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Numerical Calculation of Unsteady Transonic Potential Flow
over Three-Dimensional Wings with Oscillating Control Surfaces

Koji Isogai*
National Aerospace Laboratory, Tokyo, Japan

Kohei Suetsugut
FACOM-HITAC Inc., Tokyo, Japan

Numerical calculations of the unsteady transonic potential flow over three-dimensional wings with oscillating
control surfaces are performed. For this purpose, a new grid system, which is appropriate for solving the control
surface problems, is introduced into the computer code USTF3, which solves the unsteady three-dimensional
full potential equation by a two-step semi-implicit time-marching technique. To validate the code, the unsteady
pressure distributions on the NLR swept tapered wing with an inboard control surface and on the RAE swept
tapered wing with a part-span control surface are calculated and compared with those of existing theories and
experimental data. The qualitative behaviors of the unsteady pressure distributions due to the control surface
oscillation are well predicted by the present method, but some quantitative discrepancies due to the viscous
effects in the experiment are observed for supercritical Mach numbers.

Nomenclature
R = aspect ratio
b =local semichord
by =root semichord
Cy =root chord
C =mean aerodynamic chord
C, = pressure coefficient, (p —p..)/(1/20, Q)
AC, = pressure loading coefficient (C% — Cg )
Cho =first harmonic component (in complex form) of

local pressure coefficient per unit 8
(Cpo=Cpy+iCpy)

AC,, = first harmonic component (in complex form) of
local pressure loading coefficient per unit
(AC,,=AC,, +iAC,,)

fx,z,t> =y coordinate of instantaneous position of wing

surface
=reduced frequency based on root semichord
(k=byw/Q)
- = freestream Mach number
= pressure :
=dimensionless total velocity
=total velocity

Co = Reynolds number based on root chord

= dimensionless semispan
=time
=dimensionless time, = (Q../b,)T

U,V,W =dimensionless local velocity components in x, y,
and z directions, respectively

X, 0,2 =dimensionless Cartesian coordinates in physical
space

o =angle of attack

0 =amplitude of control surface oscillation

A =taper ratio

A =sweep angle

En =dimensionless Cartesian coordinates in com-
putational space

o = flow density

gk
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= circular frequency

ol = dimensionless perturbation velocity potential
w
|1 = absolute value

Subscripts
ij.k =mesh point indices in £, %, and { directions,
respectively
UL =upper and lower surface of wing
oo =freestream condition
Superscripts
n =time level index
U,L = upper and lower surface of wing
Introduction

HEORETICAL prediction of the unsteady aerodynamic

forces on a three-dimensional (3D) wing with an
oscillating control surface is of great importance, not only for
its application to flutter analyses, but also for the design and
evaluation of active control systems (such as active flutter
suppression and gust load alleviation systems). Although
several lifting surface theories'* for predicting the unsteady
subsonic aerodynamic forces due to a control surface
oscillation have been presented, no reliable calculation
method applicable to the transonic regime has yet been
established.

Recently, however, several numerical methods>!! for
predicting unsteady transonic aerodynamic forces on an
oscillating 3D wing have been proposed. It is clear that these
methods (or computer codes) can easily be extended to handle
the oscillating control surface by introducing the appropriate
grid systems.

In the present report, the computer code USTF3 developed
by the present authors,!%'? which solves the unsteady 3D full
potential equation in quasilinear form by a two-step semi-
implicit time-marching technique, has been extended to in-
clude the capability of calculating the unsteady transonic
aerodynamic forces due to control surface oscillation.

Numerical Method
In this section, the outline of the basic equations and the
finite difference scheme employed in USTF3 is given briefly.
(Further details can be seen in Ref. 10.)
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Basic Equations

The 3D unsteady full potential equation in quasilinear form
can be written in Cartesian coordinates as

(@2 = U)o+ (a2 = V), + (2 = W), —2UVo,,
—2VWo,, —2WU,, —2U¢,, —2Ve, —2Wo, — ¢, =0 (1)

where the perturbation velocity potential ¢ can be related with
the local velocity components U, V, and W in x, y, and z
directions as

U=¢,+cosa, V=¢,+sina, W=¢, ?2)
respectively, and where « is the mean angle of attack of the
wing.

The local velocity of sound « in Eq. (1) can be given by

@ =1/ML—(y=1)/2(2¢,+q* = 1) 3

where g is the total velocity. The pressure coefficient C, can
be calculated by using the following relation:

C,=2{[1+ (y—1)/2M2% (1—-2¢,—q*) V=D —1}/(yM2)
C))

In Egs. (1-4), all of the physical quantities are non-
dimensionalized by the root semichord and a freestream total
velocity Q.

Let the wing be located near the y=0 plane and be
oscillating normal to the x-z plane (see Fig. 1). Then, the flow
tangency condition can be written as

V=f+Uf+ Wf; &)

where f(x,z,t) is the y coordinate of the instantaneous
position of the wing surface. When we assume the amplitude
of the wing oscillation is small, Eq. (5) can be satisfied at the
time mean contour of the wing surface instead of at the exact
location of the wing surface.

In order to simplify the treatment of the Kutta and wake
boundary conditions, the wake is assumed to be located on the
y=0 plane behind the trailing edge of the wing. With this
assumption and the conditions of zero pressure difference at
the trailing edge and across the wake, the following simplified
form of the Kutta and wake boundary conditions can be
derived by using Eq. (4) and retaining only the firsi-order
terms:

Ap, +Ad,=0 on y=0, x=x,{2), Izl <s 6)
where A¢ is the difference of the potential across the wake.

At the far field, the undisturbed flow conditions are im-
posed throughout the steady and unsteady calculations. At
z=0plane, the following symmetry condition is imposed:

W=0 on z=0 7N

Grid System

The grid system employed in the present control surface
calculations is a modification of that used in Ref. 10 and is
shown schematically in Fig. 1. It is a stretched Cartesian grid
system in the x-y plane and a stretched sheared grid system in
the x-z plane. As shown in Fig. 1, xy defines the percent
semichord location of the hinge line in the streamwise
direction, and zj; and zj, define the percent semispan
locations of the control surface. In the figure, s is the
semispan and x,{z) and x,(z) are the x coordinates of the
leading and trailing edges and their smooth extensions of the
far-field boundary in the z direction, respectively.
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Fig. 1 Grid system in physical space (s‘chematic).
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Fig. 2 Computational space.

An important point, which must be taken into account in
generating a grid system for a control surface problem, is to
locate the hinge line and the side edges of the control surface
at about the midpoints of the adjacent grid lines, respectively,
as shown in Fig. 1. In our previous experience in calculating
the unsteady aerodynamic forces on a 2D airfoil with an
oscillating control surface,> erroneous unsteady pressure
distributions were obtained if the hinge line was not located
approximately at the midpoint of the adjacent grid points.
Keeping this fact in mind, we introduce the simple algebraic
transformation functions to generate the grid system shown in
Fig. 1, which transform the physical domain in x-y-z space
into a computational domain in £-n-{ space as shown in Fig.
2. The detailed form of the transformation functions are
given in Ref. 14. These transformation functions are con-
structed so that the hinge line and the side edges of the control
surface are located at the midpoints of the adjacent grid lines
and so that the specified number of grid points can be
distributed on the control surface.

Once the transformation functions are determined, the
derivatives in the physical x-y-z space can be transformed into
those of £-y-{ space by the following relations:

3/dx f 00 3/9¢
day =10 go 3/9n ®)
3/8z h, 0 hy /8¢

where f, g, h;, and k3 are defined by
fZI/XE, g=1/y,,, h1=—X§-/(XEZ§), h3=1/Z§ (9)
Using these transformations [Egs. (8)], the velocities and the

derivatives of the perturbation velocity potential in the
physical space can easily be expressed in terms of £, 7, and ¢.
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Finite Difference Scheme

The finite difference scheme employed in the present
method is a two-step semi-implicit time-marching technique
similar to that used in Ref. 15 for solving the two-dimensional
unsteady transonic small-perturbation equation.

To capture the shock wave, the present method employs the
quasiconservative form of Jameson’s rotated differencing
scheme.!®® The idea of the quasiconservative scheme is to
add the numerical viscosity terms in divergence form to the
potential equation written in quasilinear form (non-
conservation form). The validity of using the quasicon-
servative scheme for calculating the unsteady transonic
flowfiéld including the moving shock wave has been examined
in Refs. 13 and 15. In these references, it has been shown that
the shock motion on the thickening and thinning circular-arc
airfoil (maximum thickness is 10% and M, =0.85), which is
the severe test of the shock-capturing capability of the
schemes, can be well predicted by the quasiconservative
scheme.}

In order to facilitate the rotated differencing scheme, the
basic equation (1) is rewritten in canonical form by in-
troducing the local flow coordinate s, which is taken in the
direction of the local velocity vector. Then, Eq. (1) becomes

(@ —=q%)¢ss +a* (VPP — ) =295 — 9, =0 (10)

where ¢, V¢, and ¢,, are defined by

b= (1/@?) (P + V2, + W o, +2UV,,

+2VWe,, +2UWo,,) (11)
V2¢=¢xx+¢yy +¢zz (12)
G5 = (U/q) b+ (VIq) 6y + (W/q) b, (13)

respectively. The terms ¢, V2¢, and ¢, given in the above
can be expressed easily in terms of the variables £, 5, and ¢in
the computational space.

The idea of the quasiconservative scheme is to add the
numerical viscosity terms in divergence form to (@ —q?) ¢,
term in Eq. (10). Then, Eq. (10) is rewritten as

(az—qz)¢ss+A$aF+Aﬂ(2§ +A§'—H+ A (V2p—og)
a¢ on a¢
—2q¢s — b, =0 (14)

where F, G, and H are defined by
F=p(U?¢ + UV, + UWo,,)
G=p(V2o,, + UVe,, + VWo,,)
H=p(W ¢+ WU, +WVe,,) (15)
where the switching function p is defined by
p=max[0; I— (a/q)?] (16)
The finite difference equations for Eq. (14) of the two-step

semi-implicit time-marching technique can be written as
follows. The difference equation of the first semi-implicit

tFurther evidence showing the validity of the present finite dif-
ference scheme, is presented in Ref. 10, in which the unsteady pressure
distributions on a horizontal tail model (NORA WING) oscillating in
pitch are compared with the experimental data.
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predictor step for the unknown intermediate potential ¢ ik 1S

[a/@)? =1L (b)) [+ VP Dy ) Lk + WP (D20) Lk
+2UV ()i +2VWI(0,) 1+ 2UW (b, ) k]
- F"]—I,j,k+ng,k—Gni.j¥1.k+HZj,k_H£j,k¥1
+(a/q)? (@ —UP) (D) e+ (@7 = V2) (45) (D) 1k

+ (D) ) (@ = W) () [k —2UV () Lk

=2VW(d,) ik —2UW (bx2) 7k ] —2U( ) ik

=2V ($y) i =2W (D) [k = (D) 1 =0 an

In the above, (d’XX)l’{j,k’ (d)yy)gj,ka ((iyy)i,j,ks (%xt)i,j,k""etc' are
defined by

(D) ke =S Ui B 0040)
(by) 11 =878, (811 4 5,9%4)
(),) ik =gj5; (8+18,814)
(D) Tk =hyiay (Pri k8 0%i0) + Iy sic 88,07 1
+R3yedy Ry bl i) + hsby (Psps 16000, 1) (18)
(D) Lk =Six8i0:0, 07k
(8y2) Lk =81 11100, 7k + 8,340,007
(Dx) Like =fi,k8;(h1i+ yz,kgg &8k +Sikhsi0:0,0% 1 (19
() ik =im sk (B bk — 55004 ) / At
(By0) 1k =851 (8, b= 6,

=8jsu (5:7<Z>i,j,k —g;ﬁj,k) /At V<0

,jk)/At V=0

(¢zt)xr'fj,k=S:(h11—‘/z,k5;¢lr':j,k+h3k—%g;¢1":j,k) W=0
=gt—(h1i~%,ksz¢;fj,k+h3k+’/z5;¢;fj,k) Ww<o0
(D) ije = (Dijx — 200+ S ) /A7 (20)
And the velocities U, V, and W are given by
U=f,; 16,97, x +cosa
V=g;0,07;«+sinu
W=h;1 007 ¢ +h3d 08 4 @2n

The total velocity ¢ and local sound velocity ¢ can be
evaluated by using these U, V, and W. In the above equations,
the difference operators such as o;,9;,6;,9,,6,,..., etc.,
follows the standard finite difference notations. For example,
0¢, 0;, and &; are upwind, downwind, and centered difference
operator in the E direction, respectively.

In Eq. (17), F7; s, G1; x> and HY; , are given by

e =t (U (D) i+ UV (D) [ UW (d) i)

G:/k‘l"‘l/A[V(¢yy k+UV(¢xy njk+VW(¢yZ)ljk]

Hl/k"‘"l’ljk[W (¢zz k+WU(¢xZ k+WV(¢yz)1/k]

(22
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And G, =, in Eq. (17) means G;;_;; for V=0and G,
for V<0. Similarly, H;;-; means H,;, , for W=0 and
Hl,j,k+1 fOr W<0.

It should be noted that the difference expressions of
(Dy)iks (D) jkse-» €tc., given in Egs. (18-21) must be
modified for the grid points near and on the wake region
(n=0, £>1, 0=¢=<1) so that the potential jump across the
wake, which is determined by the wake boundary condition
[Eq. (6)]1, is properly taken into account.

It can easily be confirmed that Eq. (17) leads to the
tridiagonal equation with respect to ¢;;, (/=2,..., JZ—1) for
some fixed values of i and k. Therefore, the unknown
potential ¢, ; , at all the grid points inside the boundary can be
found by sweeping the tridiagonal equations from upstream
to downstream for each value of k (from root chord station to
far spanwise direction).

For the second corrector step, the following difference
equation is used:

[(a/(I)Z_]] [U2(¢’xx);,lz—k1+ Vz(qsyy)gj,k"' W2(¢zz)gj,k

T2UV(d) i+ 2VIW(h, ) 1 +2UW (D) Pk 1

+1
+FH —Fii + Gl — Gl 1+ HY o= Hijies

(/@ (@ =) (d) B+ (@ = V2) (D) 1

+ (qz_ Wz) (d)zz):'fkl 2UV(¢xy gj,k_ZVW(d’yz gj,k

_2UW(¢xz)gj,k]—2U(¢xt :,l;,‘kI 2V(¢yt zjk

—2W(¢’zt l’:j‘fkl (¢tt)lj k — (23)

where F7#{ is defined by

FiH =i (U () 1+ UV(dy ) i + UW () ] (24)

and where the difference expressions for (¢.)/%’ and
(@ " ./, which are somewhat different from the definitions

given by Eqgs. (18) and (20), respectively, are defined by

(b)) 174 h1:k55(h1,+/z k5g¢’uk) + Ry chsd: 607, 4
+ R0 (h;0:0%1) +h3k8;(h3k+%g}¢2;,—kl)
() 1 =6, (hy;_ /zk5§¢1]k+h3k % f¢1 ;) W=0

=6 (im0 + hsr s 8001 )  W<0 (25)
This second step is effectively implicit in the sense that all the
leading terms in Eq. (23), namely (U/¢)?é,, in ¢ [see Eq.
(11)] and F [see Eq. (15)], (1/¢°}(U?+W?)¢,, and
(1/@?)WU? + V?)¢_, in the (V2¢— b,,) term [see Egs. (11) and
(12)]1, 2g¢,, and ¢,, are differenced implicitly (differenced at
time level n+1). It should be noted here that ¢ determined
from the first predictor step is incorporated into the dif-
ference expressions [(¢,,)77¢, (6,,)17¢,..., etc.] at the time
level n + 1 in Eq. (23) in the following manner. For example,
()74 and (¢,,)7#/ are defined by

(D) I =ik Uiw i (Bis 1 — S174)
~fim vk (DL — S12 00 1/A8 (26)
and
(b)) 17 =87 1854 s (¢lj+1k L)
— g (O — o7, ) 17497 27N

respectively. This means that, among the advance values of ¢
(at time level n+ 1) at the neighboring points of (i,j, k), those
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at the points (i+ 1,7,k), (i,j+1,k), (i,j,k+1),..., etc., which
are not yet passed by the second corrector step, are those
calculated by the first predictor step In this manner, the
similar difference expressions for (¢.,)7/, (¢,)7%%',  and
((bz,)f‘ /+k1 in which ¢ is incorporated can be obtained easily by
using the definitions of Egs. (18-20) and (25). Thus, the
unknown potential qbf’fk] is found simply by a point inversion
using the known advance values of the neighboring points,
which are available partly from the first predictor step and
partly from the second corrector step itself. This point in-
version is swept from upstream to downstream in the &
direction, from bottom to top in the y direction, and from
inboard to outboard in the { direction.

Although this two-step scheme is still conditionally stable,
the addition of the second implicit (not exactly implicit but
effectively implicit) step increases the allowable time step size
considerably over the scheme that uses only the first semi-
implicit sweep. It also should be noted that the present scheme
is formally first-order accurate in time.

Boundary Conditions

The flow tangency condition [Eq. (5)] is satisfied on the
time mean contour of the wing surface with a technique
similar to one used by Carlson'® in his two-dimensional full
potential approach utilizing the Cartesian grid system (see
Ref. 10 for details). _

The wake boundary condition of Eq. (6) can be rewritten in
terms of £, 5, and {as

Ap +fAp, =0 on n=0,£(=1,0=(=<] (28)

Using this equation, the potential jump across the wake can be

given by the following finite difference form:

ABTE! = (A4 ik (AL/AE) ASIH ]
+ [+ fim i (AL/AE)] | 29)

Once the value of A/ ! at the trailing edge of some spanwise
station ({=kA¢) is determined, the A¢ti! at all the stream-
wise grid points in the wake region can be calculated from Eq.
(29).

The symmetry conditon of W =0 [Eq. (7)] to be satisfied at
z=0 plane can be rewritten in terms of £, 9, and {as

In order to satisfy Eq. (30), dummy points are introduced just
outside of the symmetry plane. 10 Then ¢, in Eq. (30) is
evaluated by the following second-order difference form at
time level n:

e = (D4 1)k — Pl 1,) /(2A8) 31
And then ¢, is expressed by the first-order difference form at
time level n as

de= (Pl x — k1) /AL (32)

Substituting Egs. (31) and (32) into Eq. (29), the following
expressions for the potentials at the dummy points are ob-
tained:

DOt =Sk + V2 (ypu/ By ) CAT/AE) (D4 1k — S-16) 33)

The pressures acting on the wing are evaluated on the time
mean contour of the wing surface by using Eq. (4), in which
¢, and q are evaluated by interpolation from the neighboring
grid points.
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Numerical Examples

The validation of the present code for 3D wings without
control surfaces is explained in Ref. 10. For steady super-
critical flows, the pressure distributions calculated by the
present code on the ONERA M-6 wing are compared with
those predicted by Jameson’s fully conservative full potential
code® and with the experimental data.?! For unsteady
supercritical flows, the unsteady pressure dlstrlbutlons on a
horizontal tail model (NORA wing??) oscillating in pitch are
compared with the experimental data. For both cases, the
results obtained by present method showed satisfactory
agreement with those of the existing theories and ex-
perimental data. In the present paper, therefore, we will
present the numerical examples that validate the present code
for 3D wings with oscillating control surfaces.

The first example is the NLR swept tapered wing? with an
oscillating inboard control surface. For this wing, the ex-
perimental data measured at subcritical Mach numbers? and
the theoretical results obtained by the subsonic lifting surface
theories of Zwaan? and Marchbank? are available. The aspect
ratio of this wing is 1.53. The leading-edge sweep angle is 50.1
deg and the taper ratio 0.573. The quater-chord length coritrol
surface is extended from the root chord station to the 59%
semispan station. Since the main purpose of the present
numerical calculation for this wing is to compare our results
with those of the subsonic lifting surface theories, it is
assumed that the airfoil thickness is zero and the amplitude of
the control surface oscillation is 0.1 deg. The total number of
grid points employed is 47 X 51 X 17, among which 25x 11 are
on the wing and 6 X 6 are on the control surface. The far-field
boundaries are located at 5 chords upstream from the leading
edge and 10 chords downstream from the trailing edge in the
streamwise direction, 20 chords up and down from the wing
surface in the vertical direction, and 4 semispans away from
the tip in the spanwise direction. (Exactly the same locations
of the far-field boundaries were also used in the subsequent
examples). The time step size Af is about 0.0469. The com-
putation time is about 2.55 s per time step on a FACOM M-
380 computer with this number of grid points.

The unsteady calculation is performed at M, =0.80, a=0
deg, and k=0.5586 (which corresponds with »=0.672, the
reduced frequency based on the semispan). For this value of
the reduced frequency, about 240 time steps are necessary per
cycle of oscillation and 5 cycles of oscillation have been
enough to obtain the periodic solution. In Fig. 3, the chord-
wise distributions of the in-phase and out-of-phase com-
ponents of the first harmonics of the unsteady aerodynamic
loadings at two spanwise stations are plotted and compared
with those predicted by the subsonic lifting surface theories of
Zwaan® (NLR theory) and of Marchbank? (BAC theory) and
with the experimental data obtained at NLR.? The agreement
of the present finite difference calculations with those of the
two subsonic lifting surface theories and with the ex-
perimental data is satisfactory at all of the spanwise stations
considered.

The second example is for testing the capability of the
present code for calculating supercritical flows. The wing we
have calculated is the RAE swept tapered wing with a part-
span control surface, for which the experimental data ob-
tained by Mabey et al.,? are available. The planform of the
RAE wing is shown in Fig. 4. The aspect ratio of the wing is 6,
taper ratio %3, and the leading-edge sweep angle 36.7 deg. The
hinge line of the control surface is located through the 70%
chord position and the side edges of the control surface are
located at 40% and 70% semispan stations, respectively. The
streamwise airfoil section of this wing is the 9% RAE 101
section. The total number of grid points is 47x51x19,
among which 25x 13 are on the wing and 75 are on the
control surface. The computation time is about 2.85 s per time
step on a FACOM M-380 computer with this number of grid
points. The time step size Az used for this problem was about
0.04. The finite difference calculations have been performed
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N.L.R. SWEPT TAPERED WING

60- —— :B.A.C. THEORY
' “N.L.R. THEORY
"USTF3
5.0F N.L.R. EXPERIMENT
4Cp,6 Moo = 0.80
401 =0
k = 0.5586
30}
45% SEMISPAN
20
1.Ob

-1.0
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-l.OF
_20 L 1 i i .
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- | 0 1 | i
1.0 -0.5 0 0.5 .0 x/b
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o H 4.1 1 ©
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Fig. 3 Unsteady load distributions (first harmonics) on NLR swept
tapered wing with oscillating inboard control surface.
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X/C=0.70 Hinge Line

9% RAEIOI Section
AR=6

A =l/3

C =0.160m
Area =0.168m?

1.0O

PERCENT
SEMISPAN

| Co-0.240m___

Fig. 4 Planform of RAE swept tapered wing.?

0.0/ &

1.0+

Fig. 5a Chordwise and spanwise steady-state pressure distributions
on RAE swept tapered wing at M, =0.90 and «=0 deg.

Fig. 5b Isobar pattern of the steady-state pressure on RAE swept
tapered wing at M, =0.90 and « =0 deg.
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o 4 b (MABEY et al.)
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Fig. 6 Calculated and experimental unsteady pressure distributions

(first harmonics) on upper surface of RAE swept tapered wing with
oscillating part-span control surface: a) magnitude, b) phase angle.

for M, =0.90 and a=0 deg. The reduced frequency of the
control surface oscillation is £=0.3250 (v=0.47, the reduced
frequency based on the mean aerodynamic chord®) and
about 483 time steps are necessary per cycle of oscillation. The
amplitude of the control surface oscillation was 1 deg for both
the experiment and the calculation.

The chordwise and spanwise steady-state pressure
distributions and the corresponding isobar pattern are shown
in Fig. 5. In these figures it is seen that the shock wave extends
from about a 80% chord position at the root chord station to
a 35% chord position at the tip station. These calculated
steady-state pressure distributions are not compared with the
experimental data, which are not available in Ref. 23. A total
of seven cycles of oscillation have been necessary to obtain the
periodic solution of the oscillating control surface problem.
The chordwise distributions of the magnitude and phase
angles of the first harmonics of the unsteady pressure
distributions on the upper surface at the 45% semispan
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RAE WING
|Cpo| | M==090,ax0°,
k=0.325(1=0.47)

0.5 1.0 x/b
1 S—
0.5 1.0 x/b
—200} 75% SEMISPAN

-300}

Fig. 7 Calculated unsteady pressure distributions (first harmonics)
on upper surface of RAE swept tapered wing with oscillating part-
span control surface.

station are plotted and compared with the experimental data
obtained by Mabey et al.? in Fig. 6. In both the theoretical
and experimental data, two peaks are observed in the
magnitude distributions. The first peak values, which are
observed at about the 40% chord position in the experimental
data and the 50% chord position in the calculated results,
respectively, are due to the oscillation of the shock wave; and
the second peak values observed around the 70% chord
position in both the experimental and theoretical results are
due to the singularities existing at the hinge line. The
discrepancy in the magnitude of the first peak values between
the theory and experiment clearly comes from the difference
of the shock wave locations between the two. That is, the
shock location in the experiment is about the 10% chord
upstream compared with that of the theory. This disparity
between the computed and experimental results can well be
explained by the viscous ramp concept. The displacement
thickness of the turbulent boundary layer changes slope
abruptly, owing to the large adverse pressure gradient near the
base of the shock wave. Therefore, the viscous flow near a
shock wave corresponds locally to the inviscid flow over a
sharp-nosed edge. This wedge converts the normal shock of a
purely inviscid solution into a weaker shock and displaces it
upstream from the purely inviscid location. This sort of
viscous effect is more pronounced at low Reynolds numbers
such as those of the cited experiment (R¢,=3.3x% 109).

In Fig. 7, the chordwise distributions of the magnitude and
phase angle of the first harmonic components of the
calculated unsteady pressure distributions at the 75%
semispan station are plotted, although the experimental data
at this semispan station are not reported in Ref. 23. It is in-
teresting to see that the relatively large peak value in the
magnitude of the unsteady pressure variation is induced by
the oscillation of the shock wave at this semispan station,
which is off the control surface location (see Fig. 4). This
phenomenon can be seen more clearly in Fig. 8 where the
chordwise and spanwise distributions of the in-phase and out-
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Fig. 8 Chordwise and spanwise unsteady pressure distributions (first
harmonics) on RAE swept tapered wing with oscillating part-span
control surface (M, =0.90, a=0 deg, k=0.325, (v=0.47)): a) real
part, b) imaginary part.

of-phase components of the unsteady upper surface pressure
are plotted. The first peak values (observed in Fig. 8), ranging
from the midsemispan stations to the tip station with in-
creasing strength, are due to the shock wave oscillation and
the second peak values ranging from about the 40% semispan
to the 70% semispan station are due to the singularities
existing on the hinge line of the control surface.

Conclusions

Numerical calculations of unsteady transonic flow over
three-dimensional wings with oscillating control surfaces have
been performed. For this purpose, the computer code USTF3,
which solves the unsteady three-dimensional full potential
equation by a two-step semi-implicit time-marching finite
difference technique and which was originally developed by
the present authors, has been modified by introducing the new
grid system that is appropriate for solving control surface
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problems. In order ot evaluate the code the unsteady pressure
distributions on the NLR swept tapered wing with an inboard
control surface and on the RAE swept tapered wing with a
part-span control surface have been calculated and compared
with those of the existing theories and experimental data.

Agreement of the unsteady pressure distributions on the
NLR wing between the present calculations and the subsonic
lifting surface theories was satisfactory for the subcritical
Mach number. For the pressure distributions on the RAE
swept tapered wing, there have been observed some quan-
titative discrepancies for the supercritical Mach number
between the present calculations and the experimental data,

which may be attributed to the effects of the shock wave and

turbulent boundary-layer interactions, although the
qualitative behavior of the unsteady pressure distributions has
been well predicted by the present method. A modification of
the present code USTF3 to take into account the effects of the
turbulent boundary-layer interactions is now under in-
vestigation.

An immediate application of the present code, which also
has a capability of calculating the time-dependent aeroelastic
response of a flexible wing as demonstrated in Ref 12, is a
time-domain numerical simulation of active control systems
such as flutter suppression systems. Such an example is given
in Ref. 14.
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