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Calculation of Steady and Unsteady Pressures on Wings at
Supersonic Speeds with a Transonic Small-Disturbance Code

Robert M. Bennett,* Samuel R. Bland,* John T. Batinat
NASA Langley Research Center, Hampton, Virginia 23665

Michael D. Gibbons J
Lockheed Engineering and Sciences Company, Hampton, Virginia 23666

and
Dennis G. Mabey§

Royal Aerospace Establishment, Bedford, England

A transonic unsteady aerodynamic and aeroelasticity code has been developed for application to realistic
aircraft configurations. The code is called CAP-TSD (computational aeroelasticity program—transonic small-
disturbance) and uses a time-accurate approximate factorization algorithm for solution of the unsteady tran-
sonic small-disturbance equation that is efficient for solution of steady and unsteady transonic flow problems
including supersonic freestream flows. This code can treat complete aircraft geometries with multiple lifting
surfaces and bodies. Applications to wings in supersonic freestream flow are presented. Comparisons with
selected exact solutions from linear theory are presented, showing generally favorable results. Calculations for
both steady and oscillatory cases for the F-5 wing and the Royal Aerospace Establishment tailplane models are
compared with experimental data and also show good overall agreement. Selected steady calculations are also
compared with the results from a steady flow Euler code.

Nomenclature
c = airfoil chord
c/a = section lift-curve slope
cr = wing reference chord
Cjj = pressure coefficient
Cp = unsteady pressure coefficient normalized by

oscillation amplitude
/ = function defining position of lifting surface
k = reduced frequency, = cocr/2£7
M = freestream Mach number
t = time, nondimensionalized by U/cr
U = freestream velocity
a = angle of attack
7 = ratio of specific heats
A? = nondimensional time step
i? = fractional semispan coordinate
6 = phase angle between unsteady lift and pitch angle
0 = disturbance velocity potential
o> = angular frequency

Subscripts
0 = mean value
1 = dynamic value
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Introduction

CURRENTLY, there is considerable interest in the devel-
opment of methods for calculating supersonic unsteady

aerodynamics for application to advanced configurations. Al-
though flutter is oftentimes critical at transonic speeds, critical
conditions can also be encountered at both low and high
supersonic speeds, depending on the configuration and its
operating envelope. Linear theory has been the primary ana-
lytical too for analyzing flutter in the low supersonic region,
with recent efforts directed toward refining the potential gra-
dient methods (Refs. 1 and 2, for example). In linear theory,
wing loading is determined by the relationship of the Mach
lines to the planform. The Mach lines, which are infinitesimal
approximations to shock waves, tend to lose significance for
planforms with bluntness, thickness, or angle of attack as
finite-strength shock waves must be treated. In this study, a
different approach is used to calculate unsteady aerodynamics
for aeroelastic analysis. A finite-difference technique is used
to solve the transonic small-disturbance flow equation by
making use of shock capturing to treat wave discontinuities.
Thus, the nonlinear effects of thickness and angle of attack
are included.

Such an approach is made feasible by the development of an
efficient code by the Unsteady Aerodynamics Branch of the
NASA Langley Research Center. The code is called CAP-TSD
(computational aeroelasticity program—transonic small dis-
turbance) and is based on a fully implicit approximate factor-
ization (AF) finite-difference method to solve the time-depen-
dent transonic small-disturbance equation.3'4 The time-
accurate AF algorithm is very stable and is efficient on current
supercomputers with vector arithmetic. A similar TSD code,
called XTRAN3S,5 has also been developed that used a differ-
ent numerical algorithm and has been applied primarily to
subsonic freestream applications. Supersonic applications of a
two-dimensional code for the low-frequency TSD equation
have also been made.6

The emphasis in the development of CAP-TSD code has
been on the capability of analyzing complete configurations in
the low transonic range. Calculations for several configura-
tions, including a complete F-16C model, have been made and
are presented in Ref. 4. Only a brief overview of the analysis
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and computer program pertinent to the results presented
herein is given, because the analysis have been described else-
where.3'4

This paper presents the application of the CAP-TSD code to
the calculation of steady and unsteady flows for low-to-mod-
erate supersonic Mach numbers. In particular, comparisons
with exact linear theory solutions are made for steady and
unsteady cases to evaluate the shock capturing and other
features of the current method. In addition, steady solutions
obtained from an Euler code7 are used to evaluate the small-
disturbance aspects of the code. Steady and unsteady pressure
comparisons are made with measurements for an F-5 wing
model8 and for the Royal Aerospace Establishment (RAE)
tailplane model.9

CAP-TSD Program
The CAP-TSD program is a finite-difference program that

solves the general-frequency modified TSD equation. The
TSD potential equation is defined by

= [(1 -

(1)

Several choices are available for the coefficients F, G, and
H, depending upon the assumptions used in deriving the TSD
equation. For the applications herein, the coefficients are
defined as

F= 1)M2

G= 1/2(7-3)M2

H= -(y-l)M2

(2a)

(2b)

(2c)

The linear potential equation is recovered simply by setting F,
G, and //equal to zero.

Equation (1) is solved within CAP-TSD by a time-accurate
AF algorithm developed by Batina.3 In Refs. 3 and 4, the AF
algorithm was shown to be efficient for application to steady
or unsteady transonic flow problems. It can provide accurate
solutions in only several hundred time steps, yielding a signif-
icant computational cost savings when compared with alterna-
tive methods. Recently, several algorithm modifications have
been made that improve the stability of the AF algorithm and
the accuracy of the results.10'13 These algorithm modifications
include: 1) Engquist-Osher (E-O) type-dependent differencing
to treat more accurately and efficiently the regions of super-
sonic flow; 2) extension of the E-O switch for second-order-
accurate upwind differencing in supersonic regions to improve
the accuracy of the results; 3) nonreflecting far-field boundary
conditions for more accurate unsteady applications; 4) several
modifications that accelerate convergence to steady state; 5)
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Fig. 1 Comparison between CAP-TSD and exact linear theory load
distribution for rectangular wing of aspect ratio 4 at M = 1.30.

entropy and vorticity modifications for treating strong shock
waves more accurately; and 6) supersonic outer boundary
conditions. The capabilities available and used in this study
included only the E-O switch. The CAP-TSD program can
treat configurations with combinations of lifting surfaces and
bodies, including canard, wing, rectangular vertical tails, con-
trol surfaces, tip launchers, pylons, fuselage, stores, and na-
celles. Steady and unsteady pressures have been presented for
several complex aircraft configurations in Ref. 4. The calcu-
lated results were in good agreement with available experimen-
tal pressure data, which validated CAP-TSD for multiple-
component applications with mutual aerodynamic interfer-
ence effects.

Results and Discussion
Several test cases were run to demonstrate the capability of

CAP-TSD to treat flows with a supersonic freestream. First,
comparisons with exact analytical solutions from linear theory
are presented, followed by comparisons with experimental
data for two wings.

For all of the cases presented here, a finite-difference grid
was used that consisted of 90 x 30 x 60 points in the x-y-z
directions, giving a total of 162,000 grid points. The grid
extended 10 root chord lengths ahead and aft of the wing,
nearly 13 chord lengths above and below the wing, and one
semispan outboard of the wingtip. On the wing, 50 equispaced
points were used along each chord, and along the span 20
points were used clustered near the tip. This grid is one that
would be used for a subsonic freestream and extends further
than may be necessary for the supersonic cases. For the cases
considered herein, the "reflecting" outer boundary conditions
were used, and care was taken to ensure that the wing is
located within the "Mach diamond" such that waves were not
reflected from the outer boundaries back onto the wing sur-
face. Running such a large grid is somewhat inefficient, but
not having to readjust the grid at each Mach number is highly
desirable. Calculations for supersonic Mach numbers lower
than those considered herein require use of the appropriate
characteristic boundary conditions for supersonic freestream
flow, which were developed subsequently for CAP-TSD.13

This grid might be considered a medium-to-coarse grid, and
some improvements in the results might be noted if additional
grid refinements were made.

For the oscillating wings, the calculations were made using
360 steps per cycle, which corresponded to a nondimensional
time step At on the order of 0.1. Only two cycles of motion
were calculated because the flowfield converges rapidly for
supersonic flow. The second cycle was used for Fourier analy-
sis. One subiteration per step was used for flowfield conver-
gence.

For the steady flow calculation, time-step cycling was used,
and the convergence was achieved in a few hundred time steps,
normally about 250.

Comparisons with Linear Theory
Tip Loading in Steady Flow

The loading within the tip Mach line for a wing with a
supersonic leading edge has an exact conical flow solution.14 A
typical result is shown in Fig. 1 and compared with a corre-
sponding CAP-TSD calculation for a rectangular wing. For
this case, the loading has a discontinuous slope at the Mach
line that is smeared by the finite-difference scheme, but the
overall trend of the loading is reproduced.

For a wing with a subsonic leading edge, the loading at the
tip Mach line has a jump.14 A loading of this type is shown in
Fig. 2 for a hexagonal wing of 40-deg leading-edge sweep,
taper ratio of 0.50, and M= 1.12. The overall trend of the
loading again is given by CAP-TSD, but there is considerable
smearing of the jump discontinuity. For this severe test case,
further development of the finite differencing is desirable, but
the agreement of the overall trend is encouraging.
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Fig. 2 Comparison between CAP-TSD and exact linear theory load
distribution for swept wing with 40-deg sweep and taper ratio of 0.5 at
M = 1.12.
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Fig. 3 Comparison between CAP-TSD and exact linear theory, un-
steady lift-curve slope for two-dimensional flat plate at M = 1.30
oscillating in pitch about 41.3% chord.

Fig. 5 Comparison between CAP-TSD and measured steady pres-
sures for the F-5 wing model at M - 1.10 and «o — 0 deg.
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Fig. 6 Comparison between CAP-TSD and measured steady pres-
sures for the F-5 wing model at M = 1.32 and ao = 0 deg.
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Fig. 4 Comparison between CAP-TSD and linear theory for the
spanwise unsteady life magnitude and phase for an aspect-ratio-4
rectangular wing at M = 0.111.

Unsteady Flows for Flat-Plate Wings
Exact solutions for a two-dimensional flat-plate airfoil are

given in Ref. 15. Solutions for a rigid rectangular wing with an
aspect ratio of 4 oscillating in pitch at M = 1.30 about 41.3%
chord are presented in Ref. 16. Several cases have been run
with CAP-TSD for this rectangular wing. Since the inboard
solutions can be compared with the two-dimensional results of
Ref. 15. The comparison for unsteady lift is shown in Fig. 3.
The agreement with the exact solution up to k — 1.0 is excel-
lent.

The spanwise distribution of lift magnitude and phase over
the oscillating with the k = 0.111 is shown in Fig. 4. Good
agreement is evident, with some overprediction at the tip.

Note that the phase angle is shown with a highly expanded
scale. These cases indicate that the overall loading is well
reproduced by CAP-TSD in supersonic unsteady flows.

Results for the F-5 Wing
The F-5 wing model is a typical supersonic wing with a panel

aspect ratio of 1.58, a leading-edge sweep angle of 31.9 deg,
and a taper ratio of 0.28. The airfoil section is a modified
NACA 65A004.8, which has a slightly drooped nose and is
symmetric aft of 40% chord. Subsonic and transonic calcula-
tions for this model have been made using TSD codes3'4'11-17'18

and generally have been in good agreement with the experi-
mental data. Calculations with CAP-TSD are compared with
steady flow data8 for «0 = 0 deg and for Mach numbers of
1.10 and 1.32 in Figs. 5 and 6, respectively. Good agreement
is demonstrated at both Mach numbers. For M = 1.10, there
is a shock on the lower surface near the leading edge that is
swept aft slightly more than the leading edge. Some deviation
of the results obtained with CAP-TSD from the data in this
region is noted. A further comparison for M =1>1Q with the
results from a steady flow Euler code (FLO57MG) is given in
Fig. 7. The Euler calculation uses a C-type grid that wraps
around the nose of the airfoil and is able to resolve the
leading-edge shock in more detail. The pressures over the
remainder of the wing are in reasonable agreement, taking
into account the coarseness of the grid for the Euler calcula-
tion (approximately 24,000 points).

Unsteady comparisons for one reduced frequency at each of
the Mach numbers are given in Figs. 8 and 9 for pitching
oscillations about 0.50cr. For M = 1.32, there is good agree-
ment, and a typical supersonic loading is evident with only
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small variations along the chord. For M = 1.10, similar super-
sonic loading exists on the upper surface. In the region of the
lower surface shock, however, a large peak in the unsteady
loading is apparent, which appears to be due to an embedded
transonic flow. CAP-TSD gives reasonable trends for this
case, even for the very large unsteady loading at the tip sta-
tion.

Results for RAE Tailplane
The RAE tailplane9 is a planform that is typical of a

tailplane for a supersonic fighter. It has a panel aspect ratio of
1.20, a taper ratio of 0.27, and a leading-edge sweep angle of
50.2 deg. The airfoil is approximately a NACA 64A010.2,
which is thicker (10.2%) than is typical for supersonic wings.
Only upper surface pressures were measured for this model.9
Subsonic and transonic calculations for this model using
XTRAN3S and a coarse grid were presented in Ref. 19.

rj = 0.17
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Fig. 7 Comparison among CAP-TSD, FLO57MG, and measured
unsteady pressures for the F-5 wing model at M = 1.10 and «o = 0
deg.

-CP

0 .2 .4 .6 .8 1.0 0 .2 .4 .6 .8 1.0 0 .2 .4 .6 .8 1.0

a)

Experiment (NLR)

3-

0 .2 .4 .6 .8 1.0 0 .2 .4 .6 .8 1.0 0 .2 .4 .6 .8 1.0
b) X/c x/c x/c

Fig. 8 Comparison between CAP-TSD and measured unsteady pres-
sures for the F-5 wing model oscillating in pitch at M = 1.10, «o = 0
deg, and OM = 0.267 deg: a) upper surface; b) lower surface.

Calculated steady results from CAP-TSD for a0 « 0 and
M = 1.20 and 1.71 are compared with measured pressures in
Figs. 10 and 11. The measured pressures shown are the mean
values measured at 3 Hz (k < 0.015), since steady pressures
were not measured for these Mach numbers. The agreement is
good, with some deviation shown near the tip at M - 1.71.
Corresponding calculations for M — 1.71 with FLO57MG us-
ing the Euler equations are presented in Fig. 12 and show
similar results, including the deviation near the tip.

Unsteady pressures for pitching oscillations about 0.682cr at
70 Hz are presented for M = 1.20 and 1,71 in Figs. 13 and 14,
respectively. The unsteady loading at M = 1.20 has more of a
peak near the leading edge than the case at M = 1.71. The
CAP-TSD results again are in good agreement with the mea-
sured data.

Some measurements were made at 5-deg mean angle of
attack for this model. The steady pressures for a0 = 5 deg and
M = 1.71 are compared with results from CAP-TSD in Fig.
15. Both the thickness loading and the pressure difference are
well predicted even at this large angle of attack and Mach
number.
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Fig. 9 Comparison between CAP-TSD and measured unsteady pres-
sures for the F-5 wing model oscillating in pitch at M = 1.32,
k = 0.198, ai = 0 deg, and «i = 0.222 deg: a) upper surface; b) lower
surface.
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Fig. 10 Comparison between CAP-TSD and measured unsteady
pressures for the RAE tailplane model at M = 1.20 and ao = 0.0 deg.
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Fig. 11 Comparison between CAP-TSD and measured steady pres-
sures for the RAE tailplane model at M = 1.71 and ao = 0.14 deg.

Fig. 15 Comparison between CAP-TSD and measured steady pres-
sures for the RAE tailplane model at M = 1.71 and ao = 5.14 deg.

rj - 0.14 q = 0. 66

Fig. 12 Comparison between CAP-TSD, FLO57MG, and measured
steady pressures for the RAE tailplane model at M = 1.17 and
ao = 0.14 deg.

0 .2 .4 .6 .8 1.0 0 .2 • .4 .6 .8 1.0

Fig. 13 Comparison between CAP-TSD and measured unsteady
pressures for the RAE tailplane model at M = 1.20, ao = 0.0 deg,
ai = 0.378, and k = 0.346 (70 Hz).
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Fig. 14 Comparison between CAP-TSD and measured unsteady
pressures for the RAE tailplane model at M = 1.17, ao = 0.014 deg,
ai = 0.570 deg, and k = 0.270 (70 Hz).

Overall, the calculations with CAP-TSD are in good agree-
ment with the experimental data for the thick RAE tailplane
model. The correlation for these supersonic cases is compara-
ble to or better than those obtained in the lower subsonic-tran-
sonic range with XTRAN3S using a coarse grid.19

Concluding Remarks
A transonic unsteady aerodynamic and aeroelastic analysis

code called CAP-TSD (computational aeroelasticity pro-
gram—transonic small disturbance) has been developed for
application to realistic aircraft configurations. The code per-
mits the calculation of unsteady flows about complete aircraft
configurations for aeroelastic analysis in the flutter-critical
transonic-speed range. The CAP-TSD code uses a time-accu-
rate approximate factorization (AF) algorithm for solution of
the unsteady transonic small-disturbance equation. The AF
algorithm has been shown to be very efficient for steady or
unsteady transonic flow problems, including supersonic free-
stream flows.

Results were presented for several wings that demonstrate
the applicability of CAP-TSD for supersonic flows, including
embedded transonic flows. Comparisons with known analyti-
cal solutions from linear theory demonstrated that CAP-TSD
gives reasonable good fidelity to approximating weak shock
waves but the smearing of strong discontinuities. Unsteady lift
was well predicted for a two-dimensional flat-plate airfoil and
for an oscillating rectangular wing.

CAP-TSD results for the thin F-5 wing were in good overall
agreement with experimental steady and unsteady pressures
and with a steady flow Euler code. One case with an embedded
swept shock near the lower surface leading edge indicated that
embedded transonic flows can be treated.

Results for the RAE tailplane model were in good agree-
ment with the measured data for both the steady and unsteady
cases and with a steady calculation with an Euler code. Good
agreement was also found for a steady flow case at a Mach
number of 1.71 and 5-deg mean angle of attack.

The present study has demonstrated the applicability of the
CAP-TSD code to flows with supersonic freestream with fa-
vorable comparisons of selected cases. Improvements to the
shock-capturing characteristics and the supersonic outer
boundary conditions for supersonic flow are desirable.

References
!Appa, K., "A New Approach to Apply the Potential Gradient

Method for Supersonic Unsteady Airloads," AIAA Paper 85-0596,
April 1985.

2Chen, P.'C., and Liu, D. D., "Unsteady Supersonic Computations
of Arbitrary Wing-Body Configurations Including External Stores,"
Journal of Aircraft, Vol. 27, Feb. 1990, pp. 108-116.

3Batina, J. T., "Efficient Algorithm for Solution of the Unsteady
Transonic Small-Disturbance Equation," Journal of Aircraft, Vol.
25, July 1988, pp. 598-605.

4Batina, J. T., Seidel, D. A., Bland, S. R., and Bennett, R. M.,
"Unsteady Transonic Flow Calculations for Realistic Aircraft Config-
urations," Journal of Aircraft, Vol. 26, Jan. 1989, pp. 21-28.



180 BENNETT, BLAND, BATINA, GIBBONS, AND MABEY J. AIRCRAFT

5Borland, C. J., and Rizzetta, D. P., "Transonic Unsteady Aerody-
namics for Aeroelastic Applications: Technical Development Sum-
mary," Air Force Wright Aeronautical Laboratories, Wright-Patter-
son Air Force Base, OH, AFWAL TR-80-31078, Vol. 1, June 1982.

6Chow, L. J., and Goorjian, P. M., "Implicit Unsteady Transonic
Airfoil Calculations at Supersonic Freestreams," AIAA Paper 82-
0934, June 1982.

7Jameson, A., Schmidt, W., and Turkel, E., "Numerical Solution
of Euler Equations by Finite Volume Methods Using Runge-Kutta
Time Stepping Scheme," AIAA Paper 81-1259, June 1981.

8Tijdeman, H., Van Nunen, J. W. G., Kraan, A. N., Persoon, A.
J., Poestkoke, R., Roos, R., Schippers, P., and Siebert, C. M.,
"Transonic Wind Tunnel Tests on an Oscillating Wing with External
Stores," Air Force Flight Dynamic Lab, Wright-Patterson Air Force
Base, OH, AFWAL TR-78-194, Dec. 1978.

9Mabey, D. G., Welsh, B. L., and Cripps, B. E., "Measurements of
Steady and Oscillatory Pressures on a Low Aspect Ratio Model at
Subsonic and Supersonic Speeds," British Royal Aerospace Establish-
ment, Bedford, England, TR-84095, Sept. 1984.

10Batina, J. T., "Unsteady Transonic Algorithm Improvements for
Realistic Aircraft Applications," Journal of Aircraft, Vol. 26, Feb.
1989, pp. 131-139.

uBatina, J. T., "Unsteady Transonic Small-Disturbance Theory
Including Entropy and Vorticity Effects" Journal of Aircraft, Vol.
26, Feb. 1989, pp. 531-538.

12Whitlow, W., Jr., "Characteristic Boundary Conditions for

Three Dimensional Transonic Unsteady Aerodynamics" NASA TM-
86292, Oct. 1984.

13Gibbons, M. D., and Batina, J. T., "Supersonic Far-Field
Boundary Conditions for Transonic Small-Disturbance Theory,"
AIAA Paper 89-1283, April 1989.

14Jones, R. T., and Cohen, D., "Aerodynamics of Wings at High
Speeds," Aerodynamic Components of Aircraft at High Speeds, ed-
ited by A. F., Donovan and H. R., Lawrence, Princeton University
Press, Princeton, NJ, 1957, pp. 3-243.

15Garrick, I. E., and Rubinow, S. L, "Flutter and Oscillating
Air-Force Calculations for an Airfoil in a Two-Dimensional Super-
sonic Flow," NACA Rept. 846, 1946.

16Nelson, H. C., Rainey, R. A., and Watkin, C. E., "Lift and
Moment Expanded to the Seventh Power of Frequency for Oscillating
Rectangular Wings in Supersonic Flow and Applied to a Specific
Flutter Problem," NACA TN-3076, April 1954.

17Borland, C. J., and Sotomayer, W. A., "An Algorithm for Un-
steady Transonic Flow About Tapered Wings," AIAA Paper 84-1567,
June 1984.

18Guruswamy, G. P., and Goorjian, P. M., "Efficient Algorithm
for Unsteady Transonic Aerodynamics of Low Aspect Ratio Wings,"
Journal of Aircraft, Vol. 22, March 1985, pp. 193-199.

19Bennett, R. M., Wynne, E. C., and Mabey, D. G., "Calculation
of Transonic Steady and Oscillatory Pressures on a Low Aspect
Ration Model and Comparison with Experiment," Journal of Air-
craft, Vol. 24, June 1987, pp. 392-398.

Interior Ballistics of Guns
Herman Krier and
Martin Summerfield, editors

Provides systematic coverage of the progress in interior ballistics
over the past three decades. Three new factors have recently
entered ballistic theory from a stream of science not directly

related to interior ballistics. The newer theoretical methods of interior ballistics are due to the
detailed treatment of the combustion phase of the ballistic cycle, including the details of localized
ignition and flame spreading; the formulation of the dynamical fluid-flow equations in two-phase
flow form with appropriate relations for the interactions of the two phases; and the use of advanced
computers to solve the partial differential equations describing the nonsteady two-phase burning
fluid-flow system.

1979 385 pp., illus. Hardback
•r ^ j . . , -» ! . ' ISBN 0-915928-32-9To Order, Write, Phone, or FAX: A|AA Members $49 95

Nonmembers $79.95

American Institute of Aeronautics and Astronautics
c/o TASCO, 9 Jay Could Ct., PO Box 753
Waldorf, MD 20604 Phone 301/645-5643
Dept. 415 FAX 301/843-0159

Order Number: V-66
Postage and handling $4.75 for 1-4 books (call for rates for higher
quantities). Sales tax: CA residents add 7%, DC residents add 6%.
Orders under $50 must be prepaid. Foreign orders must be pre-
paid. Please allow 4 weeks for delivery. Prices are subject to
change without notice.

945


