd s per
square foot

Faat

Feet per

sacond

Degress

Fest

Slugs per
ubic foot
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Data Reduction and Definiiions

The data were reduced 1o the forem of normal force cpaffie-

cient, moment cosfficient, center-of-pressure location, cavitye
bl 9

These resulte wers found ag functions of the cavitation number,
angle of attack, submergence to chord-length ratio, and Frouds
nurnber .

The normal force and moment coefficients were obtained by

a

means of numerical integration. It was assumed for this purpoes

6]

that the stagnation point was at the leading edge of the flat plate,
This assumption is substantiated by Wu's exact theory (3) for the
angles of attack under consideration and was also verified by
direct visual cbservation of the flow near the leading edge by
means of 2 tuft on a probe. The pressure distributions were

plotted and the numerical integration procedure was checke

““*a

a planimeter, The difference was less than 2 per cent which is
not significant. Some representative plots of pressure distribu-
ng are shown in Figs, 12 through 17,

e

Note: The pressure coefficient as used ie known to go to

¢

zero at both the leading and trailing edges.,

B pm o o W ms
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Froude numbar of 3.5, the normal {orce coafficient is 15 ner cent
lower than Green's theory {the experimantal data are extrapolatad

to ¥ = 0) and {ive per cent highe

and closed water tunnel exy

over a range of Froude numbers wider than those of th

tests aredesirable to clear up this matter,.

Efc = 2,16 the data show that as ¥

increased from zero to 0, 20 the moment coefficient decreased as

follows: o = 10° from C = «0,085 to -0,127; & = 16° from

2 -0,137 to =0, 177, 2 similar decrease with cavitation

¢ other submergsnces, Fig, 24b shows C i
0 plotted versus angle of attack. This
shows a linear decrease in C with o at all submergences,
Thesloped C__  /Jdais e aual; ﬁf@ -0, 008, Thig linsar decrease
e
and slope again agree well with Wu. 7The values of C oNg extrapoe

au.s.é, -

Gk At

lated t0 ¥ = 0 were also plotted versus 8/c on Fig, 38 to show the

b

effect of the free surface. ~pain the primed points are those ob-

tained with the skirn
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Sfc = G, with the skimmez j

Mer was une

o - 2%
& 3

of 13,

]

9
@

€
I

ent at o = 107 was anoted,

4 4 e & . 2 - g 0 o
vrigon in this case we have only

) g

trapolation of both data to ¥ = 0,20 at ¢ = 127 and for our deepest

&

submer

[

pance, we find that the agreemaent is very good,

o
i

The basic theory available for comparison to the

o

ficient is the infinite fluid no-gravity thesory

@
o
@

mental morment cosf

of Wu, Looking at Fig. 32 at S/c = 2. 16 we see that the experi-

Fﬁ:«
s
4

1}
s
8
(=
D

©

mental datz are larger negatively by 7.5 per cent a

b

) P 5O « b T e :
by 6.0 per cent at ¥ = 0,20 ¢ = 107, by ll.Opercentat ¥ =0 c = 16

o

No numerical comparison

(=33
o

t % =20.,20a=1

£

and by 7.5 per cent
with the infinite fluid gravity theory of Farkin (8) is possible at the
angles of attack of the present tests. However, upon inspecting

. e ¢ o,
his data at smaller angles of attack, a= 37 and 57, i

1]
43}
]
[
&
e
=
&3
Pas

gravity tends to decrease the magnitude of é’iiw

fluid theory by about two per cent, which is negl
The theories of Green {10), Lovp. I or App. II, have not

been extended to cover the moment coeificiant. Therefore, we

cannot compare the data to theory at or near the free gurface,

Thus we find ocurselves in a position similar to the one of

4o

the force coafficient. We have found that the moment coafficients
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was little, if any, dependence. ) Hence the comparison

is good, However, upon comparison to the experiment

it ig found that there ig sorne

cent chord position,

x pow ook at the effcct of the free gsurisce on the centere

9,

a constant for ecach angle of attack up to ¢!

ing through the free suriace, however, the center of pressure starts

a sudden movernent aft on the {lat plate for all angles of attack,
7 cran 13ty Tl =k the freoe surface of onew th of choro
Or @ change up tarecugh tne Iyee suriace o1 one tenth of a2 ¢hord
oty £ O . 3 P 2 4 Ay
length for o = 107 through 167, the center of pressure moves aft

\ . . R o O
about one per cent of the chord, At o =8

gence shi £‘ees the center of pressure 6,0 per ¢
case approaches the gravity planing theory
which the center of pressure is located at abe

position for ¥ = 3,5, Thus the experimental tre

direction, Howsver, no guantitative stater

¢ theory for center-of-press

£
&

planin

a e S
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AR
Air-Volume Flow=-ate
The air-volume flow-rate coefiicient data are plotted on
Figs. 45 and 46 at Sfc = 2,16 and S/c = 0,83, The difficulty of

measurement of the air-flow plus the little-understood phenomenon

ered and not too

=
*
Y
]
b d
&
o

of aly entrainment make the data somewh

Ly

reproducible. However, Fig., 45 and

of magnitude of the air flow at two submergences, TFor 5/¢

ﬁ.w@ in the range, r&@m rally, from 0,70 to 1. 20 for
G.11 and 0,15, At 8/c = 0,83 C_, lies rom: Ua 55 to

0. 80 for ¥ betwsen 0,06 to O, E,:s, Mo experiments of air-{low rate

L)
&8

measurements behind two-dimensional bodies are known., Howe-

ever, onae three-dimensional experiment and theory of Cox and

”
o

Clayden (16) and another three-dimensional experiment of Swanson

and O'Neill (14) are available, The data of these two experiments
]

which correlate the theory are plotied on Figs. 45 and 46. It is

sen that these curves form "boundaries™ for various values of

Froude number, The results of this experiment lie in the Froude

umber rvange that is higher than that of the g ent tests. It can
be seen from the figurcs that as the submergence is decreased at

constant angle of attack and cavitation nurmber that the air flow

7

alzo iz decreased, The curves of Cox and Clayden and Swanson

o

and C'ia=ill show a radical decrease in ajr-flow for a small in

crease in ¥. The results of this exzperiment do not show this be-

13

havior., Howswvar, the results of the air-flow measurerments on

.

the disk were obtained when the downstrearm end of the cavity
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In the preceding sections the efiects on a two-dimensional

nce balow a frae

cavitating flat plate dus to varyiang the submerge

urface and dus to varying the angle of attack, cavitation nwrber

Es)

and Froude number have bsen shown, The effects on the force and

morment coefficient, ¢

[

nter of pressure location and cavity length

@

due to changes in angle of attack and cavitation number at submer-

gences greater than seven-tenths of a chord length are generally

what are predicted by the gravity ff se infinite fluid theory of Wu

)

e

2 airflow rates are of the same order of ynagnitude as

‘

(3). T
previous three-dimensional experiments have found. No particu-
lar dependence of any of the results on Froude number at these
submergences was found.

The effect of the free surface was first noted at a submer-
gence of about seven-tenths of a chord length, The effect was to
increase the force and moment coefficient, to decrease the cavity
lengths and airflow rates., No effsct on the center of prassure
location due to the free surface was observed until planing was
dppr@acheﬁ at which time the center of pressure staTted a rove-
ment aft. The increase in the magnituds of the force and moment
coefficient at the fre¢ surface over the rmagnitude at ém’ifsmérs
gences greater than seven-tenths of a chord was about 30 pez
‘cent, The gr g_,,wty’ free infinite fluid theories, both lincar of App,
I and the exact of Green {10), predict an increase in the force
due to the free surface, Green predicts 28 per cent and ispp. I
14 per cent more than is shown by the experiment. The force date
appear to approach the Froude number asymptote predicted by the

gravity planing theory of Cumberbatch (12) and Wu. However,



the Froude number dependence predicted by this theory at the free

By

gurface was not confirmed. The linearized theory for the i

]

Cthorn
effects, App. II, at and near the freec surface indicates thess cffects
are negligible,

It has been seen that the effect @.’5"‘;?:}.@ fres surface and the
effect of gravity, individually, do not account accurately for the
experimental results, But it is felt that a combination of the two
probably gives & more realistic picture of what i3 actually cccurs-
ring, However, it remains for further sxperimental and theoretical

d
work to be done in order that the points in guestion can be resolved,

Addendum

s

After completion of this report it was lsarned from the
author of Ref, & that an error had been made in that linearized
theorstical development, The correction of this error showed no
significant change in the cavity length however it did show that
the effect of gravity on the force coefficient in an infinite fluid

was to decrease its value by about ten per cent, This brings the

influsnce of gravity,
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APPENDIX I
LINEARIZED FLOW PAST A FULLY CAVITATING
FLAT PLATE NEAR A FREE SURFACE
Notation
c Chord length (normalized to unity)
8 Depth below free surface
£ Auziliary mapping plane
u Perturbation velocity in x-direction
U Free stream velocity (normalized to unity)
v Perturbation velocity in y-direction
V=u-iv Complen velocity function
W Auxiliary mapping plane
= x+iy Physical plane

The linearized free streamline theory allows the problem
to be treated easily by conformal mapping. The boundary conditions
are shown in the physical or z-plane, Fig. I-1, where u and v, the
perturbation velocities, are much smaller than the free stream vee-
locity, U, The pressure on the cavity is assumed to be the same as

on the free surface and the pressure condition is that u = 0,

A w=0 Free surface B

Lg z-ploame




g
- Sl

in order to map the physical plane into the upper half t-plans
3 functions were obtained

through the weplane, the following mapping

P I
L RGO

by the use of the Schwatz-Christofiel

z ._.,AX_()\-\) L. (wr =2 ‘\-\u--k + B )
wos g (), (2)

Evaluation of the constants gives

A= - §7: S (3)
Be 2 Lo bl ] wis g
m - z )‘4-! 15
S 0 x= - £~ \ \ (5)
The teplane and boundary conditions then are shown in Fig,
E“‘za
{-plame
t(»)
w=zo -1 1 w=o 4 wzo

£ o ° c 88 A

Fig. 1-2
it can be seen that as t-» w, z-» o and that ¥ = geiv -+ 0
{i. 2., no perturbations at ), The only permissible function satis«
fying these conditions (V ig the same al corresponding points in the

z, w and t-planes) is



T

rRY-1

V(1) = w-ty = - (6)

since a leading edge but not & trailing edge singularity is permis-
sible.

Now we look at the 1ift on the plate, which is
!
L=_[(p-pa)dx
and the lift coefficient is

C.- /aULl-’zc./z - JCP dx = o/lcP ds

rorn linearized theory it can be shown

]

since dy = 0 on the plate,

that C_ = =22 so that the 1 coafficient becomes

CI. = -2 RL ojv (1) dz

CF

°
C = -2®t [V () ds (7)

where RL denotes the real part of the complex function,
It is obvious that the velocity function in the g-plane, V{z),
is now needed, but it is given only by the complicated relationships

of equation 1, 2 and 6, However, V{z)is regular in the entire z-

oo Y4
plane except as z —»0 where t - | behaves like 2 = . Thus “f@z}m%
¢ /4

%

and hence is integrable there.

J = /V(Z)dl +* f'V'(z) dz
‘R,B,B: C, D/ R” ' T



whera r is the semicircular contour of large radivus, B, in th

lower half plane as shown in Fig, I3

Fég:e E“‘B

Since V(z) has no poles inside the contour, -2, R, R', C, D, R,

-2; J = 0,
But
RLJ = Re [ & Re [ wwe,f

+R2cfb +Re [ +Rre [ =o0. (8)

By iuspection of the above integrals and the boundary conditions, it

an be seen that

€

"

RS =Re/f, =0

< D R

RL—R/R

)
ey
o
@

CRef, - wef, ~we.



Also from eguation 7
le =-RE J Vi de
z L c’o , ,
therefore

‘ . —
5C = R!LRfR,VuB dv» « R-Q‘_‘f\f(z.)d.z.

Since the contour can be distoried so that B —- oo, it can be shown

that as & —» o, t—» o0 and

o
A
Rgs®

Vi) — - T )

and from aguations 1 and 2 it is seen ¢

>

o
i,
[
&
St

= - A . “»E-)

4 from equation 2 it is

=
geen that 2h =t + 1/t or t = A +V \"=1 and from eguation 6




Using equation 12 it is seen that

that

o

L]

Dol
i
T

CL:%\S\J— |+2”‘ X : ¢

NEE

The paramster, d, is a function of the depth below the surface and

,

o) £
4

can be found from e quation 5. From ecquation 5 as § —w o0 it i3 scen

that
z 28
—
A .
Substituting this in equation 14 the 1ift coefficient becomes

™ L )
C. = T(‘f“Jls ) (15)

n

Of more interest is the ratic i’i’ - which can be obtained from

Valuss of S and N found from eguation 5 can be substituted into equa-

tion 10 to obtain the curve shown in Fig. 26 of the report.
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The cffect that is developed here is the influence on the
1ift coefficient due to the prozimity of a solid lower boundary to
a hydrofoil near a free surface, This effect is calculated by the
simplified solution shown below,

For a planing surface when the angles of attack appreaches
zero {o—> 0) the lift coefficient approaches wa, This can be inter.
preted L = pUT /2 where p is the density of the fluid and U is the
free stream velocity. To calculate the circulation, U , the Veiss-
inger two-point method will be used., A vortex of strength U is
placed at the one-quarter chord point, the center of pressure of
a flat plate airfoil, and the value of U is adjusted so that the
boundary condition is satisfied at the three-guarter chord point.

If v is the perturbation velocity perpendicular to the plate then
at the three-quarter chord point the boundary condition is v/U =

dy/dx = «c or v = » 0Ul, The flow is sketched in Fig. Il=-1,
k4 &
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and for th

tices is

so that

P P @

*Copson, T.T., Theory of Func

&

Tha potential due to a single vortes

B iy

ions of & To

, £ oy g .
'8 0L symmelry,

ue to the vortices,

tal potential due to all vor-

eplex Variable



e

Atz =¢/2,
v ~<
- = e COSE‘_C\'\ T = -
N = 2T Z 'Lfoc,
hence,
P = ZT\KXJX VTN 4;
and

2z . A
L = \\/ou = A.L-v\\\ .

Finally the lift ceofficient is obtained,

C = L 2T e
W o p U/ T < z

Howaver, the dimension of interest is the distance to the
solid boundary, h. Let the ratic of the chord to this distance, h,

be o = R - 'c/w/z or ¢ = #9/r, Therefore,

4 < -7'(\':5
C;-f —E;“ AMA\&~ :I-

is the lift coefficient of a planing {lat plate hydrofoil at zero submer-
gence with a solid lower boundary and no gravity.
When o — 0 {i.e., lower boundary infinitely far away) the

hyperbolic sine can be expanded

sinh x —% X +};‘< *
so that
e we 3
. 3 > _‘_(.—-— +~~*“X
C:L = 4 * & 4 )

&5 .

aQr

A
AE SO
-

Therefore, it can be seen that the presence of a lower boundary

always increases the lift. The efiect is fairly small even foro s 1



in which case there is E Rl #L ent increa n 1ift, In the cass

of this expe

c.
C,

which is not significant.
At the deepsst submergences of this experiment (which is no

longer planing and this theory does not hold in the true sense)

G = 0,4 and therefore

or a one and one-half per cent increase, which is not significant.



Fig. la

~45 -

The general arrangement of the experimental
apparatus showing the two-dimensional test

section installed in the working section of the
free surface water tunnel. The hydrofoil also

can be seen in a position corresponding to
S/c =~ 0,06.

Fig. 1b

A view of the two-dimensional test section
showing the leading edges and general con-
struction. The mounting plate and hydrofoil
can also be seen installed.
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Fig. 2a The mounting plate and the hydrofoil showing
the cavity pressure probe and the opening for
forcing air into the cavity., The circular plate
and arc for varying the angle of attack also can
be seen,

Fig. 2b A view of the wedge hydrofoil showing the wetted
surface, piezometer orifices, and general con-
struction.
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A side and bottom view of the wedge hydrofoil tested
showing additional details of the construction and the
location of the piezometer orifices,
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Fig. 12 Plots of pressure distributions on a fully cavitating
~ flat plate hydrofoil at various submergences, cavitation
numbers, and angles of attack,
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Fig. 13 Plots of pressure distributions on a fully cavitating
flat plate hydrofoil at various submergences, cavitation
numbers, and angles of attack,
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flat plate hydrofoil at various submergences, cavitation
numbers, and angles of attack,
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Fig, 15 Plots of pressure distributions on a fully cavitating
flat plate hydrofoil at various submergences, cavitation
numbers, and angles of attack.
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Fig. 16 Plots of pressure distributions on a fully cavitating
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