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INVESTIGATION OF EF BCT OF AERODYHNANIC
TI/EZ LAGS ON TEE DYNAMIC STABILITY
OF AN IDEALIZED CCORFIGURATION

Summa*'v° ~- A theoretical analysis is made of the
effect or ucrodvnam*c time lags on the dynamic stability of
an oscillating airfoll, Two special ecr..es are examined
{see Fig. 1). Tor the first case the airfoll is agsumed to
be rota t';g harmcnically about a fized point. The second
case considers two degrees of freedom consisting of rotation
about a polint coupled w“uh tne trangverse oscillation of
that point. The magnltudes and pnase lags of the aercdynamic
forces in the low subsonic and supersonic regions are taken
from known solutions. Since there is no adequate theory for
the corresponding “MLO“W:uion in the transzcnic region, the

redynamic parame i ange were approximested by
g=-in curves b tneen the known subsonic ana suparsonic
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fixed point it is
found that the motion iIs unstail or 2 definite range of
values of the parametsr y = 1/c where 1 is the distance
oil

For tkhe case of rotation sab:
ol

from the leading edge of the zairf to the point of rota-
tion end ¢ is the chord of the zirfoil. The range of
values of @ for instebility varies with lMach number and
with the "reduced freguvency,” as shewn in Fig. 2.

For the two-degree-of-fresdom case essentially the same
qualitative results are cbtained. However, the calculations
for one particular numerical example indicate that the
unstable rangs 1s smaller than for the corresponding single-
desrﬂe~of»¢“ooaom case. This implies that if the motion
is stable 1or rotation about a2 given fixed point, it will
also be stable if that point has a transverse oscillation
provided t“v transverse motlon has the same emplitude end
phase relatlve to rotation that was found in the example,

-4 -
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The analysis given herein may possibly be consldered

| as approximating the behavicr of a falling body with tall

fins if it is assumed that the aerocdynamic effects of the
body 4o not significantly change the conditions upon which
the analysis 1is based., The fins then act as oscillating
eirfoils with the point of rotation at the center of gravity

of the unit.

-7 The application of thils analysis to the Mk IV bomb 1s
discussed on this basis. It is found that the principal
means of increasing the dynemic stability is to increase

the parameter §, - This change in can be obtained

either by moving thne center of gravity forward or by reducing
the airfoll chord, provided that static stability is main-
tained., Due to thz many asswapbions made both in the

° T 28s
anslysis and in 1fts application %o a aspecific unit, it is
evident thst the cuantitative resuvlts must be unreliable.
Howsver, i% iz possible that the theory may bs useful in

- indicating general trends. A wind-tunnel program is recom-
. mended to test the Tueory.

{I}). IHTIRODUCTION

There are many possible czuses for the instabllity of
e Talling body. For example, siatic instability may occur
becsuse of unfavorable variations of the serodynamic forces
and momenisg with angle ol attack or ilach number, and dynamic
Instability may result from various causes such as bufleting
or tinmzs lags In ths buildup of the zerocdynamic forces. In
adéiticn, other factors such as ncnlineer variations in the
aerouynamic forces, or ccurling between roll, yaw, and pitch
may 2150 contribute to instadbility. In any one case the
instakility may be duve to z combination of several of these
causes,

As a step in abtempting to understand trhe different
vossible mechanisms which can lead to instability, it was
thought desiredlie to investigate the effects of aerodynamic
time lags on the dynamic stability of an oscillating airfcil.

Time lags arise from nonstationary flow conditions
which may be of two radically different types. The first
type is associlatved with a smooth flow pattern corresponding

o B e L et S e O AL S e o

.
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to potential flow theory in the subsonic region and to
lirearized flow theory in the supersonic region. The second
type, vhich is more difficult to treat anaiytically, involves
separated flows, perﬂodlc breakaway and reattachment of flow,
shocks, and various hysterecis effects between the flow
pattern and motion.,

Intuitively, 1t seems natural to expect more trouble, l
&t least im the transonic region, from the second type of \
flow conditions. However, there is no edeguate theory for }

the_time lags involved id‘IIBhs o; the second type, and it-
vas _therefore necessary to base ihe énarvstg‘ﬁﬁﬁh the aveili-
sble thecriés for ficws of the f‘”st type. Consequently,
this AOETVEIs Te ZiricTly Znpiicabie—ondy- £0 smvcph eIPLItws
of the first type. In addition, the anaiysis is restricted
to & consideration of an idezlized configuration ccnsisting
of an ocscillating airfcil slone. Two special cases are
discussed. The first case, sce Fig la, is an airfoil which
is consireined to rotate about & fixed peint. The second
case, see Pig. 1lb, zounsiders two degrees of freedom consistT
Ing of rotation zbout a point coupled with 2 transverse
displacsment of that poinb. |

The magnitude end phacse lag of the uerodynamic forces
acting on an harnon¢caL1y oscillaJ1 g eirfoll are known for
subsonic po*eutlal flowl gnd for supersonic linearized flow.2
There_ is no known solution for the corresponding information
in the transonic region. ~In order to obtain the aérodynamic

arafieters Lfor-the-transonic region, the procedure was
adopted of fairing-in curves between the known subscnic and
j Although a certain.amount of-physical
the bai“ed curves,.there_is
cdure, ‘and it nmust be regarded

[44]
=

7 assumptions msade in the analysis,
pq“tlcu’a‘ nL.erical results obtained
61

r

’_J:

Eovever, it is velieved
ray ¢na1va the generazl trend
ty end may cerve as a guide in
with a wind-tunnel model.
The soluticn for the casse of an airfoil rotating about
a fixed point is discussed In the suction immediliately follow-
ing. The enalyzis for the two-degree-of-freedom case 1s
presented later on in the reporst.
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(II)., STABILITY OF AN AIRFOIL COSCILLATING ABOUT A FIXED POINT

Consider an airfoil which is oscillating harmonically 1
in rotation about & fixed point B as shown in Fig. la. 1

T .
ey

chord of the airfoil

o
n

pe = distance from point of rotation
to leading edge of airfoil

AJe i A0 e s Alatie Unia e

() = circular frequency of oscillation
iz -1 g
- ivt o - s g
& = 6.0 - angular displacement of the 3
airfoil 3
V = vsioccity cf zir stresan ;

/3= air density

S = area of airfoil ;
a = duL/dcg = glope of 1ift coefficient j
of airfoll :
r = 5-.,.,‘0 = wed DA b
k = = reducec freguency
The noment of the sercdynamic forces about the fixed
point B can be expressed in the following form:

*r
b

T, = -3, + kal - w(F, - 2kel - k¥t ki pP
LJ?'X' = =Q i< - k'o— - '( Y"-:' L Dy + ka ) _L:'E p_g i
‘o -1 “2 pL3 7 =35 ‘G4 kry |

CUNCLASSIFIED
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In the equations above the eight parsmeters T, ri, To,
g, qqs q?, —2, and qg can be calculated for subsonic and

supersonic velocities from equations given in the above-
mentioned references by Thoodersen and Borbely.. Each .
parameter is a function of beth the reduced freguency and 3
Vach number. Values of these parameters in the transonic

range were roughly estimated by fairing-in curves between

their subsonic &nd superccw;c valnes and msking due allow~-
gnce for an a2brupt peak near a Mach number of unity.

™

SRl aAITAE

The stability of the oscillating system can be deter s
mined by calculating the energy input per cycle. Thls pro- -
ceduro leads to the simple relaticn that the motion 1s stable
1f ¥* is less than zero and unstable if P" is greater than
e

Ry
L4

ro.” Exeminaticn of the expressicn for mé shows tha%t for A
given Qen of zerodynamic parameters (that is, for a given !
duced fregquency 2nd given lisch number) there will be a T F
ange of valvos of 4 for which the system is wnstable.* .

The CalCLlat°d values of p at the boundary betwsen
stablility and iastzbiliiy zre shovr in Fig. 2, These
limiting values of § are plovtsd aS g2 function of Mach
nudbn“ Por ezch of severzl values of the reduced freguency
k =,4¢/V. For exzemple, for k = 0.02 and iach number = 0.8,
the system is unstable for any P between 1.57 end -0.46,
that 1s, for points of rotation from 1.87 chord lengths
shead of the leading edgs of the airfoi. to .46 chord

length behind. It is stable for poinus outside of this range. :

e g

T SR Y S0 e

{4y, Applicaticn to Complete Unit P

™ order to zpply this theory to a2 falling body with
fins, it 1s necessary to make the additional assumption '
the aerodynamic effect of the body is negliglble., This ;
obviously not correct since there are aerodynamic forces ' :
ting on the bedy and since; due to the shock waves and ;
her body interference effects, the flow over the fins will

2l
hsa

ot s

po ¢t b

cr- o miy e

L R KT T Ry

#For Mach numbers greater than 1,58, the system is i
stable for all valiues of/AL i
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not be the same as that agssumed in the analysis above.
However. until a more complete theory is available, it seems
worthwhile to study the implications of this simplified
znalysis with the hope that the general trends may still be
gualitatively applicable,

As an example, agsume that for a unit similar to the
Mk IV we have the following data: (u 27 radlans per second;
c =3 ft; and V = 900 fps, Then k = 27 x 3/900 = 0.02.
Consider the center of gravity as the point of rotation and
assume that it is 1.8 chord lengths ahead of the leading
it ig seen that when k * 0,02
table bet -en Hach numbers

Thus 1t is seen that the general trend of tha stabllity
curves is to indicate e range of Mach numbers within which
the motion is unstable, ¥t 38 to be emphasized that the
gspecific numerical results obiazined Trem Fig. 2 are very
doubtful because of thne numerous assumptions made in the
theory and itvs spplication. It is only the general trend of
the curves that has possible signiflicance,

If this theory is valid, one possible remedy for in-
stability is to make u sufficiently large so that it will
be oubside the insteblility renge for all Mach numbers. This
can be sccamplished seither by moving the center of gravity
foryard or by reducing the chordwise dimension of the fin,
provided that static stablillity is maintzined.

The effect of changes in other parameters is represented
by the corresponding change in the reduced frequency
k =¢c/V, For exampls, if the moment of inertia of the unit
ig decreassd, the frequency would increase, and hence k
would be Increassd. According to Fige 2, if k 1is Iincreased,
the region of instability becomes narrower, Similarly, in-

ereasing either dCp/ded or the density, s, would increase the
freguency and henceé also narrow the region of instability.

It sheuld perhaps be noted that the frequency of the
unit can be caleculated with sufficient accuracy from static
test date by the usual formula

+ dC st
¥ c
¢z 2
Vax I

That is, the time lags do not appreciably change the fre-
guency within the range of parameters that is likely to occur.

_ UNCLASSIFIED.
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{B). Discussion

It iz not to be expected that the theory above for time
lags iz cumplete., 1In the transonic region the effect of
shocks and separation has been neglecite 'l because of inadequate
knowledge. There may be some appreciab.e variaiion with
Reynolds number &as well as Neach rumber in this range. Vhen
applied to the prototype unit, the aerodynamic ellects of
the body were neg‘ected as well as the °aﬁf that in an actual
drop the ifach number 1s changing rz2pidly with time. A

Other meﬂhnni ms hesides time lags can also cause in-
steblility, In an F*ve‘ case the instability may be due to
2 comiination of di czuses, Brief comments on soie
of thess other pe:ss g=25 of instability fcllow:
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{(2). Variation of Res%

oring Noment With

Tin -- If, during 1light, the restoring
mo¢ent ceﬂvoase° c0ﬂu1nu04517 with respect Lo
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illations to build

up. Fer such a decrease in moment the reguire-

ment is thaet the quantity —-———

with time In flight, /a
increase COﬂULQ"ouoly with
de/ﬂei may decrezse with re
raTH short intervzls beczu
wit Mach number zs showvm by
The net effect 1s thav thers
tervals in the flight during
moment dscrsases with time.
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oscilliations.
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w 6=
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with these velues of , planform A is probably dynamically
unstable for high ilach numbers, planform B is about neutrally
stable, whereas planform C should be dynamically stable.

It is important that the reduced freouency in the model

test be the same as for the p"ototyne "he simlilarity condi-
tion for equal k in prototype and model requires that
5
2 = 12 /92
T .5 a4
Il _g_l '/01

where I 1is the moment of inertiz, 1 1is any characteristic-

length, and & 1s the alr density; the subscript 1 refers
to the prototype; the subscript 2 refers to the model.

{(III). IDBALIZEL CONFIGURATION WITH TVWO DEGREES CF FREEDCM

/

In the [irst part of this report an idealized configura-
ticn of one degree of fresdom, consisting of an airfoil
oscillating about 2 fixed point. has besen investigated. The
guestion that may be asked is whether 2 coupling of two or
more motions can produce more critical conditions than that
of pitching only. As & first step in answering this gquestion,
the sffect of time lags hzs been determined for an airfoill
cscillating about 2 peint which is oscillating treansversely

joy
<
to the airflow direction. This may repragsent,in an approxi-
matse manner

, the motion of the wnit pitching about its
center of gravity with the center of gravity moving trans-
versely to the mean [light path for wh' -h only the aerodynamic
forces on the fins are ”ﬁSldﬁPDd: The zerodynemic forces
n the body and the Interaction debtween the body and fins
are ompletel” neglected,

In the study of the two-degree-of-freedom system, it
is necessary tc introduce such factors as the mass and moment
of inertiz of the unit. However, becsuse of the many approxi-

matims made, T csults of the analysis should be used only
to indicate gualitative trends, and in no case should they
be interpreted as guantitative values that apply directly to

the unit.

T

B
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my = L
o (1)
Ig = K
If we assume an oscillation with anguler freguency ¢ such X
o - O A
¢ o® (2) -
. . 4
. = oy plilwt Q) E
J Yo g
on substituting the ezpressions for the serodynamic 11Ift ¥
end moment of the airfoil, the egquations of motion become 3
F (P 04 1PH)i = ¢+ (P, +1F)) 8 =0
i ne v 7L e
: - (3} 3
2 a
—~ B 7 -— 5 ;
T e s :.r- e e = 3
("'.Y T iu:;) p '§' ! ang" *‘ (.ue + iha) - O A
for which the charccteristic equaticn 1is i
o= 3
. Ao 3 . 2
4, 1% = e mo L og(a80 it g S P
kK* & A i — mg T p Iy ¥+ it Mg t =5 Py) k
|zc4' r... -— S A —-— a2 Di:'— o 3% K
Y p = - TN e - > T"- 3 R e IR a2y he 4 - ;;'h - ,
¥ o g... yMG I.‘.yh.e feuy T i’elu + i( yﬂe Pehw_ Pedxy ¥
-
oA\ —
ry"e)i = 0 (4)
P

~ Y

L;\uimﬁwhuﬁiﬁj)

- - 16

and M¥oticon

(B). Stability

Referrinz to Fig. 1b, the eguations of motio s are

¢
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The values ¢f the .r!s &end gq's have been obtained for
Mach numbers near uLity by feiring between kXnown subsonic
and superscnic values.
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In the numerical evaluations which weres made to establish

gualitvative effects, it was found expec’ent to allow both i
to vary so that the characteristic equation was
‘1ied while holding 211 cther parsmeters such as mass
and moment of inertia ﬂons*auu. Thus for a gysteaq with a
given mass and moment of inertia, the position of the center

L gravity, in tems of sy &and the fregquency, in terms of
¥, are determined fer neutral dynamic stability. Allowing
the position of the center of gravity to vary while holding
&ll other parametsrs constant is, of course, an expedient
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for showing the variation of stability with the positlion of
the center of gravity. UNeutral dynamic stability for an
actual system would only occur when the K thus determined
corresponded to the sctuval position of the center of gravity
for the system,

(IV). CONPARISON OF THE TWO SYSTENS

es of a systpm with

cf tvo degrees of free-
ach, assuning the same

szme gerodyn&mic parameters
characteristics are those

To ¢
one degre
dom, an e ¢
physical charscteris 3
for the systems. The phy
for tlie Mk IV kol O F¥ bom

ct

o8
3

*-5

&)
1
<

ot 0 S e

] O v ct
3

5]

o) in ¢

em is showm in

ts, in terms of

for euural

v of os cilla ion thst

ne 5iven coxditions of Mach

nvaber & ion of the er of gravity. In genersl,

the frsouencios for the sing e-gegree~cf~freedom system are
eny

slightly higher {about 20 per cent) than the two-degree

13
g ]
'

M

(o]
@ Fy

E
o013 m

YN oo
0
hyC

13 cted

< e VS

pre v
»

M (3~ et

3 by g iy

'
Q by

P s O

4O b O
[ SO ¢V

[
< '

e (D et Q'O

:r

RO IR RO
1@ oM
ooy

[

!
OO 0D

(R B Ny o TR BT
p

-t
)

LS

(o1

w3

Q

[6}
»fi
(U]
3
=
[u]
o

system for the zame lach number. This difference is due
rather tc the different positions of the centers of gravity
for neutral stebility with the corresponding changs in static
stability than tc an inherent difference in the two systems.

It is evident that if the position of the center of
gravity is {ar enough forward to prevent instability in a
system that i1s only pitching, this position should also be
sulfficient toc prevent instabilifty due to the combination
of pitching and transverse motion for the cases examined.
This implies that if the instablility cc.. be corrected by
varying the B <3 model which 1s a&ilowed only piteching

motion, this correction should be in the right d’rection to
improve the stability of the gystem that has a coumbiInation
of pitch and transversa motion, provided the motlions fall
within the freguency range investigated.
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The amplitude ratios and phase angles were evaluated
for the two-degree-of-freedom system. It was found that
¥o/6.c was of the order of unity, so that for the unit the
transverse motion of the center of gravity would be very
small compared with the pltching motlion. The phase angle
between transverse motion and pitch is about 3 degrees,
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