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3) Therefore, the best-match aerodynamic influence matrix
which ensures that experimental data be exactly fit is such
that

Âc,2

Ac^4

= 2.55442*, -
- 0.99171*! -
= 0.54344*! -
- 0.30923*! -

h 0.55599*2 H
1- 2.24172*2 -
H 0.71843*2 -
H 0.35451*2 -

h 0.17172*3 H
h 0.40397*3 -\
\- 1.18315*3 H
1- 0.60457*3 -

h 0.06187*4
h 0.11320*4
h 0.34038*4
h 0.60509*4

(7)

Concluding Remarks
A procedure has been developed which finds minimum

changes in an analytical aerodynamic influence matrix to make
it exactly agree with a set of measured pressure coefficients.
It is suitable for application to large matrices where the num-
ber of linearly independent sets of available pressure coeffi-
cient data is smaller than the total number of panels of the
aerodynamic discretization. Provisions for overcoming a non-
similarity between the experimental and the theoretical aero-
dynamic grid, as well as aeroelastic effects on the experimental
model are straightforward.
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Introduction

H YPERSONIC air-breathing vehicles, such as the na-
tional aero-space plane (NASP), utilize a supersonic

combustion ramjet (scramjet) propulsion system. The loca-
tion of this scram jet on the underside of the airframe, and
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the shaping of the forebody and aftbody are prime concerns
of propulsion/airframe integration (PAI) to provide optimum
aero-propulsive performance. The forebody acts as a pre-
compression region for the inlet flow where the objective is
to obtain a high-quality compressed flow to the scram jet inlet
while maintaining low-forebody drag. The aftbody, in part,
serves as the external scram jet nozzle expansion for the ex-
haust gases and provides significant force and moment com-
ponents for the entire vehicle. Consequently, efficient PAI is
very important in the design of hypersonic, airbreathing ve-
hicles like the NASP.1

PAI is an important facet in the aerodynamic analysis and
testing of such NASP-like hypersonic, air-breathing vehicles
under simulated powered conditions. Ground-based testing
of powered hypersonic, air-breathing configurations is both
difficult and expensive due to the high temperatures and pres-
sures necessary to sustain the hydrogen/air combustion pro-
ess.2 Also, size limitations of ground-based facilities preclude
duplication of scram jet operation because the combustion
process is not geometrically scalable.2 Furthermore, numer-
ical modeling of the combustion process is expensive, being
feasible only with the most powerful supercomputers. In order
to obtain powered data and avoid these problems, an exper-
imental technique was developed to simulate the hydrogen/
air scram jet exhaust, whereby the inlet is faired over and a
simulant gas is routed into a plenum in the model. The si-
mulant gas passes through a combustor nozzle designed for
inviscid similitude of the actual combustion process at the
combustor exit, and then expands into the aftbody flowfield.
The models employing this technique can either be fully met-
ric, utilizing a flow-through balance, have metric and non-
metric parts, or be highly instrumented for surface pressure
integration. In either of the last two techniques, it is possible
to isolate the aftbody nozzle during powered testing to de-
termine the component force and moment contributions.

To date, powered tests have been performed in hypersonic
wind tunnels to provide some freestream similitude with typ-
ical flight conditions. However, it is uncertain if the hyper-
sonic (dynamic) environment is truly required for testing pow-
ered aftbodies. It has been shown that, at typical values of
static nozzle pressure ratio (SNPR, the ratio of the static
pressure at the combustor exit to the freestream static pres-
sure), differences in aftbody pressure distributions are insig-
nificant as the freestream Mach number is increased from 4.0
to 14.0 at constant Reynolds number.3 This then leads to the
possibility of an alternate form of powered testing. If an ap-
propriate simulation parameter (like SNPR) can be matched
by reducing the pressure of the test section to the local free-
stream pressure that occurs in the hypersonic flowfield, pow-
ered aftbody testing in a static environment may be possible.
This technique would allow the model to be much simpler
(no realistic forebody required) with a significant decrease in
the fabrication and testing expenses. This note presents the
method and results of a two-dimensional computational study
aimed at assessing the feasibility of conducting static tests to
determine the performance of hypersonic, air-breathing aft-
body models.

Computational Method
The computational fluid dynamics (CFD) code applied to

the configurations of interest in this study is the general aero-
dynamic simulation program (GASP).4-5 GASP solves the in-
tegral form of the governing equations, including the full Rey-
nolds-averaged Navier-Stokes equations, the thin-layer Navier-
Stokes (TLNS) equations, the parabolized Navier-Stokes (PNS)
equations, and the Euler equations. The discretized equations
may be solved by space-marching or global-iteration, and both
explicit multistage Runge-Kutta and implicit time integration
schemes are included. The code allows highly flexible coupling
of multiple grid zones, each of which may be solved inde-
pendently or simultaneously. Grid generation for GASP is
simplified due to the zonal algorithm, but grid point connec-
tivity is required along the zonal interface boundaries. The
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inputs are defined in two types of files: 1) one specifying zonal
interactions; and 2) the other controlling the solution within
an individual zone. The solution algorithms, flux models and
limiters, viscous models, boundary conditions, and initial flow
conditions, are all set for each zone within the input files.
Necessary data for restarting and/or postprocessing is saved
in two output files.

Before GASP (or any CFD code) can be used as an analysis
tool, code calibration is essential for the types of flows of
interest, providing a level of confidence in the ability of the
code to accurately predict the fluid dynamics of the problem.
Previous studies have shown that GASP is capable of simu-
lating the aftbody flows associated with powered hypersonic,
air-breathing vehicles, lending credibility to GASP for this
class of problem.3'6 Reference 3 provides a qualitative com-
parison of powered-aftbody schlieren photographs with GASP
solutions. Reference 6 provides a quantitative comparison of
GASP solutions with experimental data consisting of powered-
aftbody surface and flowfield pressures. References 3 and 6
show that viscous analysis is required for accurate determi-
nation of powered aftbody forces and moments, as well as
powered aftbody flowfield features.

Computational Procedure
Computationally, the external flow was initialized with con-

stant freestream conditions at the nose and proceeds past the
powered hypersonic vehicle lower-surface centerline geom-
etry, while the internal flow begins at the throat of the scram jet
nozzle where the flow is sonic and assumed to have constant
conditions spanning the nozzle height (i.e., no preset bound-
ary layer). A three-zone grid was used to perform the CFD
analysis. The first zone was for the forebody from the nose
to the cowl trailing edge. The second zone consisted of the
internal part of the nozzle, and the third zone modeled the
aftbody into which the two upstream zonal solutions propa-
gated. The total number of points in this two-dimensional grid
was about 67,000. The grid points were clustered near the
body to provide accurate resolution of the boundary layer for
viscous calculations. The inner-law variable y+ provides a
measure of accuracy of the viscous solutions by combining
density, velocity, and viscosity with the amount of normal
point-spacing at the first computational cell center off the
body. Typically y+ values on the order of one will provide
adequate viscous resolution.7 For this effort, values were less
than two, except in the region where the boundary layer was
beginning to develop (near the nose and just downstream of
the nozzle throat). Convergence and numerical accuracy is-
sues related to this study are similar to those presented in
Ref. 3 and will not be addressed here.

For this study, the freestream external flow and the internal
exhaust gas are assumed to be air, modeled as a perfect gas.
The internal (jet) conditions are initialized at the nozzle throat
with Mjet = 1.0, p f,jet= 30 psia, and T r je t = 100°F. These
conditions yield an average static pressure at the combustor
exit of 4.867 psia. Normalizing this by the freestream pressure
for a specific case produces the value of SNPR.

Since, GASP solutions cannot be obtained for a M^ = 0.0
flow, a solution was initiated at a very low Mach number,
referred to herein as "pseudostatic." This pseudostatic so-
lution (M^ = 0.10) was compared with a PNS solution at Mx
= 6.0 and Rex = 2.0 x 106/ft. The freestream pressure for
both solutions was 0.063 psia, which yielded the same SNPR
of 77. Furthermore, the pseudostatic case is a mixed subsonic/
supersonic problem, so the TLNS equations must be solved.
The solution converged to slightly over three orders of mag-
nitude in residual reduction in 2000 global iterations. The
solution did not converge further because GASP is a com-
pressible code where the residual is based in part on density
values which, in this case, are extremely small and invariant
in the external flow. An incompressible code would be better
for the external flow computationally, but compressibility is
required for the powered aftbody flow. The aftbody surface
pressure convergence history showed that steady state ap-

peared to have been achieved at 2000 iterations since they
did not vary by more than 0.3% of the aftbody pressure values
obtained at three-orders-of-magnitude reduction.

Results
A comparison of the flowfields (shown by Mach number

contours) for the hypersonic and pseudostatic solutions (Fig.
1) indicates that the plume for the pseudostatic case expands
farther into the freestream than for the hypersonic case. This
may have important consequences in extending this analysis
to three dimensions, since the aftbody, wings, and control
surfaces may or may not be completely inside the static nozzle
flow compared to a dynamic case at similar SNPR. A com-
parison of aftbody surface pressure values (from the cowl
trailing-edge location to the end of the vehicle) for these two
solutions is shown in Fig. 2 and are quite similar with some
small differences near the beginning of the aftbody. A com-
parison of the aftbody lift, thrust (both in pounds per unit
span), and pitching moment (in inch-pounds per unit span)
values are obtained by integrating the differential pressures
(P ~ P~) on tne aftbody and using a moment center located
at the expansion comer of the combustor exit. It can be seen
that the integrated pressures for the first two cases agree with
each other to within 4%.

However, the question arises as to whether a parameter
other than SNPR should be used as a comparative factor
between static- and dynamic-powered testing. Figure 1 shows
that the plume for the hypersonic case is not directly influ-
enced by the freestream pressure due to the series of compres-
sion and expansion disturbances caused by the local flow con-
ditions in the external flow near the cowl trailing edge. With
this is mind, a new reference pressure was chosen for the
pseudostatic case by examining the flowfield static pressure

1^=6.0, (PNS)

KEY
1. Faired-Over Inlet
2. Cowl Trailing Edge
3. Aftbody Expansion Ramp

M^O.10, (TLNS)

Fig. 1 Flowfield comparison of pseudostatic- and dynamic-powered
simulation for the powered hypersonic vehicle model with constant
SNPR = 77, Mach number contours.
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Fig. 2 Afterbody surface pressure comparison of pseudostatic- and
dynamic-powered simulation for the powered hypersonic vehicle model
with constant SNPR = 77.
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Fig. 3 Flowfield comparison of pseudostatic- and dynamic-powered
simulation for the powered hypersonic vehicle model with consistent
reference pressure near the plume, Mach number contours.
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Fig. 4 Afterbody surface pressure comparison of pseudostatic- and
dynamic-powered simulation for the powered hypersonic vehicle model
with consistent reference pressure near the plume.

in the local flow region between the external cowl-trailing-
edge shock and the plume near the cowl trailing edge. The
value for this reference static pressure was five times the
freestream static pressure, or 0.317 psia. A new pseudostatic
TLNS solution was computed, this time at M^ = 0.05, which
was possible because the solution became more stable using
the higher reference pressure.

In addition to the question of appropriate choice of ref-
erence pressure, the difference in the aftbody surface pres-
sures near the cowl trailing edge (Fig. 2) may have been due
to the numerical modeling instead of the physical conditions,
since one result was a PNS solution and the other was a TLNS
solution. Therefore, a new hypersonic solution was also com-
puted at the same conditions as before, namely, Mx = 6.0
and Rex = 2.0 x 106/ft, andp^ = 0.063 psia, but using the
TLNS equations instead of the PNS equations.

The new solutions converged with a reduction in the global
residual of four orders of magnitude in 868 and 1201 iterations
for the pseudostatic and hypersonic cases, respectively. A
comparison of flowfields shown in Fig. 3 reveals that the
plume location for the pseudostatic solution is very close to
that for the hypersonic case. The location of the plume in the
hypersonic solution did not change by applying the TLNS
equations to the problem. Examination of the aftbody surface
pressures for the two TLNS solutions (Fig. 4) shows nearly
identical pressure distributions and integrated force and mo-
ment components. Furthermore, the force and moment com-
ponents from the pseudostatic solution shown in Fig. 2 are
also nearly identical to those from the pseudostatic solution
shown in Fig. 4, implying that the 3% difference seen in Fig.
2 is not caused by the use of a different reference pressure,
but is actually a numerical phenomenon associated with the
equation set being solved.

Conclusions
Two-dimensional CFD analyses have been presented re-

lated to the ground testing of hypersonic, air-breathing models
that feature scramjet exhaust flow simulation. CFD analysis
shows that it is possible to test aftbody powered hypersonic
airbreather configurations in a static, pumped-down environ-
ment to obtain aftbody aerodynamic performance data. How-
ever, the analysis shows that a tunnel static pressure must be
used in order to provide a comparable reference pressure that
occurs at the location where the plume propagates off the
cowl trailing edge in the hypersonic flow, instead of simply
using the freestream static pressure that would be achieved
in the hypersonic flowfield.
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Introduction

M ANDATORY aircraft limit-load requirements for flight
in continuous turbulence are generally met by using

power-spectral procedures to compute the loads. Two meth-
ods are in general use: 1) design envelope approach, and 2)
mission analysis. In the design envelope approach, a response
factor A is calculated [Eq. (8)] and multiplied by a specified
gust intensity U(r to obtain the design load for a series of points
throughout the design envelope. In mission analysis, mission
profiles are analyzed in order to obtain probabilities of ex-
ceeding various load levels and a design probability is specified
from which design loads may be found.

In this note we consider the design envelope approach and
demonstrate that it can be reformulated in a manner which
makes no distinction between linear and nonlinear response,
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