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Sonic Boom Predictions Using a Solution-Adaptive
Full-Potential Code

Michael D. Madson*
NASA Ames Research Center, Moffett Field, California 94035

The TranAir full-potential code, which utilizes a solution-adaptive, unstructured Cartesian grid, was used
to compute near-field pressure signatures of three generic geometries: 1) a cone-cylinder, 2) a low aspect ratio
rectangular wing, and 3) a delta-wing/body. Pressure signatures computed by TranAir are extrapolated to near-
and midfield distances using a quasilinear extrapolation technique. Results are compared with wind-tunnel data
and, where possible, with extrapolated wind-tunnel data and Whitham-method results. In general, extrapolated
TranAir data is in good agreement with experimental and Whitham-method pressure signatures, but peak
pressures are slightly underpredicted. It is felt that data computed too close to the model caused some of the
discrepancies. Flowfield grid structure was also found to be an important issue in obtaining accurate off-body
data. Results were encouraging enough to proceed with the application of TranAir to conceptual configurations
in support of the NASA high speed research program (HSRP).

Nomenclature
CL = lift coefficient
h = distance below model
L = length of model
Mao = freestream Mach number
Piocai = local static pressure
px = freestream static pressure
;c, y, z = Cartesian coordinates
a = angle of attack, deg

Introduction

A RENEWED effort is underway to design a supersonic
commercial transport aircraft that has acceptable per-

formance, acceptable emission levels and, if possible, sonic
boom noise levels that will allow supersonic overland flight.
Existing laws in effect over most of the world prohibit com-
mercial aircraft from flying supersonically over land. It is
possible, however, that these laws could be changed if ac-
ceptably low sonic boom levels on the ground could be at-
tained. The definition of what constitutes an "acceptable"
sonic boom level has yet to be determined, although research
in this area is progressing with some success.

The NASA high speed research program (HSRP) has the
goal of developing technologies for supersonic commercial
transports with acceptable aerodynamic performance and low
sonic boom levels on the ground. To assess one of the tools
available for designing this airplane, sonic boom calculations
were made using the TranAir full-potential code.1'2 TranAir
has successfully computed the aerodynamics of a wide range
of complex aircraft geometries.3"9 This was the first appli-
cation of a three-dimensional full-potential code to sonic boom
prediction. TranAir uses a solution-adaptive unstructured
Cartesian grid, which is valuable for computing flows away
from the aircraft surface. It can maintain locally dense grids
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away from the model in regions where flow gradients remain
large.

Three generic models were analyzed using TranAir at
supersonic Mach numbers: 1) a cone-cylinder, 2) a low aspect
ratio rectangular wing, and 3) a delta-wing/body. These con-
figurations were tested in the early 1970s for the purpose of
validating extrapolations based on the Whitham theory. The
cone-cylinder and rectangular wing were tested at zero angle
of attack,10 and the wing/body model was tested at both zero
and positive angles of attack.11 In some cases, extrapolated
experimental data and/or Whitham-method results were also
available. Results from these tests verified the validity of ex-
trapolating data measured as close as one body length from
the model to cruise altitudes. These geometries have also been
recently used to investigate the sonic boom prediction capa-
bilities of both Euler12 and Navier-Stokes13 codes.

There remains an issue as to how close to a model pressure-
signatures may be measured or computed and still obtain
accurate extrapolations to cruise altitude. Pressure signatures
were computed by TranAir relatively close to the model (one
body length away or less), and were extrapolated to experi-
mental distances using a quasilinear extrapolation tech-
nique.14 TranAir results for the three models serve to validate
the use of the code for sonic boom prediction. The results
also identify areas where improved results might be obtained
by modifying the approach to setting up the computational
problem.

Discussion of Method
TranAir solves the nonlinear full-potential equation for

subsonic, transonic, and supersonic flow about arbitrary con-
figurations. The theoretical aspects and solution method used
by TranAir have been reported1 and will not be addressed
here. Instead, a description of the code from an applications
standpoint is presented.

The surface of the configuration is defined by networks of
surface panels, in the same manner as panel method codes.
This type of surface definition allows for the relatively simple
definition of realistic aircraft components such as nacelles,
pylons, empennages, external stores, winglets, and other com-
ponents typically found on commercial, private, and military
aircraft. The flowfield is defined by a rectangular array of
Cartesian grid points. An example of the surface-paneled delta-
wing/body embedded in a uniform Cartesian grid is presented
in Fig. 1. The grid need only be large enough to encompass
any supercritical flow regions. For supersonic freestream
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Fig. 1 Surface-paneled delta-wing/body embedded in uniform grid.

Region of
interest

a) First (initial) grid

b) Fourth (final) grid
Fig. 2 Example of solution-adaptive flowfield grid refinements for
delta-wing/body.

problems, the grid must extend far enough away that shocks
reflected from the grid boundaries do not intersect the con-
figuration surface. These methods of surface grid and flow-
field grid definition avoid the use of surface-conforming flow-
field grids, and allow for the routine analysis of arbitrary and
complex aerodynamic configurations.

The initially uniform flowfield grid is adaptively refined
based on local flow conditions. In regions where shocks and
large velocity gradients exist, the grid will be refined until
adequate resolution is obtained. A refinement consists of di-
viding a grid box into eight geometrically similar boxes. An
oct-tree data structure is used to efficiently store and access
pertinent information regarding the refined grid. The user
may exert significant influence on the refinement process.
One or more hexahedral volumes may be defined by the user
within which refinement limits are specified. This volume de-
fines a "region of interest" or "disinterest," depending on
whether the user specifies additional refinement or limits the
refinement within the volume. Examples of a region of in-
terest include 1) a region enclosing a wing leading edge to
increase grid resolution for a careful drag study; and 2) a
region enclosing the empennage limiting the refinement so
that more grid points are available for a wing/nacelle inte-

gration study. Figure 2 provides an example of solution-adap-
tive grid refinement for the delta-wing/body. The grid slices
are along the centerline of the model. The boundary of the
region of interest is evident, as is its effect on the refinement
process.

Flow quantities are available both on the surface and in the
flowfield. A graphics program has been written2 that allows
for inspection of the unstructured grids generated by TranAir.
Quantities on the surface may be investigated using the
PLOT3D15 graphics package.

Description of Models

Cone-Cylinder
A drawing of the cone-cylinder10 is presented in Fig. 3. The

cone is 8.6 in. long, and has an included angle of 6.48 deg.
The cylinder (sting) is defined back to x = 15.7 in. The model
is axisymmetric and was tested at a = 0 deg, so only one-
quarter of the geometry was modeled for the TranAir surface
definition. The quarter-cone is defined by 29 panels in the
streamwise direction and 9 panels circumferentially. The
quarter-cylinder is defined by 17 panels in the streamwise
direction and 9 panels circumferentially.

Low Aspect Ratio Rectangular Wing
A drawing of the rectangular wing10 is provided in Fig. 4.

The model consists of a rectangular wing with a chord of 2
in., an aspect ratio of 0.5, and a 0.125-in.-diam sting attached
to the trailing edge. The airfoil section is biconvex, with the
thickness distribution given in Fig. 4. The geometry is sym-
metric about the x-y and x-z planes, and was tested at a =
0 deg, so one-quarter of the rectangular wing was modeled
for TranAir. The wing is defined by 40 panels in the chordwise
direction and 8 panels spanwise. The sting is defined to x =
4 in. by 12 streamwise panels and 4 circumferential panels.

Delta-Wing/Body
Figure 5 provides a drawing of the delta-wing/body.11 The

wing leading edge is swept back 69 deg, and the trailing edge
is swept forward 10 deg. The airfoil section is a 5%-thick
double-wedge. Like the two previous models, the wing/body
geometry is symmetric about the x-y and x-z planes of sym-
metry. Experimental data for this configuration are available
for both lifting and nonlifting cases, so two TranAir models
were defined. For the nonlifting case, the model consists of
one-quarter of the geometry. The fuselage is defined by 56
panels streamwise and 9 panels circumferentially. The wing
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6.48°

L = 8.60 in

Fig. 3 Cone-cylinder geometry.

0.5 in

0.5 in

0.125 in
L = 2.0 in

Fig. 4 Low aspect ratio rectangular wing geometry. Thickness dis-
tribution is given by z = (ir/12.5)[jc - (jc2/2)].

t t/2

t/c = 0.05
for all wing sections

r = 0.540-0.011 (x-7.01)2

\ 3.45 cm

Fig. 5 Delta-wing/body geometry.

consists of 28 panels in the chordwise direction and 17 panels
span wise. The sting section is defined by 10 panels stream wise
and 9 panels circumferentially. An expansion ramp connect-
ing the aft end of the fuselage to a 0.3-in.-diam sting is mod-
eled with 6 stream wise panels and 9 circumferential panels.
The ramp has a 12-deg expansion angle as suggested by Whi-
tham,16 and is an approximation of the separated zone at the
base of the fuselage. For the lifting case, the lower quarter
of the right side of the model was added to the paneled def-
inition using the same distribution as the upper quarter.

Results
All cases took approximately 1.5-2.5 h of CPU time on a

Cray Y-MP. This run time includes 1) input processing, 2)
construction of multiple solution-adaptive grids, 3) compu-
tation of the solution on each of the grids, and 4) postpro-
cessing of the flowfield quantities into aerodynamic coeffi-
cients. All cases were run with 4MW of central memory. Each
case defined one or more regions of interest to maintain the
desired grid density away from the model to more accurately

compute off-body flow quantities. Without these regions, the
flowfield grid tends to coarsen nearer to the model than is
desirable for predicting off-body flow data.

All pressure signature plots presented show values of Ap/
px plotted vs x/L. Computational data is shifted along the x
axis where necessary to align the plots with experimental data.
The alignment is keyed to a distinct flow variable such as
maximum pressure. TranAir off-body results are extrapolated
to experimental distances using a quasilinear extrapolation
technique.14 The technique is a waveform parameter method
based on geometric acoustics for wave amplitude, and isen-
tropic theory for nonlinear wave distortions. Signatures in the
wind tunnel are generally measured one or more body lengths
from the model. In terms of CPU time and memory require-
ments, it is difficult to maintain sufficient grid density more
than a body length from the model. Computational data gen-
erally needs to be extrapolated to experimental distances for
comparison. There is an ongoing issue as to how far from the
model computational data should be obtained to provide for
an accurate extrapolation. This issue is addressed in subse-
quent sections.

Cone-Cylinder
Experimental data for the cone-cylinder were measured at

Mx =1.68 and a = 0 deg.10 The uniform global grid consisted
of 33, 17, and 17 points in the x, y, and z directions, respec-
tively. The first attempts to compute pressure signatures were
made by defining a thin region of interest swept at the Mach
angle and running along the centerline for the length of the
model. Within this region, extra refinement was specified to
minimize numerical diffusion at the off-body planes from which
pressures were computed. A cross-stream cut of the finest
grid from an early cone-cylinder run is presented in Fig. 6.
This cut lies at the longitudinal station where the cone and
the cylinder intersect. The cross section of the model, off-
body planes at h/L = 0.25 and 1, and the region of interest
are evident in the figure. The flowfield for this nonlifting case
should be axisymmetric, but the asymmetry of the grid yields
a nonaxisymmetric flowfield. The plot of surface Mach num-
bers along several radial stations in Fig. 7 reflects the asym-
metry of the solution. A modified region of interest was de-
fined in which a more uniform grid distribution around the
model was assured. A cross-stream cut of this modified grid
at the cone-cylinder intersection (similar to Fig. 6) is provided

h/L = 1.0:

Region of
interest

h/L = 0.25

Cone-cylinder
intersection

Fig. 6 Cross stream cut from finest grid for cone-cylinder, original
grid definition, Mx = 1.68, CL = 0.
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portance of an appropriately defined grid in the prediction of
off-body pressure signatures.

The extrapolation of TranAir data from hIL = 0.25 to
hIL = 20 for the modified grid case is provided in Fig. lOb.
Again, extrapolated TranAir data is in good agreement with
experimental data. The underprediction of maximum pressure
remained consistent with results at hIL = 10. The computed
minimum pressure, in good agreement with tunnel data at
hIL = 10, was overpredicted by 25% vs experiment at hIL
— 20. The computed data is in good agreement, however,
with experimental data extrapolated from hIL = 10 to hIL

Fig. 7 Surface Mach numbers for cone-cylinder, original grid defi-
nition, Mx - 1.68, CL - 0.

Fig. 8 Cross stream cut from finest grid for cone-cylinder, modified
grid definition, Mx - 1.68, CL = 0.

in Fig. 8. Axisymmetric flow conditions were achieved on the
body for this case.

The paneled definition of the cone-cylinder embedded in
the finest modified grid is shown in Fig. 9. The figure also
shows the user-defined region of interest, and an off-body
plane at hIL = 0.25, at which TranAir pressure coefficients
were computed. The initial pressure signatures computed at
hIL = I were poor, so subsequent attempts to compute sig-
natures at that distance were abandoned for this study. The
code generated a series of six refined grids for this case, start-
ing with 24,000 boxes and finishing with 377,000 boxes. The
total CPU time for the cone-cylinder case was 8450 s. Results
for several refinement strategies were computed for this model.
The series of grids defined for the modified grid case yielded
a more computationally intensive problem than for the other
two models, as reflected by the CPU times for the three cases.

Pressure signatures for the cone-cylinder were measured in
the wind tunnel, 10 and 20 body lengths from the model.
TranAir results for the original and modified grid cases ex-
trapolated from hIL = 0.25 to hIL = 10 are presented in Fig.
lOa and compared with experimental data. The modified grid
case, for which a finer grid resolution was maintained over
the entire model, as well as into the flowfield, yielded a much
better comparison with experimental data. The finite rise was
more accurately predicted, as was the expansion fan and the
subsequent pressure recovery along the cylinder. The peak
pressure was the same for both cases, which was slightly lower
than the measured data. These results demonstrate the im-

Fig. 9 Cone-cylinder embedded in final solution-adaptive grid, Mx
= 1.68, CL = 0.
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Fig. 10 Computational and experimental overpressure predictions
for cone-cylinder, Mx = 1.68, CL = 0.
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= 20. A good deal of trust exists in the extrapolation tech-
nique because of its successful validation for a wide variety
of configurations.10-11'17 It is not known why the inconsistency
in extrapolated and nonextrapolated experimental pressures
occurs at hIL = 20. It is possible that stream angle and velocity
variations existed in the test section of the tunnel where ex-
perimental data were measured. Also, experimental data at
hIL = 20 was obtained from a wind-tunnel model half the
length of the model used to measure pressures at hIL = 10.
It is possible that small geometric differences contributed to
the disparity.

Low Aspect Ratio Rectangular Wing
Experimental results for the rectangular wing were mea-

sured at Mx = 2.01 and a = 0 deg.10 The initial uniform grid
for TranAir consisted of 41, 9, and 17 points in the jt, v, and
z directions, respectively. The paneled definition of the wing/
sting combination embedded in the finest solution-adaptive
grid is shown in Fig. 11. Also seen in the figure are off-body
planes at hIL = 0.25, 0.5, 0.75, and 1 at which pressure
signatures were calculated, and the region of interest defined
for the case. Four solution-adaptive grids were generated
by TranAir for this case, starting with 24,000 boxes and finish-
ing with 330,000 boxes. The total CPU time for the case was
4246 s.

Experimental data for the rectangular wing were measured
one body length from the model. Signatures computed less
than one body length from the model were extrapolated to
hIL = I . These results, along with experimental data at h/L
= 1, are shown in Fig. 12. Data extrapolated to h/L = 1
improved in comparison with experiment as the distance be-
tween the off-body plane and the model increased. This in-

Fig. 11 Rectangular wing embedded in final solution-adaptive grid,
Mx = 2.01, CL = 0.

• Experiment at h/L = 1.0
- TranAir extrap. from h/L = 0.25

TranAir extrap. from h/L = 0.5
- - TranAir extrap. from h/L = 0.75
-•- TranAir at h/L = 1.0

1.5 2.0 2.5 3.0 3.5

dicates that three-dimensional effects for this case may not
be fully captured by the grid in Fig. 11, and data extrapolated
from less than one body length away may not be reliable.
This is consistent with previous findings from applications of
the extrapolation method.10'11 Nonextrapolated TranAir re-
sults at h/L = 1 are generally in good agreement with the
TranAir data extrapolated from h/L = 0.75 and experimental
data, although it appears that the grid resolution at h/L = 1
may have been too coarse to maintain leading-edge shock
strength. The strength of the leading-edge shock is consis-
tently underpredicted by extrapolated and nonextrapolated
data. The trailing-edge shock predicted by extrapolated TranAir
data is downstream of the experimental shock location, al-
though the magnitude of the pressure is well-predicted. The
sting is modeled for the computations, but the solution on
the grid in Fig. 11 indicates that the sting effect diminishes
rapidly with distance from the model. The aft shock in the
TranAir prediction appears to be induced solely by the wing
trailing edge. The sting on the wind-tunnel model may have
induced a shock upstream of the trailing edge along the cen-
terline. There may also be viscous effects tending to induce
a shock upstream of the trailing edge.

Delta-Wing/Body
Experimental results for the delta-wing/body are available

at Moc = 1.68 and 2.7 for both lifting and nonlifting cases.11

This section compares TranAir results with experiment at M^
= 1.68 for lifting and nonlifting cases. The uniform global
grid for the wing/body case consisted of 49, 13, and 17 points
in the x, y, and z directions, respectively. The paneled defi-
nition of the delta-wing/body embedded in the finest of the
solution-adaptive grids for the nonlifting case is shown in Fig.
13. Also seen in the figure is the region of interest defined
for the problem and the planes at h/L = 0.1, 0.2, and 0.325
at which TranAir results were computed. The sequence of
grids generated during this run consisted of 25,000, 62,000,
140,000, and 330,000 grid boxes, respectively. The total CPU
time for the delta-wing/body case was 5000 s. Pressure sig-
natures for this model were measured in the wind tunnel at
h/L = 3.6. Experimental data extrapolated to h/L = 130 are
available, as are Whitham-method16 predictions.

An experiment/TranAir correlation for CL = 0 at h/L =
3.6 is presented in Fig. 14a. The nose shock extrapolated from
TranAir data at h/L = 0.1 and 0.2 is in good agreement with
experiment. TranAir data extrapolated from h/L = 0.325
slightly underpredicts the nose shock. The wing leading-edge
shock is significantly underpredicted by extrapolations from
all three off-body planes. As the distance from the model
increases, the extrapolated expansion and shock from the
wing trailing edge and fuselage base improves in comparison

Fig. 12 Computational and experimental overpressure predictions
for rectangular wing, Mx = 2.01, CL = 0, h/L = 1.

Fig. 13 Delta-wing/body embedded in final solution-adaptive grid,
Mx = 1.68, CL = 0.



62 MADSON: SONIC BOOM PREDICTIONS

with experiment. Two regions of interest were defined that
attempted to maintain adequate grid resolution along the cen-
terline, and to accurately capture three-dimensional effects
to hIL = 0.325. It is possible that the regions defined were
not effective in completely capturing three-dimensional ef-
fects, particularly near the wing leading edge. Results from
the rectangular wing indicate that off-body planes defined for
the wing/body may be too close to allow for an accurate ex-
trapolation. Despite the poor leading-edge shock prediction,
TranAir data extrapolated from hIL = 0.325 to hIL = 130
is in reasonable agreement with extrapolated experimental
data and the Whitham theory as seen in Fig. 14b. The location
of the middle shock is slightly downstream because of the
weakness of the wing leading-edge shock computed in the
near field. Data extrapolated from the two closest planes (not
shown in Fig. 14b) were in poor agreement with extrapolated
experimental data and the Whitham theory. This is consistent
with the knowledge that inaccurate extrapolations are ob-
tained from data measured too close to the body.

Similar results are observed for CL = 0.08, shown in Fig.
15. Comparisons with experiment are similar to those for the
nonlifting case. The significant difference at CL = 0.08 is that
the wing leading-edge shock is in much better agreement with
experiment than it was at CL = 0. The main difference be-
tween the two cases is the absence of an x-y symmetry plane
for the lifting case. It is felt that this difference affected
the accuracy of the wing leading-edge shock prediction for
the nonlifting case. It may also explain the difficulty in obtain-
ing the correct leading-edge shock strength for the rectangu-
lar wing.

Experiment at h/L = 3.6
TranAir, extrap. from h/L = 0.1
TranAir, extrap. from h/L = 0.2
TranAir, extrap. from h/L = 0.325

-.2 0 .2 .6 .4 .8 1.0 1.2 1.4 1.6

a) h/L = 3.6

Extrap. of experiment from h/L = 3.6
Whitham method
TranAir, extrap. from h/L = 0.325

.001

-.002
2.0

b) h/L = 130

Fig. 14 Computational, experimental, and theoretical overpressure
predictions for delta-wing/body, Mx = 1.68, CL = 0.

Experiment at h/L = 3.6
TranAir, extrap. from h/L = 0.1
TranAir, extrap. from h/L = 0.2
TranAir, extrap. from h/L = 0.325

-.02

a) h/L = 3.6

Extrap. experiment from h/L = 3.6
Whitham method
TranAir, extrap. from h/L = 0.325

.002 r

.001

-.001

0 .4 .8 1.2 1.6 2.0
x/L

b) h/L = 130

Fig. 15 Computational, experimental, and theoretical overpressure
predictions for delta-wing/body, Mx = 1.68, CL = 0.08.

The discontinuity in the extrapolated TranAir pressure sig-
nature near x/L = 0.95 (Fig. 15a) is the wing trailing-edge
shock, interrupted by the expansion along the 12-deg ramp,
followed by the shock at the ramp/sting intersection. A dis-
cussion of the base/sting model appears in the modeling sec-
tion, and can be seen in Figs. 1 and 13. The effect of the base/
sting model is also evident in Fig. 14a for CL = 0. The in-
creased strength of the trailing-edge shock and sting shock
overshadows the expansion from the fuselage base to the
sting. The signature extrapolated from h/L = 0.325 to h/L
= 130 closely agrees with extrapolated experimental data and
the Whitham theory as shown in Fig. 15b. Data extrapolated
from the two closest planes (not shown in Fig. 15b) were
again in poor agreement.

Conclusions
In general, extrapolated TranAir pressure signatures com-

pare favorably with experimental and Whitham-method re-
sults at near- and midfield locations. There were indications
that some TranAir results were computed too near to the
models to obtain accurate extrapolations. Computation of
accurate near-field pressure signatures requires a flowfield
grid that is dense enough to accurately predict the flowfield
away from the model. It is also necessary to extract compu-
tational pressure signatures far enough from the model to
ensure that all three-dimensional effects have reached the
centerline. Three-dimensional effects may be significant to
one or more body lengths from the model, depending on
model geometry. Accurate near-field predictions are neces-
sary to accurately extrapolate signatures to mid- and far-field
distances. TranAir is capable of more accurate near-field pre-
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dictions by improving the definition of the regions of interest
for each case. The solution-adaptive capability allows for this
type of grid modification with little difficulty. Further research
is recommended to determine the best grid structure for com-
puting near-field pressure signatures.

The ability of TranAir to routinely model and compute
flows about arbitrary configurations using a solution-adaptive
grid strategy makes it valuable for rapid sonic boom analysis
of realistic configurations. TranAir is currently being used to
predict the pressure signatures and aerodynamic performance
of conceptual configurations in support of the HSRP.
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