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Abstract 

Unsteady transonic flow calculations are 
presented for aerodynami ca lly i nterferi ng 
lifting surface configurations. Calculations 
are performed by extending the XTRAN3S (Version 
1.5) unsteady transonic small-disturbance code 
to allow the treatment of an additional lifting 
surface. The research was conducted as a 
first-step toward developing the capability to 
treat a complete fllght vehicle. Grid genera­
t i on procedures for swept tapered i nterferi ng 
lifting surface applicatlQnS of XTRAN3S are 
descrlbed. Transonic calculatl0ns are presented 
for wlng-tal1 and canard-wlng conflgurations for 
several values of mean angle of attack. The 
effects of aerodynamlc lnterference on transonic 
steady pressure distrlbutions and steady and 
osclllatory spanwlse 11ft distributions are 
demonstrated. Results due to wing, tail, or 
canard pltching motlons are presented and 
dlscussed ln detal1. 

C 

cR. 
cr 
f 

k 
M 
S 

t 

U 
x,y,z 

-n 
l;,n,l; 

Nomenclature 

a 1 rfol1 chord 
sectl0nal lift coefflcient 
wing reference chord 
functlon defining lnstantaneous posltl0n 
of liftlng surface 
reduced frequency, wcr /2U 
freest ream Mach number 
horlzontal separation distance measured 
ln wlng root chordlength between the two 
planform root sections 
tlme nondimensl0nallzed by freest ream 
veloclty and wing reference chord 
freest ream velocity 
nondlmensional cartesian coordinates in 
streallrtlise, spaowlse, and vertical 
directlons, respectively 
coordlnate of Jth spaowise grfdpoint 
angle of attack 
ratio of specific heats 
11fting pressure coefficient 
sweep angle 

fractional semispan 
transformed nondimensional coordinates 
ln x, y, and z dlrectl0ns, respectively 
disturbance velocity potential 
angular frequency 

Subscripts 

C 
LE 
T 
TE 
W 
o 
1 

canard 
leadlng edge 
tall 
traili ng edge 
wing 
mean value 
dynamlc value 
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Introductl0n 

Computational methods employing linear 
theory for predicting unsteady flowfields about 
aerodynamically lnterfering liftlng surfaces and 
multiple-component configurations have been 
developed over the past fifteen years (Refs. 
1-4, for example). These methods are extensions 
of linearlzed theory for single liftlng surfaces 
to more complicated configurations such as two 
lifting surfaces in tandem, vanous horizontal 
stabil1Zer/vertical fin arrangements, and wing­
body combinatl0ns. More recently, computer 
programs such as that reported in Ref. 5 ha ve 
been developed for the analysis of complete 
flight vehicles. The underlying linear theory 
on WhlCh these methods are based, though, 
restricts the applications to either subsonlc or 
supersonic flows. In the transonic reglme, 
computational methods for predicting flowfields 
about osc1llatlng multiple lifting surface 
conflgurations are currently being developed. 

Steady transonic flowfields about isolated 
wlngs have been calculated by Boppe b uSlng a 
finite-difference relaxation scheme wlth a grid 
embeddlng procedure. The ls01ated wing formula­
tlon was extended to permit the analysls of two 
lnterferlng wlng surfaces. Steady pressure 
d1str1but10ns were presented to lllustrate 
canard-wing 1nterference at transon1C speeds. 
Shankar and Malmuth 7 presented computat10ns for 
a few canard-w1ng conf1gurat10ns uS1ng transon1C 
small-disturbance theory. In Ref. 7, results 
were obtained by placing the two surfaces ln a 
single sheared fine grid system that 1S embedded 
1n a ~lobal cartesian crude grid. Shankar and 
Goebel developed a local numerical mapping 
procedure where the leading and tra11ing edges 
of the two surfaces are treatea as constant 
coord1 nate 11 nes 1 n the computat 1 onal domai n. 
The computat ions ha ve a 1 so recently been 
extended to include dihedral and fuselage 
effects. '3 

Unsteady tranSOnlC results for two-dimen­
s 1 onal canard-w1 ng confi gurat 1 ons were reported 
by the author ln Ref. 10. The aerodynamic cal­
culations were performed by extend1ng the 
XTRAN2L 11 transonic small-disturbance code to 
lnclude an add1tional airfoil. Results for a 
range of canard-w1ng separatl0n distances 
demonstrated the effects of aerodynami c i nter­
ference on transonic unsteady airloads, aero­
elastic stabl1ity, and flutter of oscillating 
airfoils. 

Th1S paper presents three-dimensional 
tranSOnlC unsteady aerodynam1c results from the 
XTRAN3S 12 transonic small-disturbance (TSO) code 
for oscillating 1 nterfering lifting surface 
confi gurati ons. The obJecti ves of the study 
were to: (1) develop and demonstrate an 
unsteady transcn1C computational capability for 
interfering lifting surface geometrles; and (2) 



investigate the effects of aerodynamic 
interference on transonic pressures and forces. 
In this study, the calculations are performed by 
extending the XTRAN3S code to allow the treat­
ment of an additional lifting· surface. The 
i nterferi ng 1 i ft i ng surface computati onal 
capabH ity now permits the assessment of aero­
dynamic interference effects on transonic 
unsteady airloads and flutter characteristics of 
closely-coupled wing-tail and canard-wing 
systems. 

Computational Procedures 

In this section, the XTRAN3S code and 
coordinate transformation details are 
described. Grid generation procedures for 
interfering lifting surface applications are 
also given. 

XTRAN3S Code 

Program Description. - The XTRAN3S code 
provides a time-accurate solution to the 
nonlinear, small-disturbance, potential equation 
for three-dimensional transonic flow. The code 
can be used to calculate steady and unsteady 
transonic flowfields about isolated planar \~ings 
including aeroelastic deformation effects. The 
program is capable of treating either forced 

.harmonic or aeroelastic transient type motions. 
A time-accurate alternating-direction implicit 
(ADI) finite-difference scheme is used to solve 
the modified transonic small-disturbance 
equation 

M2(<j> + 2~x)t = [(1 - r-t)9 + Al + Bl] t x x y x 
(1) 

Several choices are available for the 
coefficients A, B, and C, depending upon the 
assumptions used in deriving the TSO equation. 1Z 

Briefly, the coefficients. are referred to as 
"NASA AIres" coefficients when defined as 

A = - ~ (y + 1 )M
2 

1 2 B = 2" (y - 3)M 
. 2 

C = -(y - 1)M 

(2a) 

(2b) 

(2c) 

and are referred to as "NlR" coefficients when 
defi ned as 

1 2 2 A = - "2 l3-(2-y)M 1M (3a) 

B = _ 1. M2 
2 (3b) 

C = _ M2 (3c) 

The "classical" coefficients are given by 
1 2 A = - "2 (y+l)M (4a) 

B = 0 (4b) 

C = 0 (4c) 
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and 'finally the coefficients for the linear 
equation are 

A=B=C-O (5) 

The subsonic flat plate results presented herein 
are computed using the linear equation 
coefficients; the transonic results are computed 
using the NASA Ames coefficients. For wing-tail 
and canard-wing applications, the ADI solution 
procedure of XTRAN3S has been extended to allow 
the treatment of an additional lifting surface. 
The modifications have been made to Version 
1.5 13 of the XTRAN3S code. The program now is 
capable of computing unsteady transonic 
flowfields about relatively general interfering 
lifting surface configurations. The present 
program coding, however, does not allow for 
overlapping or co-planar configurations. 

Boundary conditions imposed upon the 
flowfield are 

Far upstream: 

Far downstream: 

Far above and below: 

Far spanwise: 

Root reflection plqne: 

Trailing wakes: 

4> = 0 

9
Z 

= 0 

9 ='0 
Y 

<I> = 0 
Y 

[4>zl = 0 

[4>x + 4>t 1 = 0 

(6a) 

(6b) 

(6c) 

(6d) 

(6e) 

(of) 

(6g) 

where [ 1 indicates the julT1' in the indicated 
quant ity across the wake. The flow tangency 
bounda~ condition is 

(7) 

which is appl fed on the respecti ve mean planes 
of the lifting surfaces. 

Coordinate Transformation. The 
finite-difference grids in both the physical and 
computational domains are contained within 
rectangular regions and conform to the two 
lifting surfaces. Regions in the physical 
domain, such as the swept and/or tapered lifting 
surface planforms and their outboard extensions, 
are mapped into rectangular regions in the 
computational domain using the shearing 
transformation 

E; = E;(x,y) 

n = y 

E; = z 

(8a) 

(8b) 

(Bc) 

The coordinate transformation (Eqs. (B» is 
based on the s i ngl e surface transformati on 
equations described in detail by Bennett, et 
al. 14 For interfering lifting surface 
configurations, the transformation is applied 
independently in five separate regions of the 
grid as illustrated in Fig. 1. The five regions 
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Fig. 1 Regions in physical domain which 
transform to rectangular regions in 
computational domain. 

are defined as: (1) upstream of the "forward" 
planform; (2) along the forward planform and 
outboard extension; (3) between the two 
planforms; (4) along the "aft" planform and 
outboard extension; and (5) downstream of the 
aft planform. 

Grid Generation Procedures 

Sectional Grid Treatment. - The sectional 
finite-difference grid near a simple wing-tail 
configuration is shown in Fig. 2. Planar wakes 
are assumed for both lifting surfaces. The grid 
is based on the XTRAN3S isolated wing default 
grid described in Ref. 15 and has 93 and 46 
pOints in the horizontal and vertical 
directions, respectively, for the configuration 
shown. Thirty equidistantly spaced points are 
distributed along both the wing and tail 
chords. One additional point is added near the 
1 eadi ng edge of each surface for better 
resolution. Grid stretching to the farfield in 
both the x and z-directions is identical to that 
described in Ref. 15. In the streamwise 
direction, for example, gridpoints are stretched 
twenty chordlengths to the farfield with eleven 
and ten poi nts extendi ng to upstream and 
downstream boundaries, respectively. Above the 
tail and below the wing, twenty gridpoints are 
stretched twenty-fi ve chordlengths to the upper 
and lower farfield boundaries. Between the two 
surfaces, vertical grid lines are distributed 
equidistantly between the first gridpoint 
downstream of the wi ng trail i ng edge and the 
tail leading edge. Horizontal grid lines are 
distributed equidistantly between the wing and 
tail centerlines with one additional line placed 
sYmmetrically below" the tail centerline and 
another additional line placed symmetrically 
above the wing centerline. Horizontal and 
vertical separation distances are 5~ and 40% 
chord, respectively, for the configuration shown 
here. For different separation distances or 
other configurations, points may be added or 
removed between the two lifting surfaces. 

Planform Grid Treatment. - Fi gure 3 shows 
the p lanform fi ni te-di fference gri d near a 
simple wing-tail configuration consisting of two 
identical swept planforms. The grid is based on 
the single surface grid mapping procedures 
described in Ref. 14 which were extended in this 
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study to include an additional planform. A 
cosine distribution of spanwise gridpoints is 
used in this example along the lifting surfaces 
and in the outboard region to concentrate points 
near the tips. Outboard of the lifting 
surfaces, the planforms are extended to the 
farfield boundary using the outboard grid 
mapping procedure of Bennett, et al. 14 In this 
procedure, the "leading and trailing edges are 
smoothly extended using cubic polynomials that 
match leading and trailing edge slopes and 
intersect the far spanwise boundary 
perpendicularly. The spanwise grid lines are 
mapped into the computational domain where they 
are treated as constant coordinate lines, 
similar to the local numerical mapping procedure 
of Ref. 8. Details of the grid mapping 
procedure and the equat ions defi ni ng the 
gridpoints are given in Ref. 14 for single 
lifting surface applications of XTRAN3S. 
Planform grids for the interfering lifting 
surface configurations presented below 
graphically illustrate the outboard grid mapping 
procedure. 

In initial applications to both Single and 
interfering lifting surface cases, numerical 
i nstabil ity probl ems at the root were 
encountered." A representat i ve examp.l e for a 
forward-swept wi ng confi gurat'i on is shown in 
Fig. 4(a). Oscillations in the solution develop 
at the root as shown for t = 1.8 (120 time 
steps). These oscillations grow large with time 
and subsequently lead to program failure at t = 
2.43 (162 time steps) for this example. A study 
was undertaken to invest i gate this i nstabil ity 

Fig. 2 XTRAN3S sectional finite-difference grid 
near wing-tail configuration of Ref. 4. 

Fig. 3 XTRAN3S planform finite-difference grid 
near wing-tail configuration of Ref. 4. 



and to seek solutions to eliminate the problem. 
The source of the instability was traced to the 
original treatment of the symmetry condition and 
grid near the root reflection plane for certain 
configurations and flow conditions. The 
symmetry condition (Eq. 6(e» is expressed in 
the computational domain as 

.p~~ + OPn = 0 (9) 

where ~y is the spanwise grid metric along the 
reflectfon plane. In XTRAN3S. a "dullll1Y" plane 
adjacent to the reflection plane provides 
gridpoi nts for a central-difference 
approximation of OPn in Eq. (9). The locations 
of these gri dpoi nts in the ori gi na 1 code are 
determined by extrapolating the grid lines in 
the physical domain across the reflection plane 
to the dullll1Y plane as shown in Fig. 4(a). A new 
treatment of the grid was investigated such that 
these gridpoints are positioned symmetrically 
about the reflection plane as shown in the left 
part of Fig. 4(b). In this new grid treatment. 
the metric ~y is discontinuous across the 
reflection plane and is therefore not defined. 
Calculations are performed by setting ~.Y. equal 
to zero. which is equivalent to ta~ing an 
average of the values of ~y on either side of 

(a) original grid treatment at wing 
root for forward-swept wing and 
steady pressure distribution at 
t " 1.8. 

(b) symmetric grid treatment at wing 
root for forward-swept wing and 
steady pressure distribution at 
t = 24.0. 

the reflection plane. and the symmetry condition 
becomes simp ly 

OP = 0 . n (10) 

The new symmetric treatment of the grid 
eliminates the instability at the root and 
converged steady pressure results were obtai ned 
as shown in the right part of Fig. 4(b). For 
th is forward-swept wi ng confi gurat i on. the 
program now predicts a steady pressure 
distribution with a relatively strong shock wave 
at the root. Moving outboard the shock weakens 
in strength and disappears toward the tip. 
Further investigation is required to assess the 
accuracy of these results. 

The symmetric grid treatment can also be 
successfully applied to aft-swept configurations 
such as that presented in Fig. 4(c). The 
resulting steady presure distribution is smooth 
at the root and indicates the presence of a mild 
shock that is more pronounced at the tip. For 
highly-swept configurations. though. a non­
physical pressure expansion may occur near the 
wi ng apex due to the sharp corner introduced by 
the sYl!ll1E!tric grid. This nonphysical pressure 
expansion occurred for the configuration of 

(c) symmetric grid treatment at wing 
root for aft-swept wing and steady 
pressure distribution at t " 24.0. 

(d) symmetric grid treatment with 
parabolic smoothing at wing root 
and steady pressure distribution at 
t = 24.0. 

Fig."4 Treatment of planform grid across reflection plane and resulting steady 
pressure distributions at M • 0.9 and ao • 00 • 
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Fig. 4(c) when a cosine distribution of 
spanwi se gri dpoi nts was used. An inboard gri d 
mappi ng procedure was subsequently developed to 
eliminate the corner by smoothing the grid 
across the reflection plane. In this procedure. 
the leading and trailing edges of the planforms 
near the root sections are replaced by 
second-order polynomials of the form 

xLE(y) = ~Ey2 + BLEy + CLE (lla) 

xTE(y) = ATEy2 + BTEy + CTE (lib) 

The coefficients in Eqs. (11) are determined by 
requiring that the polynomials intersect the 
reflection plane perpendicularly and match the 
locations and slopes of the leading and trailing 
edges at the fi rst spanwise gri dpoi nts outboard 
of the root section (y = Y3)' The inboard grid 
mappi ng procedure with parabol i c smoothi ng 
therefore replaces the leading and trailing 
edges at the root (y = Y2 = 0) by 

( ) (y) 1 -1 (l.21 _ ) xLE 0 xLE 3 - 2" y 3 tan ALE (12a) 

which effectively unsweeps the grid near the 
reflection plane as shown in Fig. 4(d). This 
grid variation produces metrics ~y that are 
continuous and. along. the reflection plane. are 
uniquely defined to be zero. The resulting 
steady pressure distribution using this grid 
treatment is also shown in Fig. 4(d). These 
steady pressures are smooth at the root and are" 
similar to those shown in Fig. 4(c) (calculated 
using no smoothing along the root). A 
comparison of steady pressure distributions 
computed using three different grid variations 
is shown in Fig. 5 for the root section of the 
aft-swept wi ng. The symmetri c treatment of the 
grid with parabolic smoothing produces a steady 
pressure distribution that is more forward 
loaded in comparison with the original and 
symmetric (without root smoothing) grids. This 
effect is attenuated in the spanwi se di rect ion 
and is negligible at the tip. Further work is 
needed to determine the accuracy of results 

-<=p 

Fig. 5 
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.2 

, 
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0 , 

-.2 --Original ~\ 
----- Symmetric 
--- Symmetric with smoothing 

Comparison of steady pressure 
distributions for aft-swept wing root 
section computed using three grid 
variations across reflection plane. 
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computed using the symmetric grid with root 
smoothing by comparison with experiment. 

Planform finite-difference grids for the 
wing-tail and canard-wing configurations 
considered herein. are shown in Figs. 6(a) and 
6(b), respectively. These grids clearly 
illustrate the inboard root smoothing and the 
outboard grid mapping procedures for interfering 
1 ifting surface" configurations. The outboard 
grid mapping of Ref. 14 is applicable for most 
wing-tail and canard-wing configurations. For 
geometries consisting of a forward-swept wing 
with a closely-coupled aft-swept canard. 
however. the outboard extensfons of the two 
p1anforms may overlap. The mapping has 
subsequently been modified to resolve this 
problem by Simply altering the locations where 
the outboard extensions intersect the far 
spanwi se boundary. The modifi cat i on separates 
the two outboard extensions such that the 
overlap no longer occurs and reasonable planform 
grids for closely-coupled configurations may be 
obtained. 

Results and Discussion 

Configurations 

Results are presented for the following 
three configurations: (1) a simple wing-tail 
consisting of two identical swept p1anforms; (2) 
the Laschka-Schmidt wing-tai1 3

; and (3) a 

(a) Laschka-Schmidt wing-tail • 

(b) canard-wing configuration. 

Fig. 6 XTRAN3S p1anform finite-difference grids 
near interfering lifting surface 
configurations (S = 0.50); 



canard-wing geometry. Subsonic unsteady 
calculations were performed for the first 
configuration for comparison with the linear 
theory results of Ref. 4. Transonic steaqy and 
unsteady results were obtained ·for the second 
and third configurations to demonstrate the 
XTRAN3S i nterferi ng 1 ifti ng surface capability 
and to investigate the effects of aerodynamic 
interference on pressure di stri but; ons and 
spanwise loading. 

Subsonic unsteady results are presented for 
the simple flat-plate wing-tail configuration 
illustrated in Figs. 2 and 3. to assess and 
verify the rrodifications to the XTRAN3S code. 
This configuration was selected for comparison 
with the linear theory results reported by 
Albano. Perkinson. and Rodden." In Ref. 4. 
subsonic results were obtained for this 
confi gurat ion usi ng a kernel function method. 
As 111ustrated in Fig. 3, each planform of the 
wing-tail has a full-span aspect ratio of 2.28. 
a leading edge sweep angle of 45°. and a taper 
ratio of 1.0. 

Transonic steady and unsteady results are 
presented for the Laschka-Schmidt wi ng-tafl and 
a canard-wing configuration. Each planform of 
these configurations has a full-span aspect 
ratio of 2.67. a leading edge sweep angle of 
45°. and a taper ratio of 0.5. The tail of the 
Laschka-Schmi dt confi gurat i on is two':'thi rds the 
size of the wing as illustrated by the planform 
finite-difference grid of Fig. 6(a). The 
canard-wing configuration is created by simply 
placing the tail in front of the wing as 
illustrated by the planform finite-difference 
grid of Fig. 6(b). The grids contain 82 x 
20 x 44 points in the x. y. and z directions. 
respectively. for a total of 72.160 points. The 
vertical separation distance for the tail and 
canard was selected as 2~ wing root chord above 
the wi ng. Two hori zonta 1 separat i on di stances 
(between the planform root sections) of 25~ 
(S .. 0.25) and 50~ (S .. 0.50) wing root chord 
were considered. The NACA 0010 airfoil section 
was selected for the lifting surfaces. These 
similar wing-tail and canard-wing geometries 
were selected to study transonic interference 
effects because the lifting surfaces are all 
geometrically the same. Differences in pressure 
distributions or spanwise loading between the 
wing and the. tailor between the canard and the 
wi ng are. therefore. due solely to aerodynami c 
interference. 

Steady computations also were attempted for 
the Rockwell canard-wing model of Ref. 16. Each 
of the two lifting surfaces had an exposed 
aspect ratio of approximately 2.0. a leading 
edge sweep angle of approximately 40°. and a 
taper ratio slightly greater than 0.25. The 
wing also had 5° of parabolic twist washout. 
Attempts to obtain converged steaqy pressure 
distributions for both the canard-wing as well 
as for the 1501 ated wi ng were unsuccessful due 
to a numeri ca 1 i nstabili ty that I fi rst was 
observed in the wing wake. The instability was 
attributed to the large twist of the low aspect 
ratio wing since steady solutions were 
obtainable for the wing with no twist. 
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Subsonic Linear Theory Comparison 

Subsonic unsteady computations for the 
swept wing-tail configuration of Figs. 2 and 3 
were performed for simple harmonic wing pitching 
about ali ne perpendi cu 1 ar to the root at the 
wing apex. The freestream Mach number was 
M .. 0.7, the !rean angle of attack was aa .. 0° 
for both wing. and tail. and the reduced 
frequency based on root semi chord was k .. 
0.262. The nondimensional time step size was 
selected as lit .. 0.01872 which results in 640 
time steps per cycle of motion. 

Unsteady chordwise lifting pressure 
di stri but ions lICp on the wi ng and tail due to 
wing pitching with oscillation amplitude at .. 1° 
are shown in Fig. 7 for four span stations. 
Real and imaginary components of the lifting 
pressures are shown. These resul ts were 
obtai ned usi ng the synrnetri c treatment of ·the 
grid across the reflection plane without 
srroothing. The XTRAN3S results are in good 
general agreement with the kernel function 
method results of Ref. 4. with the largest 
differences occurri ng in the 1 eadi ng edge 
regions. Calculations performed using the 
original (extrapolated) treatment of the grid, 
however. did not predict the correct Singular 
behavior near the leading edge of the root 
sections. This suggests that the symmetric grid 
treatment may be more applicable to unsteady 
calculations than the original grid treatment. 
The unsteady pressures on the motionless tail 
are induced by the oscillatory wing pitching 
motion and represent the unsteady aerodynamic 
interference of the wing on the tail. As 
discussed by Albano. et al .... the upstream 
influence of the tail on the wing is negligible 
for this case. 

Unsteady sectional lift coefficients on the 
wing. and tail due to wing pitching are presented 
in Fig. 8. These coefficients are plotted as 
real and imagi nary components of the spanwise 
1 ift distribution. As shown in Fig. 8, the 
XTRAN3S calculations agree very well with the 
linear theory results of Ref. 4. The unsteady 
lift coefficients on the tail induced by the 
wing pitching are similar in magnitude to the 
self-induced lift coefficients on the wing. 

-- XTRAN3S ~ 
----- Alt.no. It ai, 

~;;::::=::::::;7 ~ ".92 

.16 

Rill 

Fig. 7 Comparison between XTRAN3S and kernel 
function method unsteady chordwise 
lifting pressure distributions on wing 
and tail due to wing pitching at M .. 0.7 
and k .. 0.262. 
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, Fig. 8 Comparison between XTRAN3S 'and kernel 
function method unsteaqy sectional lift 
coefficients on wing and tail due to 
wing pitching at M = 0.7 and k = 0.262. 

Transonic Steady Interference Effects' 

Transonic results for the Laschka-Schmidt 
wing-tail of Fig. 6(a) and the canard-wing 
configuration of Fig. 6(b) were obtained at a 
freest ream Mach number of M = 0.9 and three mean 
angles of attack ao = 0°, 1°, and 2°. For 
steady calculations, the step size was selected 
as lit = 0.015 and 1600 steps were requi red for 
the solution to converge. 

Steady pressure distributions on the upper 
and lower surfaces of the isolated lifting 
surface at M = 0.9 and ao = 2° are shown in 
Figs. 9(a) 'and 9(b), respectively. These 
results are presented for comparison with the 
interfering lifting surface pressure 
distributions which follow. As shown in Fig. 
9(a), there is a relatively strong shock wave on 
the upper surface located near 85% chord at the 
root. In the spanwise direction, the shock 
becomes more pronounced and is located near 30% 
chord at the tip. Although not obvious, the 
lower surface pressures shown in Fig. 9(b) are 
supercritical. Steady pressure distributions on 
the upper and lower surfaces of the wing-tail at 
M = 0.9 and ao = 2° are plotted in Figs. 10(a) 
and lO(b), respectively. In general, the 
pressures on the wing are very similar to the 
isolated surface pressures shown in Fig. 9. On 
the tail, however, the shock is weakened on the 
upper surface and the pressures near the lower 
surface leading edge are increased in magnitude 
due to the aerodynamically interfering wing. 
Also, the pressure distributions on the upper 
and lower tail surfaces are very similar which 
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(a) upper surface. 

(b) lower surface. 

Fig. 9 Steady pressure distributions on 
isolated lifting surface at M = 0.9 and 
ao = 2°. 

(a) upper surfaces. 

(b) lower surfaces. 

Fig. 10 Steady· pressure distributions on 
Laschka-Schmidt wing-tail at M ~ 0.9 
and ao = 2° (S = 0.50). 



indicates that the tail lift is small. Pressure 
distributions on the canard-wing upper and lower 
surfaces at M = 0.9 and Qo = 20 are presented 
in Figs. ll(a) and ll(b). respectively. In 
general. the pressures on the 'wing resemble 
those of the isolated surface. although the 
lower surface values are slightly increased near 
the leadi ng edge. On the canard. the upper 
surface shock is s 11 ght ly weakened due to the 
presence of the wing. In contrast with the tail 
pressures of Fig. 10. the canard lifting 
pressure is of sizeable magnitude since the 
upper and lower surface pressure distributions 
are dissimilar. 

To more clearly illustrate the steady 
transonic interaction between the two lifting 
surfaces. sectional lift. coefficient 
distributions are presented in Figs. 12 and 13 
for the wing-tail and canard-wing 
configurations. respectively. In each case. the 
horizontal separation distance is S = 0.5. 
Results for the isolated lifting surface (solid 
lines) are also plotted for comparison 
purposes. For the wing-tail configuration 
(Fig. 12). the tail induces a weak upwash on the 
wing which increases the wing sectional lift 
coefficient cg, for all three angles of 
attack. Conver~elY. the wing induces a strong 
downwash on the tail. which significantly reduces 
t~e tail sectional lift coefficient CtT' Small 
negatfve values of' Ct't. result . for the 
Q o = 00 and 10 cases. calculations for the 
Closely-coupled wing-tail configuration 
(S = 0.25) resulted in negligible changes in 
CtW and CtT (not shown). For the 

(a) upper surfaces. 

(b) lower surfaces. 

Fig. 11 Steady pressure distributions on 
canard-wing configuration at M = 0.9 
and ao • 20 (S = 0.50); 
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Fig. 12 Steady sectional lift coeffioients 
on Laschka-Schmidt wing-tail at 
M = 0.9 (S = 0.50). 
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canard-wing configuration (Fig. 13), the weak 
upstream influence of the wing slightly lowers 
the canard sectional lift coefficient CtC at 
all three angles of attack. At CIo = 0°, the 
aerodynamically interfering canard induces a 
small positive spanwise lift distribution on the 
wing. As angle of attack is increased, the 
effect of the canard on the wing is increased, 
especially in the inboard region. At CXo = 2°, 
for example, the inboard· wing lift is 
significantly lowered by the canard downwash. 
The outboard wing lift is less affected by the 
presence of the canard, as expected. For the 
closely-coupled canard-wing configuration 
(S = 0.25), cR,w in the inboard region of the 
wing is furtller reduced with decreased 
separation distance (not shown). 

Transonic Unsteady Interference Effects 

Transonic unsteady calculations for the 
wing-tail and canard-wing configurations were 
performed for wi ng, tail, and canard pitchi ng 
motions with oscillation amplitude CIt = 1°. The 
freest ream Mach number was M = 0.9, the mean 
angl e of attack was CIo = 2°, and the reduced 
frequency was k = 0.3. The step size was chosen 
as t:.t = 0.01496 which results in 700 time steps 
per cycle of motion. Calculations were 
performed for two different separation distances 
S = 0.25 and S = 0.50 to investigate the effects 
of separation distance on unsteady spanwise 
1 oadi ngs. These cal cul at ions' are compared with 
the isolated lifting surface pitching results to 
demonstrate the effects of unsteady aerodynamic 
interference. 

Unsteady sectional lift coefficients for 
the wing-tail configuration are presented in 
Figs. 14 and 15 for wing pitching and tail 
pitching, respectively. As shown in the upper 
part of Fig. 14, the wing sectional lift 
coefficient due to wing pitching, termed 
self-induced wing lift, shows a small increase 
in the real part in comparison with the isolated 
lifting surface solution. The harmonic J1l)tion 
of the wi ng produces an osci 11 atory fl CM about 
the fixed tail. The resulting induced tail 
loading due to wing pitching is plotted in the 
lower part of Fig. 14. The tail sectional lift 
coefficients are of similar magnitude to the 
se 1f - induced wi ng 1 i ft and are dependent upon 
the horizontal distance separating the two 
lifting surfaces. When the separation distance 
is reduced by a factor of two, the imaginary 
part of cR, decreases and the magnitude of 
the real pah increases. These changes in the 
real and i magi nary pa rts occur such that the 
magnitude of CtT is. uneffected and the phase 
of cR,T is decreased with reduced separation 
distance S. The decreased phase of Ct is 
physically related to the shorter time reqJired 
for di sturbances created by the wi ng to 
influence the tail. For tail pitching (Fig. 
15), the tail spanwise loading shows only a 
small increase in both real and imaginary parts 
between the isolated lifting surface and 
wing-tail cases. The effect of the oscillating 
tail on the fixed wing is negligible even for 
the closely-coupled case of S = 0.25. This 
result may be attributed to the relatively long 
times associated with upstream propagating 
disturbances (from tail to wing) in comparison 
with downstream propagating di sturbances (from 
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wing to tal1). For the freest ream Mach rumber 
of M = 0.9 considered here, the downstream 
propagat i on speed is approxi mate ly ni neteen 
times faster than the upstream propagation 
speed. 

Unsteady sectional lift coefficients for 
the canard-wi ng confi gurat i on are presented ,i n 
Figs. 16 and 17 for canard pitching and wing 
pitching, respectively. As shown in the upper 
part of Fig. 16, the canard sectional lift 
coefficient due to canard pitching, termed 
self-induced canard lift, shows only small 
differences between the isolated lifting surface 
and canard-wing cases. The harmonic motion of 
the canard produces an osci 11 atory flow about 
the wing. The resulting induced wing loading 
due to canard pitching is presented in the lower 
part of Fig. 16. The wing sectional lift 
coefficients are of similar magnitude to the 
self-induced canard sectional lift coefficients 
and are dependent upon the horizontal separation 
of the two lifting surfaces. With decreased 
separation distance, the magnitude of the wing 
sectional lift coefficients is slightly 
increased. The effect of the canard on the wing 
is largest in the inboard region and decreases 
outboard of the canard tip. For wing pitching 
(Fig. 17), the wing sectional lift coefficients 
show only very small increases in the real and 
imaginary components when the canard is included 
in the transonic flowfield. This negligibly 
small effect of the canar.d on the wing loading 
due to wing pitching is in contrast with the 
significant effect of the canard on the steady 
wing loading (Fig. 13). Siml1arly, the 
oscillating wing has no effect on the fixed 
canard for separation distances of S = 0.50 and 
0.25 as shown in Fig. 17. This characteristic 
may be attributed to the relatively longer times 
for' disturbances to propagate upstream from the 
osc111ating wing to the motionless canard in 
comparison to downstream propagation from canard 
to wing as discussed previously for the 
wing-tail configuration. 

Concluding Remarks 

Steady and unsteady transonic flow 
ca lculat ions were presented for aerodynamically 
interfering lifting surface configurations. The 
calculations were performed by extending the 
XTRAN3S unsteady transoni c sma ll-di sturbance 
code to allow the treatment of an additional 
lifting surface. The code is now capable of 
computing unsteady transonic flowfields about 
relatively general wing-tail and canard-wing 
configurations. Grid generation procedures for 
swept and tapered i nterferi ng 11 ft i ng surface 
app li cat ions of XTRAN3S were descri bed in 
detail. The planform finite-difference grid is 
based on the single surface grid mapping 
procedures which were extended to include an 
additional planform. Numerical instabilities at 
the root sections which were encountered in 
initial applications of XTRAN3S were eliminated 
using a new symmetric treatment of the grid 
across the reflection plane. Discontinuities in 
grid metrics were removed using an inboard grid 
mapping procedure with parabolic smoothing. 

Unsteady subsonic calculations were 
performed for a simple wing-tail configuration 
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consisting of two identical swept p1anforms to 
assess the modifications to the XTRAN3S code. 
Unsteady chordwise pressure distributions and 
spanwise lift distributions for wing pitching 
showed good agreement with pub1 i shed 1 i near 
theory results. Steady transonic calculations 
were performed for swept and tapered wi ng-ta il 
and canard-wi ng confi gurat ions at several mean 
angles of attack. The effects of aerodynamic 
interference were demonstrated on transonic 
steady pressure distributions and spanwise lift 
distributions. For the wing-tail configuration, 
the wing produced a downwash on the tail which 
significantly decreased the tail spanwise 1 ift 
distribution. Conversely, the tail induced an 
upwash on the wing which increased the wing 
spanwise lift. For the canard-wing 
configuration, the canard produced a downwash on 
the wing which decreased the inboard wing 
spanwi se 1 ift at the hi gher ang1 es of attack 
considered. The outboard wing lift was less 
affected by the presence of the canard, as 
expected. Unsteady transonic calculations were 
performed for wing, tail, or canard pitching 
motions. The effects of aerodynamic 
interference were demonstrated on transonic 
unsteady spanwise lift distributions. In 
general, the unsteady 1 ift on one surface due to 
its own motion, termed self-induced lift, showed 
only small differences between isolated and 
interfering lifting surface cases. The induced 
lift, on the aft surface due, to motion of the 
forward surface, though,' was dependent upon 
separation distance between the two lifting 
surfaces and was of similar magnitude to the 
self-induced lift. The effect of the 
osci 11 at i ng aft surface on the forward surface 
was negligible. 

The research was conducted as a fi rst-step. 
toward developing the capability to treat a 
complete flight vehicle. Transonic aeroe1astic 
calculations are presently being performed for a 
close1y-co~p1ed canard and forward-swept wing 
configuration to investigate the effects of 
aerodynamic interference on stability and 
flutter. Work on developing a wing-body 
capability also is currently in progress. 
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