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TECHNICAL MEMORANDUN NO, 3

PHYSICAL PHEHOMENA AFFECTING THE DYRAMIC BRUAVIOR OF FINS
BY |
- JOSEPH H, CHADWICK, JR.
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r&eéacé the equations
ithn xaa:x (1) had certain

ie m Mmly neglected (o.g., the
alled “frequency effacts").
In this menmorandun we will consider in prester datail
the physieal 'phanma or “caugcs® out of w-ich tha alnves
mentioned "effects" arise,

B. Ceortein Physical Phenguens
One would arrive at the "idealized" case of iHemo /2 by

using the classic theory of alr-foils in steady netinn in
unbounded medium; by assuming the ship's velocity to bhe
always the sames by assuming that the eapacity of the system







II. " s Y

This phenomenon is very simple physically, It only
has importance beccuse of the closed-loop trpe control
being used, «We have the following situation, Within the

working range of the fins,

L=¢c, (P v2/2)hrea = kol V2 (1)

Thus, gL, i 2 (23

This means that the gain'of the ins varies as Vz.
Now a high-porformance closed-loop sysitem I3 always quite
sensitive tc gain, Thus the wvariacien ~bove muzt Le com~
pensated for, whon the ship changes speod, If the range
of operating gpeeds is large, this adjustment becomes nore
and more difficull,

The variation of géL mey not be gqulte square law with
speed, due to Reynold's number effccte or cavitation, lience

i 1s dosirsble to know the exact law of variation of 4l
Ak,

with ?elnc.‘tYa



111, ZHE TREE-SURFACK BEFECT

The stabilizing fin of a ship actually moves in a
fluid medium which has a fres-surface boundary in the vi-
cinity of thet fin, as below:

_,7,,5,,ﬁ71¢;q¢,.,p,7 o g e =:w~7'7<r771>vr7—’>~—
ih

It has beon shown both theoretically and exverimentally
that to 2 first approximation, the free-surface simply re=-
flects and inverts the loed lincs of the foll te {orm an
eguivalent biplane as abcvepl A compariscn »f Glaucrt's
biplans coefficient (versus the deptn/chord ratio) and the
experimentally determined lift of several wings is shown in
Filgure i, taken {rom Cannion.

Clearly the ratio depth/chord should bs greator than
three 1" free=~surface offects are to be negllnibie furthep=
more, if tnls ratio hecomes less than 1.5 at any time (e.g.,
as the ship roils in waves) the foll may begin to "veontilate®,
that is, to suck down surface air int:eruitrventily, cauvsing

the 1ift to e erratie.

For the tneory of this effect, sees R, H, Cannon,
"Periorinance of Hydrofell Sys%ems" 3¢eD Thesis, MIT, 19%0,
For experimental results which vorify the theory, sece

for instance, ¥, E, Ward and N, 5. Land, HACA Wartime
izgort I~766, sept 1940, and J. M. Benson uhd H. S, Land,
HACA Wartine Report L-758, Sept 1942,



IV. CAYITATION EFFECTS

A, Ganeral

If hydrofolls are operated uvnder conditions such that
heavy cavitation occurs, the center of pressure will be ser-
iously shifted and hense the poment on the fins will be
gerinusly affccted.,z Assumling., on the othsr nond, that the
Toils are not scriously overloaded, the principal effect of
cavitation is to Limit maxipue 1A, and it is thils side
of the questlon which we will discuss here,

By delinition. we say that the govitition limlt has
been reachsd, when the minlmum loecal pressure at any polnt
on the Toil is just reduced te the veopor presaurs (1.a,,
egsentially to zsro), Thus cavitation depends on the pressure
loading of the foil and snecifically on the neak of nepative
pragsure leadipz, One fecls intuivively that the chance
for cavitation must incereasge with greater total loading,
and with Lhe gop-untiomaity of pressure distribution. These

intuitions ¢zn be made much more preclas,

B, Lhe Covitation Numbor ond he Gavitaticn Inden
A cavitation situation 1s most commonly charoatari.ed by

the non~dinensional sealing number,

Cavitotion number = Q = Pg " Py = Pen (3)
q g

3'!';w:’:m.s is shown clearly in J,. F., Allan, "The Stabilization

of Ships by Aetivated Fins,” 3 ]
Vol. 8$, 19'4.5’ Figure 16’ ;)age 13%, m&.ﬁiﬂa
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Whare,
Py * "free-gtreanm" prassure of undisturbad fluld
Py T Vapor pressuroe of fluigd
9 = kinetie heud = (0 V2/2) .
Nete that,
D, = Py *¥h = (atnos. press.) + 3 (depth) (&)

VYV = specific weight of fluid

wow Lo evory cavitation situaticn anad seaiing ¢f that

siluation there corresponds = § = at wiileh the cavitae-

“er
tion limi%t 1s reacned. Unfertunately,

Yoy is yailte lercnd-
ent on the gzometry of the situaiion, and in particuiar for
foils, Qep 15 quite dependant on the angle of attaek. TFer
sur rurpeses we would like to {ind another not~ilnensicnal
number, characterizing eavitztion, which is less dapendent

on the angle of atteck, Lot us make the following

definition,
. Pl e o, /4 -
Cavitation index ={: g L= "L ngw§ (3}
‘ 5 \onf
* t
. SR o S A
Agsin we may dafine é:,,i :g_.‘, op at the cavivation 2imlt,
1 ~3 ] An1
It i1s not bzrd to conhvince nucselt tnatkw;cﬁ is less de-
4

nendent on angle of attack or C, (vhich is to say alnost
the same thing) than 1s Qups In Tact, insofcr as cavita-
tion depends on the total loading, Ez - i3 1ndependent of

Cyy for [} equalg nothing more or less than the ratio of

i P A i et e PR




. But the pogsitive pressure can inerease wilthout 1linit without

actual loading to allowable peak negative pressure drop,

that 1s,
SQM' (6)

Insofar as cavitation depends on the distributien of

prossurs, P g & function of C;. IHence f;} er

- cr

essentlally characterizes the fayorabieness of the pressure
distribution for a given Toll at a given angle of attack.

This makes it quite a uselfual nunber as we shall see., In B
q

or WO immediately have the critiecal loade :

iug, from squation {6) above,

any event, given D

A = 3 i hi
(Lift/area)cr Pop ¥ ' o (7;

L mmat

The following manufactured examples will give a protty
gond idea of the values D op MY be expected to have in

practies,

SR R

1) Fin loaded only with nositive presgure
" g
& { 1

i+ pressure; | 4
\-"'\.,N/ F

T
causing cavitation, hence L ep = & = L,
. pcr




2) Fin.loaded ¢aually and uniformly tou and hotbtom

! » pressure ~ Apgp= P
T cr
b |

1Y T ;

‘+ pressure |, - &p = Per

p———
S

Then at the cavitation limit,p = | p,ny and [} . = 2.0

However, it is well knewn that the under surfaece nf 2 foll

P

contributes 1ittle 1ift, so perhaps a more realistle case is,

3) Fip.losded waiformly on tou nuly

vt S 9 S et 4e
h | JPLLAN.

ro ! —— -
) pressure | dp R

et
w ]

Then at covitation limit, &p = “Dop 3 and g oy 1.6 g
That this is realistic 1s indicated by experimentaliy de=
termined values of L] .., which approach but almest never
exceed 1,0, evon under the most optimized conditions, If
the pressure distribution is not unifofmy {}cr must coms
down, Soeclfically, the presgsure dlstribution becomes less
wiform at the very high and the very low angles of attack.
Thus 1f we wish to operate a foil to 1ts zeparation limited
engle of attacl we must accept a Eger ol apnroximately 0,3,

while for very low angles of attack, ﬂ:eh tends to zZere

{naturally),

C., Anpti-Cavitation Desien and the Mach Number Anulogy

The most obvious approach to anti-cavitation design is




te find symmetrlecal foil sections which lead to relativeiy

uniform pressure distributions, hence to hlgher[] .., and

T

thenee to higher allowable leading, We nre greatly aided

in this search by an interesting colncidones. It happens

that the prediction of the gcavitaticn Limit for hydrofoils
is very closely analogous o the prediction of the gomw

pressibility burbla pojnt (eritlcal Mach numbsr} for

eirfolls, Because of the monctonic, onewone covraspondence

betwean velocity and pressure, auklsburbls ssctions muct
have thc same characteristies as gpti=-cavitatlon sections,
l.2., tend to preduce vnitorm prezsure dilstributlon, Hence,
ong might expect to find good hydirofoil sections among Lha

already developed anti-turble secticns of the NACA, Az a

matter of fact, NACA has alrsady studied the use of certain

3

of these sectlonsg for hydrofoll purposes,

As a nost speeifie aid, all the information on pritical

ver predictiong in NACA®Ts useful compending “Sunmmary
of Adrfoil Data" (WACA Heport 842) mav ba converted over to
eritical cavitatien index or te gritical ecavitaovding smeed

pradiceticns, by one~to-one relztionshins, o5 Collows.

D Gonvertins Criticel Mach Munber to Caviltation Index

We [irst define the lumch ruwaber Ifor the foll as,

o

-—-ﬂ SRR PRSP & i la )
speed of sound in wndist, Tluid (8)

M=

3 For example, John Stoclc, NACA Repovt 763, dlscusses the
NACA 16-series gsections designed to aelsay the compress-
ibility burdble. J, li, Benson and N. 3. Land, NACA
Wartime Report L~758, test one of these sections as a
hydrofoll,




Deflne the gcompressibility limit as the polnt at which
the highest local velocity over tne foil just equals the E

local speed of sound. Then for every compressibility sit-

vation there exists a M = Mcr at which the compressibility

1izit is reached, -

(speed ol foil)cr
speed of sound

Myp =

er (9)

Let 15 denote the hirhast loeal velncity over the foll by
the quantity (Vv + & V), By definitiocn. at the 1limit this

Just swnls the locel spzed of scund, If we chdfse {o neg~

e T ST | Sy

lact the effect of conpressibility on :he leesl spsed of

soind, woe would obhtein the resuit
5 ?

i

= | (10} ';

b \
‘3 r .‘VW P.m“* ; R %

Further, if we neglect compressiindlity, we find that

'

\ " : /' /

£>£) ig a fupcetion of tﬁ;ﬁm in et

o 7 9
d q

‘1.:."..,‘{.‘ " vr.’. - 5 ;7.."" i aaneaid (11)

Now, 1t has becn shewn by Karmanh ard othars that sven
if the sffeet of comprossibllity cn the loeal speed ol sound
and the local pressure is taken inteo acccunty Hcr gtill nay
be expressed as a functicn of _;é,f,__, , *"re Ap is the
meximum change of presgsure (in uﬂ% gtetion sense) on the ;
foil, predicted by low-~sneed or incomprossible theorv.

L .

Th, v. Earman, "Compresslbiiit} Bffects in Aerodynamics," .
Jour. Aero. Sci., 8:337«86, July, 1951, ‘

L
<
|




08, Ap

5 = f(Mcr) (13)

Equation (13) 1s plotted in "Summary of Airfoil Data", or

rather, one may find there a plot of & versus M.,

where,
g=1w _DP (1)

q

Equation (13) iz true [or any airfoil, Now a given airfoil
will have a given pressure distribution at a given angle

of attack, hence one may plov Mér as a function of CL

(the low=gpeed 1ift coefficient), There are many such plots
in "Summary of Airfoil Data", From those plets and equation

(13) we may have AP ag 4 fusetion of C,, for numerous

q
dilfferent folls, We may further obtain the critical
cavitation index and the eritical eavitating specd for these

folls by the following reans,
Remember that by definition at the g¢avitation limit,

Pop £ ~Op = =~ q £ M) (15)

From equation (15) it follows (again by definition) that,

ac «C
Cor ® 53— * Zam, (26)
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Note that the curves of M,, versus C. in "Summary of
Airfoil Datse! have been comrputed iron theoretical (low~speed)
pressure distributions, but that these theoretically calous
labed pressure distributions are gercrully guite accurate,

The ehove treatment iz of necessity scmewhat sketchy,
However, the sszentlal point i1s simple and should not be

obscured by the gemblencs of difficuliy which the poference

to compressibility effects may tend Lo gencrate, The essential

point iz this, There are in "Swmary of Alrfeoil Data™ nue
mOsOUs curves showing Mcr g8 a funetion of lowespeed 1114
coafricient, CL for warioue foll sectiong, These may be

converted inte curves of peall normalized suchion nressinre

(2 p/q) versus C; by means of equation (13), wnich appears
in medifice form in the sare NACA report, Thase last curves
in turn may be converted into curves showing fy . and V.

versus Cp by means of equations (16) and (17),
=

Pe Theoretlcal and Lyxperimentzl Resulis

Fisure 2 ghows sone theoreticul curves converted {rom
the "Swmary »f Airfoil Data” (¥ACA Report 224%), These
curves show ceritical cavitation speed versus 1ilt cocffi-
clent for symmetrical é-~3eries Iolls of various thickness
ratlos. UNnte the differecnce in behavior between the thicker

foils and the thin foils. Fortunately, the characteristiecs

801

> e ’m _&,

e e i
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of the thicker foils are more suited %o our purposes.
The 6~geries folls, by the way, have the most uniform

pressure distributiocn of the more or la2:s standard NACA

foils, but the newly originated lb-serics has even superior

characteristies,

¥
i
i
¥
<N

Cortain experimental resulis from Cannon and NACAS 4

are shown in Figure 3, These results indicate that even

{4
Tep

ceed 0,3 ab the higher angles of attack (or higher 1ift

for camberad folls o apacial type {j.. will not much ex- ;

coeffs.), The actuzl Limiting load fev [

I a7

= 0,3 may be
found by the folloewing calculatilon, voepr a depth of about
firteen feet,

o N 4 , . LA ?.
Dep E P, = Dy = 9, veth ~ p Fp_ +wth E 30004/0t°

[*9

Hence for {},. = 0.2 the eritical loading is,

2

H

(Litt/Area),, = 0,3 z 3000 & L00CH/£4° = 1/2 von/rt

LY - .3 ™~ i) 2 » A »
This is the origin Tor our flgure off 1/2 Len/ft" cavitation

5%

i

loadingm, ?
It is Lrue that rurther Lift can be obtoined sven zfter .

cevitation begins, but it thlg proéess ig carried wvery far

the center of wnressurs will be geriously shifted. as nen-~

tinned bef'ore, and the law of diminishing returns wiil begin

to oxercise itself,

5 Gannon, op. cit,, NACA Wartime Reports I~766 and L-758,

4
R T L = =




F. 0Other wavs to Imoprove Loading

After the best symmetrical section has been found, 1t
is clear from the various references that further laprove=-
rent at a given angie of atlack may he had by the use of
canber, Unfortunately, a variable angle of attack requires
a eorrespendingly variable camber, It is as yet a moot
point whether or not a variabdle flap could simulate varlable
camber satisfactorily from the cavitation point of view,

By analogy to compressibility treatments, sweepback
ard boundary layer ceatrol night also be useful, btut here

again the question i1s as vet moot,

- 1% -



UNATEADY MO | IFFEGTS

Qeneral

All ths previocus commenis

ave applied most cxactly

te so~called steady motion, in whicn the fin moves at a

constant velocity and o constant anzle of attack, If the

fin 33 undergoing unsteady motion {(&.g. has

an oscillating

~

angle of attack) certain highee order terms

appear in the

an extensive

110t and moment equations. There ig by now

T

sion off what

literaturse on this sublect, Tne bast digcus

s

these terms mean physically i perhzns Karman and sesrs,

The theory o»f the 2-¢

sional (Jncompressibhle)

casz may be found in

any souress, beginning with Glasert

All those suthors arrive at

and ending with Theodorsen.

stvietly ccmparable results, but presented in

sre or legs

about the wost

convoaient form. Theodorsen resuhs

The \heory of the 2-dimensional case hag boen quite

. - . . . .2
thoroughly verificd by the experimenteal work of eld” and

h)

E, Relssner, Bull. Amer. Math, gSoc.,
glves a -~ather compicte resume of the m
theory atd the literature,

Bro«50 (1949)

Senatlical

Te V. Kavnen and #. A, vears, Jour. Aero, Sei. 5:

T, Theodorven, NACA Tech. Report 496 (1935)

E, G, Reid, "Bxperiments on the Lift{ of Airfoills in
Firal report to Air Corp
T, W535-a¢-18162), July 23, 19%2,

Non-Uniforunn Motion,"
fiaterial Division

ot
H

1Y

=
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The theory of the 3-dimensional case (incompressidble)
1s treated at length (with tables of the appropriate fune=
tions) in Blot and Boehnlein,®

We have not as yet been able to find a definitive ex=
perimental verification of the 3-dimensional results, but
they do not diffor markedly from the 2-dimensional results
and hence are verified indirectly by Redd's work,

In either case, the fora of the 1lift and moment equa«
tions depends on the cheice of axis of rotation; and the

prinecipal argument of the equations 1s the so-ealled pe~

duced freguency.
reducad frequancy = k = @gl (18)

where,
o = Trequency of opscillation in radians/second
b = 1/2-chord in feet

V = veloelty in feet/socond

B, Equakions for Axis ab the Guarter Chord
If we arbitrarily take our axis of rotation at the
L/ 4=chord, the equations for section 1lift and moment reduce

to the following transfer funection form:

2=dluengional case
- . 2
k=€) on o+ 0+ 0D + @] a9

10 My A, Biot and C. T, Boshnlein, "Aerodynamic Theory
of the Oselllating Wing of Finite Span," GAICIT
Report No, 5 (Flutter Project), Sept. 19%2,

& 16 =
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, 2 .
f{s 21r("%12 w2 [ o+ 2(%‘) + gv('g‘) ] ‘ (20)

C. Yector Locus nf Relative Zdft

2 @ a

, .3k £€.2)
k= on5E) 2 ‘_‘( Pt (2Pl 5 D

'Ova)b”((

E,. L TP BRI R G P

) +?J(‘!-) +~-*-(~L~) )) (22}

Where C , PAR s and QAR are complex functions of k¥ . But PAR |

and Q,p are alsc functions of aspect ratio such that,
Foti = QeQ= € (23)

Hence the 2«dimensional and 3~dimensional equations above
are compatible 1n the iimit (AR -»eky, »
Tables of C T F + jG are given in Theodorsen; and

tablea of Pq fx’FAR v J Gypoand Qo ¥ I ITpg

are glven in Blot and Boehnlein, for varlous aspect ratlos,

l If; in either case, we deline the quantiiy inside the
brackets as L/LO = pelative 1i°% or M;"M‘ = relative moment,
then we have a comparison between the 1ift (or moment) of
the glven foll at a glven. frequeugy =nd che 117t (or
noment) of a 2edimecnsional foil at gero freguency. Figure 4

shows L/Lo plotted as a vector locus (in terms of the argu=
ment k) for AR =¢R and 4R = 5, Notice that the effect of
finite aspect ratio is to remove the lagping kink in the




veetor locus, In faet, the locus for AR = 5 can be
closely approximated by a quadratic in )k as shown in Fige
ure S5, For AR = 5 it is clear that the 11?%,.1f anything,
tends to lead the zangle of atiack. How wmuch., depends of

course on K %
Typleal values of k might be as follows., Let ¢ = b £, g
then b = ¢/2 = 2 £t, Let V = 30 ft/second, Then,

km%hz%:&%még

Now at £ = 6,5 eyele/second =¥ 5 ¥ (shin's natural frag.)
¥ F 0,2
Referring this vaiue to Firura % 1% appears that the fre-

quency effects in the 1if't equation, whlle noticable, will

not produce drastic changes,

Ds Exeguency Effects in iHomept Youation
The frequency effects in the meoment equation will be
mueh more important, beecause the moment would otherwise be ]

zero or nearly szero. To nmeke the mowuent equatlon eccnplete

we shonld lnecrease the coefficient of ite inartlsa teras to &
take account of the fin's own {mebal) inertla:t the Lern
shown in eguations (20) and (22) is only the so~called
"induced” inertia, Caleculation indleates taat (for numbers
as above) the self=-inertia will probably be less than one/hulf
the induced 1ne;tia,
Assume that the moment equation 1s corrected for gelfe-

inertia, Assume further that the axis of rotation for the

& 18 &

e i i e




finite aspect ratio foll is adjusted to be zero at k =0 ,
Then at k = 0.1 (£ = 0.5 using b = 2 £t and V = 30 ft/see)
it appears that the moment due to angular veleccity 1is about
ten times the moment due to static angle or to angular
acceleration, This indicates that the angular agceleration
loading will not be wery important (for design chords and
speeds similar to those mentioned), The static angle loadw
ing also will be generally smaller than the angular velocity
loading, perhaps gaining imporiance at the higher speeds
where the statie term is accentuated (by the change of k)

and where cavitation may shift the center of pressure,

“ 10 -




VI. GONCLUSIONS

In this wenorandum, we have dlszussed & npumbar of
physical phenomena which affeat the dynamie behavier of
fins, A% the moment it appears that a knnowladge of these
phgnomens, plug a mowledge of c¢lassic aerodimamic theory
for ateady motion, plug a inowledpe of structural require-
menvs, will constitute & reagonable workinz basis uncn
which to bhegin the desipn of fins.

L

Ve nave considered feur arbitrarey categories of effects:

(1) The velocity aftect; (2) The froewsurface effnots

{3) Cavitation eftects; and {%#) Unsiecady rotion effects.
0f these, the last two are the moat critical, but zaeh has
important and obvious implicaziens anncerning the deslpgn of
fins and/or positiening motors. In gubsaquent memoranda
we wili dlscuas some of the relatlong betwsen the body of

knowladge mentioned above and practical fin and positioning

woter degsien,

o
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