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The serodynsmio chermteristias of a lifting body are studied for the oase of a non-uniform oncoming stream at 
supersonio speed peat e thin oscillating airfoil at a small angle of attack. The two motions are absumed independent of 
eboh other and the coupled motion is anelysed using the theory of small disturbances. Analytio solution of the 
linewised problem is then obtained by applw:. Laplace transformation to it. 

The majority of fluid flows encountered by the aerodynamicist are turbulent. As the statis- 
tical theory of turbulence applicable to subsonic regime is well developed, extensive work has 
been done on the response of airplane to atmospheric turbulence. This, howeve;., is no longer so 
at supersonic speed; even though, supersonic aircraft cruising in the stratosphere occasionally en- 
oounter sudden and unexpected clear air turbulence (CAT) and the diffi~ult~y of control in such 
ciroumstances is, further, accentuated due to high speed of the aircraftl. The present study i6, 
therefore, motivated by the desire to learn something about the effects of turbulence on the aero- 
dynamic characterist~cs of a wing a t  such speed. 

In the absence of any suitable statistical model for supersonic turbulenoe, the case of an 
unsteady onooming stream past. a thin oscillating airfod at  a smzXll angle of attack *is examined 
in the first instance. Prom tbe results of this case one may expect to get some indication of 
what an ambient atmosphere would do to the characteristics of a lifting body at supersonic speed. 

N O T A T I O N S  

U (a, t) = free stream velocity 
urn = bask steady velocity 
b = ohord length 
t = time 
Qa = speed of sound 
0 = complete velocity potential 
4 = complete perturbation potential 
V = volume occupied by the gas 
, = time instants a t  whioh conditions 

are pregoribed 
w = frequency of the ogcillating airfoil 

Wo = frequency of the fluctuating flow 
k = reduced frequency of airfoil 

= reduced frequency of flow 
(x, y, z) = ooordinats system (origin is fixed in 

the body) 
h = vertical translation amplitude - 

= oomplex amplitude of the flow 

e9 = qodqluff 

80 = phase angle 
Wa (x, t) = prescribed down wash 
L (t) = Lo (t) + L, (t) total unsteady lift 
Lo (t) = lift due to the oscillating airfoil 
Lo, (t) = lift due to the fluctuating flow 

(t! = Mo (t) -4- MU, ( t)  total pitching 
moment 

NU (t) = pitching moment due to the millat- 
ing airfoil 

dlmo (t) = pitching moment due to the ffuctuat- 
ing flow 

PCO = density of the medium 
Y = ratio of specific heat at  constant 

pressure to a t  oonstant volume 

M, = Mach number 

Jo = Bessel function of orde~ zero 
(r), (i) = denote real and imaginary part res- 

pectively 
* = a t  the head denotes non-dimension- 

a l h d  form of the variable 
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1 C O V l R N I N f f  E QUATIONB 

we assume that there exists a disturbance in the atmosphere independently of the passage 
of airfoil through it. Therefore, the free stream is assumed to vary 

The fluid flow considered is inviscid, compressible and irrotational; -the airfoil is thin and of in- 
finite span a t  zero incidence and executing small oscillations in vertical translation only (plunging 
motion). Since the gust motion is assumed irrokational, it is justifiable t o  assume the motion in- 
duced by the airfoil to be irrotational also. In view of this, the equation to be eatisfied by tho 
velocity potential @ is written in the variational form2 

Y - 
2 1 a 1 1 iJJ p&- + T ~ 2 ( x , t l - -  a t -- 2 f * ; r d l a v d t = o  (2) 

V 
t 1 

where 

a = 1 u (x, t) ax + + (3) 

and 
. + 

q =grad@.  (4) 

The exact equation (2) is non-linear and is solved by applying an iteration in 3 , which is a 
am11 parameter characterizing the size of the snall disturbance, to it. Thus, giving the first order 
prturba tion equation 

Equation (5) is hyperbolic in the present case and is being solved subject to the tangency condition 

and the up stream condition 

The nose of the airfoil is located at  the origin in a moving frame of coordinate system, &axis 
pointing vertically upwards. 

Solution to Perturbation Equation 

The non-homogeneous equation (5) is solved by letting 
+ = * + x  

so that t,b aatiafiw 

and x 

The boundary conditions satisfied by $ and x are 

= W , ( x , t ) ~ O <  $ 4  b (11) 

ay? 
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and 

respectively. 

Since the solution 1,4 willvanish up stream of the plane x = 0, the functions x must also vanish 
there, i.e. 

The solution to (9) subject to the boundary conditions (11) is well-known3 , while to that of (10) 
is, most readily, obtained by first separating the exponential time factor and then applylng to it 
the Laplace transformation with respect to x . Therefore, after substituting 

into (lo), one gets 

Denoting the Laplace Transform of x1 byX1 , and applying it to the (15) one has 

where s is the tran~formed variable. At  the same time, the boundary condition (12) becomes 

The solution of (16) subject to the condition (17) reads 

for z 2) Of 
Inver~ion of which yields4 

Defining now the reduced frequency of the fluctuating flow as 

b a0 ko = - 
urn 

so that 

The complete solution of the first order problem is, then 
x* - iW (s* - f * )  + (x" , o+ , t )  = - 
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where 
i cu 

W a ( f * , t )  = - i w h e  

and 

Lift Dis t r zh t im over the Airfol 

Compatible with the second-degree terms in (5) and modified to include the disturbance in the 
flow field, the expression giving the approximate pressure relation becomes 

2 

a 4 i m o  ( t -  -) 
p (x* , t )  = - a 6 + p, u; e u, 

P" (dt+ --i;- 7) (24) 

Total lift and pitching moment are now obtained by integrating 

z (x* , t )  = - 2 p (x* , t )  

the amplitude of lift-distribution, between the limits 0 & 1. Thus, 

- M ( t )  = b x* 2 (x* , t )  dx* = - Mu ( t )  - Mwo ( t )  , say S '  (27) 

The expressions for Lw ( t )  and - Mo ( t )  which give, respectively, contribution to lift and pitching 
moment due to the oscillating airfoil in a uniform stream are the same as given in references ; 
while Lo, ( t )  and - Mu, ( t )  which give respectively, additional contribution to lift and pitching 
moment due to the fluctuating stream have their real and imaginary parts. as 

1 .- "-0 ('1 = (L) [cos .To sin (2%) sin q, 00s (S) + 
P, ba U2 Jfa ho J& M* 

- MU, (i) =- (G) [sk~,s in(*)  + 1 a*e a+, coe (-0) + 
~m ba U% ace 



SEARHA: Motion of an Osoillating AirGiI 

Cuse (I) : If w0 = 0, i.e., there is a sudden change from U, to U, (1 + <) in the free strmm velo- 
oily, a quasi-steady state, the values of the total lift and pitching moment are obtained by 
taking limit as oo+ 0 

Hence, 

and 

Xxpression (32), obviously, gives zero lift for Mz = 2, no matter what ie the value of the velocity 
pitching moment, on the other hand, remains unaffected by the change in Mach number. 

Case (2) : If wo = w, the values of the expressions (28) to (31) are obtained by replacing Go by G .  

It ib  for the Case (2) that the values of the mid-chord derivatives are calculated for Mach 
numbers 1.2,  1 . 6  and 2-0; and for co = 0.0125, 6, = 0, h = 0.5 b. The results .&re given in the 
form, of graphs, separately, for real and imaginary components of the lift and pitching, to facili- 
tate tbeir comparison with those of Temple and Jahn. 

As 1s usual mid-chord derivatives are oalculated after transforming lift and pitching moment 
to an axis distance 4 b aft of the leading edge. We have, therefore, plotted : LV), LP), - M(r) 
and - M(i) defined as 

PRESENT M L Y S L S  

tLMPLL & JAHN ( 3 )  
-- -- PRESENT ANALYStS 

- TEMPLE L J A N h  ( 3  ' 

I 1.0 2 . 0  3.0 
0.0 0 : s  1.0 1:s 2:0 2:s 3 - 0  

REDUCED FREQUENCY ( k )  REDUCED FREQuENCV ( h )  

Fig. I - V e l ~  of the real pert of the lift ageinat k for Fig. 2-Vhlu 3 of the imaginary pert of the lift against 
A&, I. 1.2, 1.6, end 2.0. kfor I, = 1.2, 1.6 and 2.0. 

137 
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---- PRESENT ANACVSIS - TEMPLE L JAHN ( 3 )  

Fig. 3-Values of the real part of the  itching moment Fig. 4-Value of the imaginary part of the pitching 
against BforM, = 1.2, 1.6and2.0. moment against k: for M, = 1.2, 1.8 and 2.0. 

b 
Lc") = 2, $ - b 

h L,(r) L(" = E + g La,(, (i) (34 

b b 
-Jf(") = -% - -% h Ha,, ( r ) ,  --,Mi" = - m, -- aWO(i) (35) 

against the values of the reduced frequency k (= k,) ; where lz , 1 ;  , --ma and -m; have the same 
meaning as in references. 

The numerical values obtained, here, show that the additional term due to tche disturbances 
in the atmosphele contributes slgmficantly to the values of the llft and pitching monient. It is 
obmved that the eflect of the additional term 1s to decrease the value of lift acting on the 
airfoil. In  the case of pitching moment the tendency of the additional term is to i~creaae its 
magnitude for lower values of the reduced frequency (0 4 k $ 1.5), and to decrease for nigher - 
frequency range ((2.5 < k < 3.0). Moreover, these effects increase with the increase in Maoh 
nunlber. This clearly shows that outside disturbances must be taken into acconnt for any correct 
evaluation of the forces and moments on a tcing in a moderately supersonic flight. 

The author, is grateful to Dr. R.R. Aggazwal for suggesting the problem and to Dr. C.D. 
Ghildyal for his continuous guidance. The author is also grateful to the Director, Defence Science 
Labortatory, Dehi tor permission to publish this paper. 
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