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Unsteady Shock Wave Motions on a Thin Airfoil at
Transonic Speeds Caused by Aileron Oscillations®

Masato TAMAYAMA ™, Jiro NAKAMICHI

Abstraet

Aileron buzz is one of the most dangerous phenomena encountered in high-speed flight. If the wing is
thin, conventional aileron buzz, which is always accompanied by boundary layer separation, will not occur.
In this case, shock wave motions are of great importance in the aileron buzz phenomenon. To acquire fun-
damental knowledge on this type of aileron buzz, the relationship between shock wave movement and ai-
leron hinge moment have been studied with numerical simulations. A forced aileron oscillation was applied
to the unsteady Navier-Stokes simulations around a two-dimensional NACAQQ03 airfoil with 25%
chord-length aileron at the trailing edge. In this study, the Mach number, airfoil angle of attack and amplitude
and reduced frequency of aileron oscillation were varied. The influence of these parameters on the flow
characteristics is described, taking into account the shock wave motions on the aileron surface and the ai-
leron hinge moment. It is observed that, if the shock wave exists on the aileron, it oscillates around a position
located upstream of the steady shock wave. The position of a shock wave moving on the aileron is greatly
influenced by flow viscosity. It is also observed that the shock wave oscillates non-harmonically, even
though the aileron oscillates harmonically. This characteristic was studied by simulating the shock wave mo-
tion, assuming a one-dimensional flow field. From this simulation, it is observed that the pressure ratio
across a shock wave changes non-harmonically and the shock wave moves non-harmonically.

Key words: Transonic Flow, Thin Airfoil, Unsteady Aerodynamics, Shock Wave, Aileron Buzz
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1 INTRODUCTION

Aileron buzz is an aeroelastic phenomenon that ap-
pears at the speed equal to or faster than the tran-
sonic speed. It is categorized into three regions, A,
B and CY. Region A buzz occurs if the flow sepa-
rates from a wing as a result of a strong interaction
between a shock wave and a boundary layer, and
the separated flow oscillates unsteadily. Region A
buzz has been studied precisely by some research-
ers?? because the flow field relating this buzz can
be occurred on conventional transonic airplanes.
Region C buzz occurs when a shock wave appears
at the aileron trailing edge. The flow field constitut-
ing Region C buzz is a supersonic potential flow
and, therefore, the prediction of its occurrence will
be done relatively with ease. Region B buzz can be
caused only by an existence of shock waves oscil-
lating on an aileron®. Our study originates from the
development of Japanese non-powered National
EXperimental airplane for next generation Super-
sonic Transport, NEXST-I. Even though the
NEXST-1 was designed to be free from aeroelastic
phenomena during the flight envelope, the severest
aeroelasticity phenomenon was an aileron buzz at
transonic Speeds4). The NEXST-1 has a thin and
warped wing, and, therefore, a shock wave / bound-
ary layer separation is not easily generated. Aileron
buzz in the NEXST-1 development had to be Re-
gion B buzz. This type of buzz will grow rapidly”.
It is difficult to alleviate Region B buzz with aug-
menting structural rigidity for airplanes like
NEXST- 1, because these airplanes do not have an
extra space inside their thin wings. As to active
control technologies, before selecting the effective
controlling method, one needs to consider detailed
information about the flow field relating Region B
buzz. This means that one needs to prepare infor-
mation about the relations among aileron oscilla-
tions, unsteady shock wave motions, and resulting
aerodynamic moment loaded on the aileron hinge.

Tamayama, ef al. presented the above information
acquired from the two-dimensional Navier-Stokes
simulations around an NACAQ003 airfoil with an
aileron under forced oscillations® and described the
influence of the free-streamn Mach number, which
corresponded to the influence of the shock wave

positions. In the present study, we expand the con-
siderations to the influences of the wing angle of
attack and the amplitude and reduced frequency of
the aileron oscillations.

In our study, it was observed that, if the shock wave
existed on the aileron, it oscillated around the posi-
tion which located upstream of the steady shock
wave. This inconsistency has great importance
when the unsteady aerodynamic forces are esti-
mated with a simple model, which assumes shock
waves oscillating around the steady shock wave
positions. One of the most serious influences
caused by this inconsistency can be seen when the
pressure distributions are acquired experimentally.
We may not average the unsteady pressure distribu-
tions in order to acquire the steady pressure distri-
butions. It is made clear in this paper that the in-
consistency of shock wave positions between
steady and unsteady flow fields is greatly influ-
enced by the nature of viscous flow.

It was also observed that the shock wave oscillated
non-harmonically even though the aileron oscillated
harmonically. This influences on the linear simula-
tions, which usually assume the shock wave har-

order to clear the fundamental

O Lival ulle Lull 5

monic motions. In

cause of this phenomenon, the shock wave motion
was simulated by assuming a  simple
one-dimensional flow field on the aileron. The flow
upstream of the shock wave was assumed as a po-
tential flow generated by a dynamic aileron motion.
The flow downstream of the shock wave was as-
sumed to follow the unsteady pressure distribution
same as one simulated for the flow without shock
waves. Even from this simple simulation, the
non-harmonic shock wave motion was reproduced,
that means, the shock wave stayed for a longer pe-
riod in the downstream half cycle than the upstream
half cycle. The reason to cause the non-harmonic
shock wave motion can come from the fact that the
pressure ratic across the shock wave is not har-

monic if the shock wave oscillates on the aileron.

2 SIMULATIONS
2.1 Method
The CFD code developed by Kheirandish, et al. RED
used in this study. Two-dimensional Navier-Stokes

This document is provided by JAXA.



Unsteady Shock Wave Motions on a Thin Airfoil at Transonic Speeds Caused by Aileron Oscillations 3

equations are analyzed. The thin-Layer assumption
is used for the boundary layer. The turbulent model
is the Baldwin-Lomax model” under the assump-
tion of no large-scale boundary layer separation.
The Yee-Harten TVD (Total Variation Diminish-
ing) method® is used as a scheme. The equations
are analyzed with ADI (Alternating Direction Im-
plicit) method. After acquiring the steady flow field,
the unsteady flow is calculated in a time accurate
manner with an appropriate time step by applying a
harmonic oscillation of aileron deflection angle. At
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each time step, a set of governing equations is
solved. The validation of this code was confirmed
in Ref.3 by proving enough reliability in estimating
shock waves.

A NACAO0003 airfoil with an aileron was simulated
in this study. The Aileron has a 25% chord length
and it is installed at its trailing edge area. C-type
grids, which sizes are 189x80 and 237x80, are used.
The latter grid is used for the cases with a high an-
gle of attack. The former grid is shown in Fig.1. ¢ is
the airfoil chord length.
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Figure 1 Computational Grid (C type, 189x80, NACA0003)

Table 1 Simulated Cases
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a=0°, 1°,2°, 4°
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0.800, 0.920,| 0.890, 0.900,| 0.860, 0.870,| 0.820, 0.840,
M 0.935,0.942,| 0.910,0.920,] 0.880,0.890,| 0.850, 0.860,
0.950 0.930,0.940 | 0.900,0.920 | 0.880
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2.2 Cases

Table 1 shows the simulated cases; where the angle
of attack, @, the amplitude, &,mp , and the reduced
frequency, k=nfc/U,,, of the aileron oscillation and
the free-stream Mach number, M, were varied.
The aileron deflection angle, &, is defined as posi-
tive if the aileron stays downward. The Reynolds
number, Re (=p;,Usc/1t), was set to the fixed value,
1.0x10, for every case. Here, fis the frequency of
the aileron oscillation; U, is the free-stream veloc-
ity; pur is the free-stream air density; u is the vis-
cosity. In the simulated results, the cases for
Omp=2" and k=0.2 are taken as the reference cases.

ez
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In the next section, the considerations are given by
comparing results with this reference cases.

3 CONSIDERATIONS
3.1 Influences of Parameters
[Influence of Angle of Attack]First, it is described
how the angle of attack, a, influences on the flow
field and the aileron hinge moment. Figure 2 shows
the C, contours with time varying. C, is the pres-
sure coefficient defined as follows:
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(b) a=2°, M,;,~0.890

Figure 2 Pressure Coefficient Contours (d,,,=2", k=0.20)
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Here, P is the local static pressure; P, is the
free-stream static pressure; g is the free-stream dy-
namic pressure. The case presented in Fig. 2(a) is
for a=0°, 8,,,=2°, k=0.20 and M,,~0.942. The ai-
leron deflection is indicated as a curve with a small
circle shown at the right below corner. The blue,
pale-blue and red curves show the contours at sub-

o, . as, o3
— — /Jf\ =~
" Lower o /_\ a7 ek u(’ ﬂ
ga Shock B e & &8
Wave ! |
S e st o
ErraT T TR e ST T
wem s ez e
o5, oty as, o, =
————2 — — e |
.. fw o - X
g5l Lower &as 7 58 g3
: i ; 4
) e = S ) >
R} a8 o a8 [ - a5 o as 1 - a5 o es 1 e A5 o 05 1
wen ety e i
o i 2 ) as, o N
= 7\‘& D@E-E-, ‘{ "
sas  Upper 245 Shock B g P
Wave
A ot
as L 1 as o s "I 45 o L 1
X wem
L — =
DT o
505 Sa
a i
S o8 i) Sl
a5 a [ 1 E % o o8 1 as [} [ V‘-I a5 & 0 1
e nen wien) e

5 ; W
o o a8 ax
4 | !
asl h : S \ i sl =
et -0 os 1 a8 ) [ [ 1 a8 [} [T} [ 1 s o a8 1
s s ua -
" | ) !
os) aaf——— o3 ol ——
e B N e——eruns S (e o
a | 8 & | = I =
a,, - T o o
J ; i
2 il i Al il | 3&
] 03 [ os ThToas [ o5 t T [ 1 Y DT
xi wie wm j

(c) a=2°, M;,,=0.890

sonic, supersonic and sonic speeds, respectively. At
the case of a=0°, the flow field changes with a half
cycle phase difference between the upper and lower
surfaces. Figure 2(b) shows the case for a=2°
Oump=2°, k=0.20 and M,,~0.890. At this condition,
the supersonic region appears only on the upper
surface.
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Figure 3  Pressure Coefficient Distributions ( d,,,=2", £=0.20)
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Figure 3 shows the C, distributions on the airfoil
surfaces with time varying. M, for each a case is
selected so that the shock wave oscillates almost at
the same position on the aileron upper surface. The
solid blue curve shows the distribution on the upper
surface and the solid red one on the lower surface.
The blue dashed-line shows the position of the
shock wave on the upper surface and the red one on
the lower surface. The chain-line means the critical
C, value. The shock wave position is defined by the
method described in Ref.3, which determines the
shock wave position where the C, value equals to
the critical C,,. In Fig. 3, when « increases to 2° and
4° from 0° and 1°, a shock wave disappears from the
lower surface. The appearance of shock waves on
the lower surface changes as varying J,,, and k

Unsteady Shock Wave

Steady Shock Wave

o \ Aileron Oscillation

| Aileron Hinge Line

= 15 2 25

is 4
Phase [rad.]

X/ (c/2) Lower
=
T

g 15 2 25 a5 4 45 5 55 6
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(a) a=0°, M;,,=0.942

%/ (c/2) Upper
=]
T

s 1 L L L L L 1

45 5 55 6

35 4
Phase [rad.]

x/ (c/2) Lower

4 15 2 25 35 4 45 5 5.5 5
Phase [rad.]

(c) a=2°, M,,~0.890

values.

According to the above criterion to determine a
shock wave position, the history of shock wave mo-
tion was drawn as Fig. 4. The magenta line shows
the aileron motion and dose not indicate the abso-
lute value but only the phase change. Although, for
every case, the steady shock wave stays at almost
the same position on the upper surface, the ampli-
tude of the shock wave motion decreases as « in-
creases. As to the shock waves on the lower surface,
even though a shock wave appears at a=1°, it is
limited to a part of a cycle.

Figure 5 shows the mean position of the shock
wave motion on the upper surface, of which loca-
tion was calculated by applying the following equa-

tion:
i
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Figure 4 Time-Histories of Shock Wave Motions (&,,,=2°, £=0.20)
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Figure 5 Shock wave Mean Position against M;,s (Upper Surface)

1
xSW = 5 (xUpsrream &+ xDowns.rream )
X —. X (2)
X — 28 ‘Hinge
sw

Aileron

Xsw> XUpstream aNd Xpownsiream €Xpress the mean, the
most upstream and the most downstream positions
of the shock wave motions, respectively. Xging

A Xsw

means the location of the aileron hinge, which cor-
responds to the aileron leading edge in the simula-
tions. xgy is normalized with the aileron chord
length, L 4iiron and originates from the aileron hinge
location. The normalized value is described with
the capital letter, Xgp. If the same value of Xy is
considered for all a cases, M, corresponding to
this Xgy decreases as o increases. The change of
Xgw against M, shows linearity unless the shock
wave moves close to the trailing edge.

Figure 6 Shock Wave Extent against Shock wave Mean Position (Upper Surface)
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Figure 6 shows the extent of the shock wave motion Increasing o has an effect to reduce AXsy and to
against Xgy on the upper surface. The extent of make its distribution against X become flat. But,

shock wave motion is expressed as follows: this discussion is limited to the cases being Xgy > 0.
Figure 7 shows the relations between the shock
AX o = {xwmwm —(xupmam,xmﬂge)}/ Lo (3] wave motions and the imaginary component of the

unsteady aileron hinge moment, Im(C,,5 ). Cus . 1S
the aerodynamic coefficient of the unsteady aileron

) hinge moment normalized with L .., and defined
xUpstream lf xUpsrream > xHinge as follows:
2

= xHinge J xUpsrrream = xHinge
(xUpsrream 3 xH inge ) =

Xsw/(c/2 Aileron Deflection
0.06 [

Solid Line: Steady Shock Wave
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Figure 7 Imaginary Component of Aileron Hinge Moment against M;,s (Upper Surface)

1 ¢
Cmé' T e I " (x = xHinge) = (CP_u_Upper = CP_u_Lower )dx (4)

C_xHingé e

Here, Cp 4 ypper and Cp , 1ower are the unsteady lags from the aileron motion. Therefore, C,;, is
pressure coefficient on the upper and lower surfaces,  also defined as a complex value and described as
respectively. Each coefficient is a complex value, follows;
which means the unsteady pressures have phase

= g0
Cos = e

_u md _u_amp
=i -cos(—8)+i-C, ;5 , e

md_u_amp
“Re(C,y )+ IM(C,y )

md _u

-sin(—0) (5)
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L7

d=d . & , (6)

Here, C,s , is normalized with the phase of aileron
motion. Cys 4 amp i the amplitude of C,,;s , and @ is
the phase lag of C,s, from the aileron motion.
Only the first harmonic component of C,,;s ,is con-
sidered here. The black dashed-curve in Fig. 7 ex-
presses the phase change of the aileron motion as
same as those shown in Fig. 4. Im(C,s ,) is an im-
portant factor to estimate the state of stability of the
aileron motions, which becomes
Im(C,,s ,) goes into a positive value. For the cases
of a=0°, Im(C, ,) decreases if the shock wave on
the upper surface reaches the airfoil trailing edge,
but, for the cases of a=1°, 2° and 4°, Im(C,s ,) does
not decrease even if the shock wave reaches the
trailing edge. The level that Im(C,,s,) can reach
decreases as a increases. This characteristic is con-
sidered to be caused not only by the change of AXsy
on the upper surface but also by the shock wave
formation on the lower surface. In Fig. 7, there also
appear shock wave motions on the lower surface,

unstable if

1.00

0.80

0.60

AXsw

0.40

0.20

0.00
0.00 0.20 0.40

Figure 8

0.60 0.80

which have a completely different manner from
those on the upper surface. The shock wave motion
on the upper surface shows a continuous trace for
most cases, but the shock wave on the lower surface
oscillates intermittently. The duration of the shock
wave moving on the aileron lower surface de-
creases as o increases. This change of the duration
time probably influences the reachable Im(C,; )
value, and it will be our future work to inspect and
to categorize the shock wave motions on the lower
surface.

[Influence of Aileron Oscillation Amplitude]

Figure 8 shows AXsy against Xgy on the upper sur-
face. In Fig.8, the cases for a=0° and 2° are pre-
sented. The extent of shock wave motions is
broader for @=0° cases than those for &=2°. It is
obvious that increasing &,,, has an effect to
broaden the extent of shock wave motions. If &, is
larger than 2° there appears a certain position
where the shock wave oscillates broadest on the
upper aileron surface. It is almost the aileron
mid-chord.

8=0.5, a=0.0 A 3=0.5, a=2.
8=1.0, ¢=0.0 A 8=1.0, a=2.0
8=2.0, a=0.0

1.00 XSW 1.20

Shock Wave Motion Extent / Influence of 8.mp (Upper Surface)
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505,000 A 5-0.5,a-20] =
- 5=1.0, a=010 -2 5=1.0, 0=

520,0=00  5=2.0,0=20} e
- 5240, 0=0.0 A 540, =208

k=0.2 =

Figure 9 Im(C,s,) against Xsy / Influence of 8., (Upper Surface)

Figure 9 shows Im(C,s,) distributions against increases. Xgy corresponding to the maximum
Xsw. The Im(C,,s5,) values are normalized by &, Im(C,,5 ,) moves upstream as d,,, increases. On the
[degrees]. Changing &, influences the Im(C,; .) other hand, for the cases at a=2°, the Im(Cys.)
value stronger at a=0° than &=2°. At o=0°, the variation caused by &,,, difference is not large
value that Im(C,s,) can reach decreases as O, comparing with those at the o=0° cases.

| ¢x=0.05,0=0.0 &x=0.05, a=2.0,
k=02, a=0.0 Ak=02, a=2.0 |
SRR e S EaE e k=10, «=0.0 «=1.0, a=2.0 |
080 = e k=20, 000 4 x=20, 0220 |
0.60
%
>
<040
0.20
0.00 0.20 0.40 0.60 0.80 1.00 X 1.20
SW

Figure 10 Shock Wave Motion Extent / Influence of k (Upper Surface)

[Influence of Reduced Frequency of Aileron Os- are presented. Increasing & has an effect to reduce
cillation] ‘ AXsy. The shock wave oscillates broader at a=0°

Figure 10 shows AXgy against Xy on the upper than o=2° if k is a same value.
surface with k variation. The cases for a=0° and 2°
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;—1_0— x=0.05, mf} - k=0.05, a=2.0i

[ k=02, 6=0.0 A k=02, a=20)
1
k=10, a=0.0

k=1.0, a=2.0|

Figure 11

Figure 11 shows Im(C,s,) values for a unit &,,,
[degree] against Xgy. Increasing k& has an effect to

0.00

-0.20

M;,=0.942, a=0",

Im(C,5.) against Xsy / Influence of k (Upper Surface)

make Im(C,,s ,) decrease its value.

G2 020

Figure 12 Comparison of Shock Wave Motion Between N-S and Euler Simulations

3.2 Mean Position of Shock Wave Motions

As clearly shown in Fig. 4(a), the shock wave os-
cillates around the mean position which is upstream
of the steady shock wave, though this phenomenon
might appear when the shock wave motion is re-
stricted to the aileron surface. In order to inspect

this characteristic, an Euler simulation is conducted
to consider the viscosity effect. The simulated case
is @=0°, &,,=2°, k=0.20 and M,,, =0.942. The rea-
son why this case was chosen is that, when the
shock wave oscillates around the aileron mid-chord
with an enough extent, the unsteady flow around
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the aileron representatively generates a positive
Im(C,s ) value. Figure 12 shows the shock wave
motions for both of the N-S and the Euler simula-
tions. The steady shock wave for each case is also
shown. The steady shock waves locate at almost the
same chord position for each simulation. The shock
wave oscillation is wider for the Euler simulation
comparing with the N-S one. Although the unsteady
shock wave still oscillates around the point up-
stream of the steady one, the distance between them
is much less than that shown in the N-S result. This
represents that the flow viscosity strongly influ-
ences on the shock wave oscillations.

As the next step, the unsteady boundary layer dis-
tributions of the simulated result are calculated for
the above mentioned case. There are no explicit
descriptions to define the boundary layer thickness
on an airfoil. If it is on the flat plate without a pres-
sure gradient, the velocity distribution perpendicu-
lar to the surface reaches to its 99% free-stream
velocity at the boundary layer edge, and the veloc-
ity outside the boundary layer is constant with its
free-steam velocity. But, for the flow around an
airfoil, the velocity outside the boundary layer edge
continuously changes in the direction perpendicular
to the airfoil surface. By inspecting the velocity
distribution in the vicinity of the airfoil surface, the
similar velocity distribution as that shown in a flat
plate boundary layer also exists in the flow around
the airfoil. The boundary layer edge can be identi-
fied as the point which has the maximum flow ve-
locity to be encountered first departing from the
airfoil surface, which is usually accompanied with a
flat velocity distribution around there. We defined
the boundary layer thickness as the location that the
velocity reaches to 99% of this maximum velocity.
Figure 13 explains the definition of the boundary
layer thickness around the airfoil. The displacement
thickness, Jg; " is calculated as follows:

M =Usgar/a10cal

30—3% = R n
| .
045
25_ 04
038 |
0.3+ i
20 %025- |
Vs |
g \
g 0.5
£ _
w o1t .
Boundary Layer TthkﬂLﬁ_
0.08 1 3
10 |
% 02 o4 o 03 i
Mn—
0.99xMge
5+
ol i L 2L = "
0 02 04 08 08
Mbﬁul

Figure 13 Boundary Layer Thickness Definition

Here, &z is the boundary layer thickness; u is the
flow velocity in the direction tangent to the airfoil
surface; Ug, is the velocity at the boundary layer
edge; n is the coordinate perpendicular to the airfoil
surface. Figure 14 shows the displacement thick-
ness distribution accompanied with the unsteady Cp
distribution with changing the aileron motion phase.
The presented distributions are those only on the
upper surface. When the aileron stays downward,
Sz thins at the aileron leading edge, and vise verse.
But, if the aileron deflects near the maximum up-
ward position, Js at the aileron leading edge
grows much. This is caused by a merge of two ef-
fects, which are the 8z increment at the aileron
leading edge caused by the aileron upward deflec-
tion and another & increment caused by the in-
teraction between the shock wave and the boundary
layer. At this condition, the shock wave moves up-
stream and close to the aileron leading edge. Figure
15 shows & on the upper surface as the value av-
eraged through one cycle. Behind the aileron lead-
ing edge, the averaged & is thicker than the
steady Sg . In general, if an airfoil thickens, the
shock wave is formed at the more upstream position.
And this relation might be also applied to the aver-
aged unsteady flow field with an increased aver-
aged O -
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Figure 15 Steady and Averaged Unsteady Displacement Thickness

3.3 Non-Harmonic Characteristic of Shock
Wave Motions

Adding to the characteristic explained in Paragraph

3.2, another one is also seen in Fig. 4, especially in

4(a).. The shock

non-harmonically even though the aileron oscillated

Fig. wave  oscillated

harmonically. That is, the shock wave stayed for a
longer period in the downstream half cycle than the
upstream half cycle. This characteristic is also
shown in the Euler simulated result presented in Fig.
12. Therefore, the flow viscosity might not be the
fundamental reason to cause this characteristic. In
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order to make the reason of this characteristic clear;
the shock wave motion was simulated by assuming
a one-dimensional flow model involving a normal
shock wave on the aileron. The reason to conduct
this simulation is that the flow properties upstream
and downstream of a shock wave are indecisive in
the viscous simulations and they are needed to be
presented in order to inspect shock wave motions.
The following assumptions are taken in considera-
tions in the simulation:
1) The flow upstream of the shock wave is a po-
tential flow generated by a dynamic aileron mo-
tion. The flow properties at the aileron leading

e harmonic chan

edge obey th ge having the same
amplitude and average values as the above men-
tioned N-S simulated result.

2) The flow downstream of the shock wave follows

JAXA Research and Development Report JAXA-RR-03-017E

the unsteady pressure oscillation in its amplitude
acquired in the N-S simulation, in which a shock
wave does not appear in an entire cycle. From
the unsteady pressure distributions presented in
Ref.3, the amplitude and real component of the
unsteady pressures showed similar distributions
behind a shock wave with those acquired with-
out a shock wave.
The phase distribution may shift from the origi-
nal one and, in this simulation, it is set to 45°
phase lag from the aileron motion. With this
phase lag, the imaginary component of the un-
steady pressure distribution agrees well, in shape,
with that acquired in the N-S simulation.

As the constituting equation to relate unsteady pres-

sures passing a normal shock wave, the following

)

equation presented by Tijdeman” is used:

B o
Dfizms — }+ ZK M l 6Ml Ax _ aVSW __1
+ 1_unst K+ 1 ax al -+ ( a/@xjmj
i i ( 14 1 ? 1
= 1_ 2‘& iMl unst = f - 14}
K+l - a,
2 -
= ]‘ + —IE:* [%12 unst 2M1 unst —z{gﬂ/_ - (8)
K+l - - g

Here, the subscriptions ‘/” and ‘2” express the con-
ditions upstream and downstream of the normal
shock wave. The subscription ‘unst’ means an un-
steady value. P and M are the unsteady pressure and
the Mach number. Vg is the velocity of the shock
wave motion. « is a speed of sound. In the present
simulation, a; is assumed constant on the entire ai-
leron surface as the value just behind the aileron
leading edge. And Vy/a, is assumed to be small
enough comparing to M; e ’

At the first step, the unsteady shock wave position
is assumed to be equal to the steady shock wave
position. The pressure ratio distribution across the
shock wave is given from the above assumptions 1)
and 2) at every time step. M, .y at the certain posi-

tion is easily calculated from the assumption I).
And then Vgy is calculated from the equation (8) as
the first estimation. The next shock wave position is
calculated by adding Vswdt to the previous shock
wave location, A7 is the time step in the simulation,
and the next M, . is calculated. This procedure is
repeated until the simulation converges. The simu-
lated shock wave motion is shown in Fig. 16 ac-
companied with the time-histories of other flow
properties. Although the shock wave seems to os-
cillate downstream of the N-S result, the

» non-harmonic shock wave motion was acquired in

this simulation. The shock wave stays for a longer
period in the downstream half cycle, 55% of a cycle,
than the upstream half cycle. The reason to cause
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Figure 16 Properties Acquired From One-Dimensional Simulation of Shock Wave Motion

the non-harmonic shock wave motion can be ex-
plained by the presence of the non-harmonic
change of the pressure ratio as shown in Fig. 16.
Considering from this characteristic of the shock
wave motion, when the shock wave exists on an
aileron, it must be taken care that equations are not
easily simplified by assuming a harmonic shock
wave motion.

4 CONCLUSIONS

In order to acquire the relations between the
shock wave motion and the aileron hinge moment
around a thin airfoil with an aileron, unsteady N-S
simulations were conducted on a two-dimensional
NACAO0003 with an oscillating 25%
chord-length aileron. In the simulations, some pa-
rameters were varied. From this study, the follow-

airfoil

ings are summarized as the conclusions:

1. A Shock wave oscillates on the upper surface
continuously. On the other hand, that on the
lower surface oscillates intermittent.

2. For each o case, the mean location of the shock

wave motion changes linearly against the
free-stream Mach number on the upper surface
unless the shock wave reaches the airfoil trailing
edge.

3. The shock wave oscillates narrower as o in-

creases if it oscillates around the same mean po-
sition.

4. The reachable level of the imaginary component

of the unsteady pressure coefficient, Im(C,; .).
decreases as a increases. The shock wave ap-
pearance on the lower surface might influences
on this tendency. The categorization of the
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shock wave motion on the lower surface is com-
plicated and it will be the future work of this
study.

5. Increasing the amplitude of the aileron os-
cillation, Gy, has an effect to broaden the extent
of the shock wave motion. The influence of O
on Im(Cl,s ) value weakens as « increases.

6. Increasing the reduced frequency of the aileron
oscillation has an effect to narrow the extent of
the shock wave motion and reduce Im(C,.s )
value.

7. It was observed that the mean position of the
shock wave motion is inconsistent with the

that this inconsistency is greatly influenced by
the nature of viscous flow.

8. A non-harmonic shock wave motion was ob-
served even though an aileron oscillates har-
monically. It is considered that, if the shock
wave oscillates on the aileron, the pressure ratio
across the shock wave dose not change har-
monically and this characteristic might influence
the path of the shock wave motion.
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