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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL MEMORANDUM NO, 1060
PROFILE MEASUREMENTS DURING1CAVITATION*

By 0, “Walchner

One of ‘the problems of modern .cavitation research
is the experimental determination of ithe ‘wing loads on
airfoils during cavitation, '.Such gxperiments were made "
on various.airfoils with the: support "of ‘the naval minis—=
try at the Kaiser Wilhelm Instltute For Flow Research
at Gottingen, - ; o

The experimental setupis a verticdl closed circu—
lar channel as shown in figure 1l,%* The testing medium
is water, An 1l8-horsepower: cerntrifugal pump provides °
for the circulation of the water and is placed in the
deepest point in order to protect it against cavitation,
After passing through a unidirector the water passes
through a cone into the test section and is pumped
through a diffuser into the surge tank, The purpose of
the deflector vanes ig to guide the flow, coming from the
pump upward, &long the tank wall, so that ,any entrained
gas bubonles are eliminated. . By evacuating:the-air space
above tne water level in-the tank :the pregsure in the
test section-can be lowered: at will :and ‘hence any cavita-
tion number — that -is, any condition of .cavitation — even
those at low speeds can: be ;obtained,: The cavitation- -nim-
ber is defined as (p~ Pp)/q” R 2 '

where
P pressure of und1sturbed f10w‘

Pp vapor. ten51on of water. at ‘the. temperature under con—
sideration - g ; : i

q = gvz dynamic‘pregsure’df“uﬁdjsturbed'flow
P density
v ve1001ty of undlsturbed flow

The speed can be varled by means of the slide valve

; *"Profllmessung bei Kav1ta$ion."  From reprlnt .of.
paper presented at the Conference on hydromechanische
Probleme des .Schiffsantriebs, Hamburg, May 18 and 19, 1932,

**The plan of the testing section and balance which
are sketched only schematically are by Dr,-Ing, H, liueller,
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in back of theipimp, iPregdufic andidynani&ipressure in
the undisturbed flow are recorded in the test section a
ahead of the airfoil, and the values are calculated for
the free fléw  secticgn adjacent to-fhewing profile and
cavitation layer by means of Bernoulli's law and the
continuity equation, It . was found“that this method af-
fords the best means of determining the principal effect
of the tunnel walls, The contraction of the thin tunnel
section:; -Af . caused by thécwinhg profile and ‘cavitation
layer mdepends *upon ~the airfeil section; 'anglerof-attack,
and .cavitatidn nunber,; and is .to 'be: deterrlned for ‘each:
case,. Another effect of the horlzontal tirnnel rwalles 1&:
the ecreatbionrof "astreamYine curvature at: the prdfiley=r
This effect can be calculated by means of an gpproxinpa-< -
tion theory of Professor Prandtl, (See reference 1.4
The:kift 'coefficlent . ¢, meéasured iw the rectangular
tunnel at.angle of attack .« corresponds to the aﬁgle
of atfack: o +:Aa’ 1n infinite flow “where

\\ "

mld

i i i
“a‘“(

At wwingachord - wEL 'tunnel helght),f The .effect of =the
vertical gides, ‘which may produce a kimd'-of induced drag,
was not investigdted, The wing 'loads . are 'measured on “a
spring balance, The modek airfoil is mounted on a disgk
whitch-is «flush with the ‘tunmel ‘wall ‘amwd Is comnmectéd “with
the arm df:the«balance,  With this . geétup the drag 6f the
-disk. as ‘well ras of the airféil is measured, snd theréfore
the disk must subsequently be 'measured by itsélfiand its
effect taken into account, A labyrinth behind the disk
is intended to prevent flows in the housing of the bal-
ance which works under water, : The nodel: airfoil-.extends
alnost from wall to wall, A gap of about 1/10 millimeter
igimecessary "for balance cledrance, The dlsturbance of
the two—dimensional flow created by this small gap was
disregarded, A window afforded the}means_of_observ;ng
the cavitation, The eXperiments were made at Reynolds

v t : it
nunbers ranging from —— = 3 X 16° t0 5 % 19° !
1 e | 42 : e Mg ol
£ _wing chord, ,v‘_speedl_lx kinepaticwyjacqsiﬁy),

Figure 2 'illustrates the three dlffereat types of
cav1tat10n phenorena obserVed

A

; Case 3~ Suctiwn*sxde‘oaVIfatidﬁ §farfé'aﬁ'leading
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edge, when the forward stagnation point lies on -the pres—
sure side and the lowest pressures,  on the suction sidey
caused by flow from the pressure side around the. 1ead1ng
edge occur dlrectly -at the leadlng edge

Gase 2 g™ Suctlon slde cav1tat10n starts at proflle
center when the forward . stagnation p01nt Lies .on:- the lead—
ing edge itself, so that the water flows smoothly ot
Likewise, suction side cav1tat10n of. case .2 -only. can form
if the forward stagnatlon p01nt 11es on ‘the suctlon sidey

Case 3,— Pressure—51de cav1tatlon starting from the
leaalng edge occurs .only when the forward stagnation
point lies on the suction side and.-the flow around Ythe :
leading edge comes from the suction, side,

For flow without cavitation the: position of the for—
ward stagnation point depends upon the airfoil section
and the angle of attack, . In potential flow the flow
around circular. segmént sections is smooth* at e = 0%
in. a real fluid this condition obtains at a slightly
greater angle as & result. of circulation decrease due. to-
the dead water, .At greater angles of attack, beyond the
angle of. smooth flow, the-forward stagnatlon point lies-
onh the pressure slde, at smaller angle of attack-on:the
suction side, -Once cav1tat10n has begun +the stagnation:
points: be gin %o0.shift confornably to the:changerin circu~
lation_ used by. the cavitation.even.at: constant angle of
attack, This explains why-at the same angle of attack
case 1 chnnges to case 2 for.deereasing cavitation’ nup—
bers: that is, when the growing suction—side cavitation
reduces the circulation to the extent that the forward
stagnation point.shifts on the leading edge, ~Indeed, it
is even possible.that, as a result.of continuously 4in-—
creasing suction—side cav1tat10n the circulation is de-—-
creased further and the forward: stagnation points shifts
to the suction side, so that case 3 as well as case 2
may occur at positive " ;

The results and observatlpns on three circular seg—
ments of various thlckness are -shown in figures 3, 4, and
5; on the left are the forces on the wing, on the right
are the profiles investigated, together with their cavi-
tation diagrams. The data for lift . and:drag.are given in
tables I to.III,.. & i ~ X 5

*smooth: forward pressure point directly’bﬁ'ieadiﬁg edge;
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In ‘the davitation diagrams the leffgth of thé cavita—
tion layer ‘has beer plotted for two—dimensional flow and
infivite ‘exXtent of" flufd against angle of attack" d,
and against the cavitation number, The solid curves in—
dicate suction—side cavitation starting from the leading
eda‘e (1 e,, case '1') Parameter X ":'L‘ndi'cate's-.vthef ‘Tength
of 't He cav1tatlon neasured in percent of chord from ‘the |
lVeading edge, The dotted curves denote suction—side cav-
itation starting at profile center and extending X Ye
cent: of the cthord, ' The dash—dot curves mark the beg1uA1
gf the suct10n—s1de cavitation (i,e, case 2). The dasaod
curves give the pressure side cav1tat10n startlng at the
leading edge and extending to - X percent of the chord
(i,e,, cadse 3), The cavitation diagrams show how, at
constant @, the various cavitation conditions follow one
another for changing cavitation nuvmber, To il st rates
at " dg = L° “on” the thinnest prorfilethe cavitation starts
at cavitation numher 0,3 as case 1 and temporarily spreads
as such as the cavitation factor drops, At 0,18 case 1
changes to case'z the cavitation stops at the leading
edze and starts near Uhetiomon e eepber) tn—'forward stag-
nation point has now reached the leadlnb edge, so that
the flow: is smooth, At a cavitation number of 0D.11 cavi-

ation starts again at the leading edge and, to be sure,
on the pressure side, a visible sign that tne fprwarg,
staghation point. has gone over to the suctlon side, ACasc
3 ig added to case 2, The range of positive « within
which pressure—side cavitation is thus produced grows’
with thé thickness of the profile] Thus the dleerar of’
the . thickest: proflle 1n figure 5 shows Dh1° range pﬂrtlcu-
‘larly extended

rrom ‘the- available corros1on tests it 1s concludei
that corr031on by cav1tat10n ocelurs at the p051t10n of
the compression shock Accordlngly, there is daneer of
corrosion An" the dlagonﬂlly shadeﬂ zones of the cavltatlop
diagrans’whére the compression shock lles on the proflle
Another zone where cavitation is® dlsagreeably noticeable
is indicated by the horizontal hatching, Bere the form of
the caVltation layer is partlcularly unstable, This is.
a53001ated with- perlodlc changes in the wing. loads wavch
may - produce w1ng flutter e

”'mext‘-'consider forces on the wing., ‘Theée'are pféf,
sented in the customary polar form and the well—mn0wa
aflnltlons hold' o
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where

A 1ift .
W drag 5:“r 3

q dynamic pressure

T wing area i
" The solid curves represent thé polarg without cavi=
tation, The thin curves are the polars with constant
cavita tlon number, ZEach planing angle is des1gnated by
a symbol, A corparison of the different polars of an
airfoil discloses the drop in 1ift to Dde- partlcularly
respon31b1e for the deterioration of the alrf01l charac—
teristics by cavitation, The dashed curves give the
forces at constant angle of attack and at various cavita—
tion numbers, Following these ‘dashed curves it was found
that in each case where cavitation begins, as ‘case 1, an
improved W/A ratio occurs as a result of an increase
in 1ift and a decrease ‘in'drag, * Congidering the cavita—
tion layer as a deformation of the profile the 1ift in-—
creases nmust :be explained :by: the greater ‘profile number,
Concerning ‘the itwo drag .components, ‘the frictional ‘drag .
decreases, the profile drag ‘increases as-a-“result of
expanding dead water, ' The 'preponderance of .either compo—
nent depends upon.the ‘thickness:of “the cecavitation ‘layer,
Thus, 'thin layers manifest a perceptible ‘drag decrease;
while, for thicker layers — that is, . at greater angles of
attack — the increase .in profile drag -predominates, ‘The
W/A ratio in -cavitation of cdse 1 deteriorates only wheén
the cavitation has extended to beyond ‘the profile center,

Depending therefore ‘upon the angle of attack, there exigts,

for.case-l, a:greater or. lesser-interval .in cavitation'
nunber between ‘gstart of cav1tat10n and deterloratlon of
the . W/A rat oyl o0 medghs 3

-~ If . cavitation startS'ésvcase—Z, the - W/A 7Tatio, as
well as the beginning of cavitation, drop, This - is seen
plainly in the case of the two thlcker alrf01ls of flgures
4 and 5 ? : o ,

Wlth cav1tation startln8 as case 3 the condltlons are
sinilar to-that of cagse 1, ' T Ul , ;
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Professor Betz (refererce 2) has established an
approxifate theory for the behd¥vior of 1ift and drag
under conditions of fully developed suction-side cavita—
tiion of case 1, According to the theory the 1ift coef—
fieient 1s

The first part on the right—hand side represents
Kirchhofft!'s 1ift coefficient for a flat plate at small
in turbulent flow with free jet limits, where the pressure
in the dead water space is the sapme as in the-undisturbed
fluld The second part, the cavitation nunber gives: the
addltlonal llft .whlch is due to bhe Lact that duvlnb :
cav1tatlon a 1esser pressure . — that is, tne vapor pres-—
sure — and not .the pressure of undisturbed, flow prevaiils
in the dead water section on the suction. slde ,.ulnce the
resultant pressure force is at . right angles. to the flat
pressure side the drhg conslsts of. the tangential compo—
nent of the llft cand’ the frlctlonal dlag on the pressure;
31de,Ahence

P

ey =.cpXal+ 0,004

According tochtz these:figurésiare applicable not-
only. to flat:plates but-to any-.airfoils with flat presg—
sure 51des provided  the-cavitation starts asi the leading
edge, and extends to.the-trailing eédge —ithat is, envelops
the entire:gsuction side of a cavitation layer; thuys shape
bécomes unimportant, :As long-as:this -assunptioniof the'’
theory is complied with — that.--is; as long As‘case 1 of"
cavitation .exists.~ the experiments confirm the theoty; "
The 11ft coefficients are in-camplete. acdcord with- thbory,
thesnewsured drag coefficients:are skightly highe? at 1low
cavitation nunbers than the theory stipulbates,  In lallo-"
" other : cav1tmt10n cases, where . tle-theoretical premisge ~:
brea aks down ‘the proflle characteristics becone WOrge,  as
was p01nted out by Professor Betz, The dnag. 1ncre1ses,
the 1ift drops rapidly with dininishing cavitation nunmber,
espe c1a11y for pressure—31de cav1tatlon at pOSitIVe-anIJL
of a ttﬂek BT ; :

The p01nts j flgures 3 to 5 1nd1c te averages: of’
individual tests series and are-not test points, Figure 6
presents the individual -test points of:. & test series with
the thinnest airfoil at eonstant, B aeis 39, Lift and drag
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coefficients are plotted against cavitation number Th¢
dashed lines represent the approximate theory of Betz
whose assumptions are borne out by the test. series,

Figure 7 illustrates parts of the three cavitation
plots of the three airfoil models investigated, The
profiles are indicated by their thickness ratio T/t (f
maxinum thickness at profile center, 't w1ng chord)

The shaded zones of the angles of attaek'and'cav1ta—
tion figures indicate the danger zones of corrosion or
severe compression shocks, The solid lines indicate the
position of the best W/A; it is seen that, at low cavi-
tation numbers, of special significance for high-speed
propellers, the best W/A ratios.lie precisely outside
the danger zones,

. "The sgolid curves in'figure 8 give the cavitatlon
beginnings of the threée profiles as.functions of cavita—
tion number and 1ift, Each curve consists of three
branches; in the lower branch, cavitation starts-as case
3; in the middle, as case’2;.and in the uppef, as case 1,
As anticipated, the profiles-are least responsive to
cavitation in the zoné of smooth flow; while‘at either
side of the smooth flow condition cavitation starts at
much higher cavitation .tunberg; - The dashed- durve gives
a relation {calculated for potential“flow ) between the

beginning of ,cdvitation ‘amd 1ift .coefficient - c;~ for
0

smooth flow (ae = Oo). A cyclic flow with ciryculation
was conformably transformed by means of the Karman—-Trefftz
function (reference 3) to flow about profiles of various
thicknesses, and the cavitation number was computed as
dependent upon the 1lift at which cavitation starts, This
gives as a second approximation

PZED - 1041 cq  + 0.213 ¢y ?

q 0

The terms of the third order may be disregarded, if nor-
mal profile thicknesses are assumed,

The dashed curve passes very closely to the measured
values for ae = 0°, It affords, at least for thin pro—
files, in actual flow, a practical relation for rough
calculations between a given cavitation number and the
highest possible 1ift coefficient attainable without cavi-—
tation at smooth flow, As the profile thickness increases
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(i.esy by -increasing -angle' at the leading eage) the zone
in- whﬂch cavitation:.of type 2 begins, becomes: greater.
The h;ghest 1ift coefficients:still obtainablerwithout:
cavitation become even greater tnan our formula indi-
catesa - , : PER S sampe ¥

Translation by J; Vanler,
National Advisory uomm;ttee
for Aeronautiese ; ‘
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TABLE I.- LIFT-DRAG COEFFICIENTS, f:t = 0.0385.

P—Pp |
0,0 0,1 02 03 04 0.5 0.6 0.7 08 09 1,0 11 1,2 13 1,4
@ o q
6 Ca 0,15 0,26 0,37 0,47 0,56 0,64 0,71 0,76 0,79 0,79 0,76 0,76 0,75 0,74 0,73
Cw 0,023 0034 0,044 0052 0,069 0,064 0069 0,070 0063 0053 0,049 0,048 0,047 0,047 0,047
g Ca 013 023 034 044 053 060 066 070 070 067 067 066 0,66
Cw 0,020 0,029 0,036 0042 0046 0051 0,054 0,044 0,035 0,033 0,034 0,035 0,035
40 Ca 0,11 0,20 0,30 0,41 0,50 0,56 0,61 0,60 0,67 0,57
Cw 0,016 0023 0,027 0032 0036 0038 0032 0,021 0023 0,024 0,024
50 Ca 0,08 0,17 0,28 0,38 0,46 0,50 050 0,47 0,46
Cw 0,012 0,017 0020 0,024 0,027 0,018 0014 0,015 0,016 0,016
90 ca 0,05 0,17 0,28 0,37 0,41 0,37 0,37
Cw 0,013 0,014 0,016 0016 0011 0012 0,012
10 Ca 0,00 0,15 0,27 0,28 0,28
Ccw 0,012 0,012 0,011 0,010 0,010
o0 ¢ca 000 009 017 0,17
Cw 0,010 0,010 0,009 0,009
o € _ 000 -001 007 007 008 008
b Cw. 0,009 0,008 0,009 0010 0010
90 Ca -001 -004 -014 -005 -0,08 -003 -002 -0,02
Cw 0,011 0,011 0012 0012 0012 0012 0,012 0,012
.50 Ca -0,02 -0,07 -0,16 -0,26 -0,18 -0,15 -0,14 -0,13 -0,13
cw 0,013 0,015 0,015 0,016 0016 0017 0017 0017 0,017
TABLE II.— LIFT-DRAG COEFFICIENTS, f:t = 0.0735.
= i
V_p" 0,0 0,1 ] 0,2 03 [ 0,4 05 ' 0.6 ‘ 0,7 | 0,8 09 1,0 1.1 I 1,2 1,3 1,4
@ oo q | [ ‘
g Ca 017 025 035 046
Cw 0,031 0,037 0,046 0,054
50 cz 0,13 0,24 0,33 0,44 0,54 0,61 063 0,75 0,81 0,83 0,76 0,74 0,74 0,74 0,74
Cw 0,028 0,033 0,040 0,046 0049 0050 0,049 0046 0034 0,023 0,025 0,027 0,029 0,029 0,029
40 Ca 0,08 0,19 0,30 041 0,52 061 0,68 0,73 0,72 0,67 0,66 0,66 066
Cw 0,025 0,029 0,034 0038 0039 003 0030 0021 0018 0,021 0,023 0,023 0,023
5 ca 004 014 027 038 050 059 060 057 057 057
Cw 0,023 0026 0030 0032 0030 0023 0017 0018 0,018 0,018
90 Ca 0,01 0,08 0,22 0,36 0,47 0,50 059 0,50
Cw 0,020 0,023 0027 0028 0023 0013 0013 0,013
10 Ca -0,03 0,02 0,18 032 0,41 0,43 0,43
Cw 0,018 0,021 0,024 0,024 0,017 0,012 0,012
@ co -003 -003 014 029 035 035 035
Cw 0,023 0,023 0022 0019 0012 0011 0011
10 Ca -0,03 -0,04 0,08 0,24 0,28 0,28
Cw 0,027 0,024 0020 0015 0011 0,012
90 ‘Ca -003 -005 000 016 019 0,19
Cw 0,032 0,028 0,021 0014 0013 0,014
3 Ca -0,06 -006 -007 -002 006 008 009 010 010 0,10
cw 0,036 0,033 0028 0020 0016 0017 0017 0018 0,018 0,018
TABIE III.- LIFT-DRAG COEFFICIENTS, fi:t = 0.1475.
|
PE==DD 00 0.1 02 05 04 05 06 07 08 09 1,0
® oo q
o= o
8° Ca 0,07 0,18 0,29 0,40 0,62 0,62 0,72 0,81 0,88 0,89 0,89
Cw 0,046 0,059 0,067 0,072 0,075 0,074 0,070 0, 0,048 0,040 0,040
40 ca -0,02 0,10 0,22 0,356 0,47 0,58 0,70 0,79 0,84 0,85 0,85
Cw 0,038 0,051 0,061 0,067 0,069 0,068 0,062 0,053 0,087 0,034 0,034
30 Ca -0,04 0,03 0,17 0,30 0,43 0,55 0,66 0,74 0,81 0,81
Cw 0,042 0,049 0,068 0,063 0,063 0,061 0,068 0,043 0,032 0,630
90 Ca -0,04 -0,04 0,11 0,26 0,38 0,51 0,62 0,70 0,74 0,75
Cw 0,047 0,050 0,066 0,059 0,058 0,068 0,046 0,033 0,027 0,026
1o Ca -0,04 -0,05 0,03 0,19 0,34 0,46 0,67 0,65 0,68 0,68
Cw 0,051 0,054 0,054 0,066 0,855 0,049 0,040 0,026 0,022 0,022
0° Ca -0,05 -0,06 -0,02 0,14 0,29 0,42 0,62 0, 0,61 0,61
Cw 0,057 0,059 0,054 0,055 0,053 0,047 0,086 0,024 0,020 0,020 .
10 Ca -0,06 -0,06 -0,06 0,09 0,24 0,37 0,47 0,63 0,54 0,54
cw 0,061 0065 0061 0055 0,051 0,046 0034 00 0022 0022
90 Ca -0,06 -0,06 -0,07 0.03 0,18 0,30 b,w 0,45 0,47 0,47
Cw 0,066 0,071 0,067 0,057 0,051 0,048 0,083 0,026 0,026 0,025
50 Ca -0,06 -0,07 -0,07 -0.03 0,11 0,28 0,32 0,36 0,38 0,38
Cw 0,070 0,074 0,074 0,065 0,054 0,048 0,035 0,032 0,032 0,032
40 Ca -0,06 -0,07 -0,07 -0.07 0,08 0,16 0,25 0,28 0,28 0,28
Cw 0,074 0,081 0,081 0,074 0,060 0,047 0,038 0,038 0,038 0,038
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1. Suction-side cavitation starting at leading edge.
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2. Suction-side cavitation starting at * 1/2t.
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3. Pressure-side cavitation starting at leading edge.
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Key for figs. 3 and 4
— Suction-side cavitetion, leading edge to x% of t.
--- Pressure-side cavitetion, leading edge to x% of t.
----- Suction-side cavitation from 1/2t.
-— Start of suction side cevitation at - 1/2t.
XX Danger of corrosion at suction side.
Zz2 Danger of corrosion at pressure side.
== Violent compression shocks.
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Fig. 5.

— Suction-side cavitation, leading edge to x% of t.
--- Pressure-side cavitation, leading edge to x% of t.
""" Suction-side cavitation from 1/2t.

-— Start of suction side cavitation at - 1/2t.

XY Danger of ccrrosion at suction side.

Z7Z2 Danger of corrosion at pressure side.
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773 Danger of corrosion or oscillations.
— Best L/D at various cavitation figures.
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Fig. 7.
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é —— Cavitation starts on profiles, experimentel..
--- Cavitation starts according to theory for
- smooth blew conditicn,
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Fig. 8.



