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Computational  uid dynamics tools have been used extensively in the analysis and development of the X-43A
Hyper-X Research Vehicle. A signi cant element of this analysis is the prediction of integrated vehicle aeropropulsive performance, which includes an integration of aerodynamic and propulsion  ow elds. The development of the
Mach 7 X-43A required a pre ight assessment of longitudinal and lateral-directional aeropropulsive characteristics
near the target  ight-test condition. The development of this pre ight database was accomplished through extensive
aerodynamic wind-tunnel testing and a combination of three-dimensional inviscid airframe calculations and cowlto-tail scramjet cycle analyses to generate longitudinal performance increments between mission sequences. These
increments were measured directly and validated through tests of the Hyper-X  ight engine and vehicle  owpath
simulator in the NASA Langley Research Center 8-Foot High Temperature Tunnel. Predictions were re ned with
tip-to-tail Navier– Stokes calculations, which also provided information on scramjet exhaust plume expansion in the
aftbody region. A qualitative assessment of lateral-directional stability characteristics was made through a series
of tip-to-tail inviscid calculations, including a simulation of the powered scramjet  ight-test condition. Additional
comparisons with wind-tunnel force and moment data as well as surface pressure measurements from the Hyper-X
 ight engine and vehicle  owpath simulator model and wind-tunnel testing were made to assess solution accuracy.
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systems. Aerodynamic performance cannot be decoupled from engine performance and operability because the external forebody
and nozzle surfaces are part of the engine  owpath. Therefore, a
signi cant challenge in the development of this class of vehicle is an
assessment of propulsion – airframe  ow eld interactions and the determination of integrated aeropropulsive performance of candidate
systems. Advanced experimental, analytical, and computational
tools are being developed to aid in the design of con gurations that
exploit propulsion – airframe interactions to maximize performance
and enhance stability and control characteristics. Presently, capabilities for testing complete engine  owpath – airframe con gurations
that model all of the pertinent interactions affecting integrated vehicle performance are limited in terms of scale and simulation of
powered effects. Predictive methodologies, including computational
 uid dynamics (CFD) and other analysis tools, must encompass a
wide range of modeling capabilities to capture all of the relevant
 ow physics of the complete scramjet  owpath as well as the external airframe. This analysis is normally accomplished using a multilevel approach, increasing in complexity and  delity as the design
is matured. The preliminary analysis phase may employ different
tools for the various  owpath components, which necessitates the
development of force accounting systems appropriate for speci c
con gurations. CFD is also a valuable tool used to interpret aerodynamic and propulsion ground-test data.
One objective of the Hyper-X program is to develop and mature the technologies required for hypersonic airbreathing  ight.1
Three  ight tests of the Hyper-X Research Vehicle, or X-43A,
are currently scheduled to obtain in- ight performance data on a
scramjet-powered hypersonic con guration. The  rst two of these
 ight tests will be at Mach 7 test conditions with a third  ight
at Mach 10. The X-43A pre ight database utilized CFD predictions to develop the basic longitudinal performance characteristics
for the vehicle throughout the mission pro le.2 The accuracy of
these predictions was assessed through comparisons with available
ground- test data. Lateral-directional stability was also examined
with inviscid CFD predictions. Computations were also used to
address other aspects of vehicle performance and  ight-test development, including boundary-layer trip design and assessment,
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Introduction
YPERSONIC airbreathing vehicle con gurations are characterized by highly integrated propulsion  owpath and airframe
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thermal and structural loads, and scramjet  owpath component
performance.
The Hyper-X program also represents the  rst opportunity to correlate analytical and CFD predictions with ground-test and  ight-test
data on an airframe-integrated scramjet con guration. Comparisons
with ground and  ight data will be used to further calibrate tools and
physical models. Because the CFD and experimental test techniques
used in the Hyper-X program represent the state of the art in hypersonic propulsion – airframe integration research, an examination of
these methods also provides insight into future technology development needs for the next phase of hypersonic vehicle development.
This paper presents an overview of the methods used in the
analysis and pre ight database development for the Mach 7 X-43A
vehicle. A discussion of CFD codes and other analysis tools is included with their respective capabilities and limitations. The appropriateness of various physical modeling approximations and their
effect on performance predictions is discussed. The methodology
for integration of tools for various  owpath components is discussed with limited results and comparisons to available ground-test
data.

Mission Description and Analysis Requirements
The nominal Hyper-X Mach 7  ight trajectory is shown in Fig. 1.
The  ight pro le begins with the captive carry  ight of the Hyper-X
Launch Vehicle (HXLV) under the wing of a B-52 aircraft. The
HXLV consists of the X-43A mounted to the  rst stage of a Pegasus¨
booster rocket with a vehicle-to-booster adapter. Following air
launch of the HXLV from the B-52, the launch vehicle is boosted
to the appropriate  ight-test condition and, at burnout, the X-43A
separates from the booster. Upon stabilization, the cowl door, which
remains closed throughout the boost phase to block the inlet entrance
and protect the internal engine components from high heat loads during boost, opens to establish  ow through the engine. Following a
few seconds of unpowered operation, hydrogen fuel is introduced,

Fig. 1

Fig. 2
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and the powered portion of the scramjet test is conducted, lasting
approximately 7 s. A series of parameter identi cation (PID) maneuvers are then conducted, and the cowl door closes as the vehicle
begins a controlled descent before mission termination, while conducting additional PID maneuvers to measure lower Mach number
aerodynamic stability and control characteristics. This  ight pro le necessitates the analysis of three distinct mission phases: cowlclosed unpowered, cowl-open unpowered, and cowl-open powered.
Much of the analysis for aeropropulsive performance is built on
the prediction of force and moment increments between the various
mission points. The term inlet-open increment is used to refer to the
difference in force and moment quantities between the cowl-open
unpowered and cowl-closed points and the term power-on increment
is used to refer to the difference between the cowl-open powered
and cowl-open unpowered phases of the  ight.
A complete nose-to-tail analysis of the X-43A at the conditions
of interest requires a wide range of  ow modeling capabilities. A
summary of the relevant  ow physics and prediction requirements
is shown in Fig. 2. At hypersonic Mach numbers, high-temperature
gas effects become important. For the Mach 7 Hyper-X  ight conditions, it is suf cient to model the external  ow eld as a frozen
mixture of thermally perfect gases, where thermodynamic quantities vary as a function of temperature using curve  ts for the appropriate species. Composite species models may be used to approximate the composition of the scramjet exhaust products as a single
thermally perfect species to reduce computational overhead. Surface pressure and skin-friction predictions are generally required
on all external surfaces to resolve vehicle forces and moments and
to provide structural loadings on vehicle components. Heat transfer
predictions may also be required to assess thermal loads. This implies the need for appropriate turbulence models and knowledge of
the boundary-layer state. Accurate computations of forebody  ow elds, characterized by shocks, shock– boundary-layer interactions
and potentially separated  ow regions are required to compute mass

Hyper-X Mach 7  ight trajectory.

X-43A  ow physics and modeling requirements.
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capture at the cowl lip station. The inlet  ow eld is characterized
by shock – boundary-layer interactions,  ow separation in unfavorable pressure gradients, high leading-edge thermal loads, and corner  ow regions. Accurate computation of the inlet region provides
throat properties for evaluation of component performance. Computation of the combustor  ow eld requires modeling fuel injection
and complex mixing phenomena as well as  nite-rate chemical reactions. Upstream pressure rise in the isolator also occurs due to
heat addition in the combustor. Downstream of the combustor, the
high-temperature scramjet exhaust  ow eld must be modeled by
approximating the species constituents of the combustion process.
This powered exhaust plume expands in the aftbody region and may
interact with vehicle aerodynamic or control surfaces, especially at
de ected wing settings or when the vehicle is at nonzero angles of
attack or sideslip.
The determination of integrated vehicle performance requires
analysis of both internal and external  ow elds with an appropriate
accounting of the interactions between the two. Engine operability
and performance has a direct impact on overall vehicle aerodynamic
forces and moments. Axial force contributions from the  owpath
have a direct impact on net thrust and acceleration. However, resolution of normal force and pitching moment is also important because vehicle trim characteristics affect trim drag penalties, which,
in turn, affect system operability and performance. Therefore, contributions from both external aerodynamic and propulsion  owpath
components must be considered. The objective of the computations
performed on the X-43 was to develop an engineering-level-accurate
database for the global vehicle forces and moments. Appropriate assumptions were made to provide for computational ef ciency. The
impact of these assumptions was examined through comparisons
between ground-test data and predictions, as well as comparisons
between various computations (such as inviscid and viscous solutions). Although the methods described here have been deemed
suf cient to resolve global forces and moments, localized quantities
are not necessarily fully resolved everywhere.

Analysis Tools
The primary CFD tool used for the pre ight performance analysis of the X-43A is the GASP.3 GASP is a multiblock, structuredgrid, upwind-based, Navier– Stokes  ow solver. Mixtures of thermally perfect gases are modeled using polynomial curve  ts for
thermodynamic properties.4 GASP can model frozen, equilibrium,
or  nite-rate chemistry with models for hydrogen – air combustion.
The Baldwin – Lomax algebraic turbulence model with the Goldberg
back ow correction has been widely applied for turbulent  ows.5
Various two-equation eddy-viscosity formulations are also available
in GASP and have been used for various applications. Convergence
acceleration options include a V-cycle multigrid algorithm, mesh
sequencing and local time stepping. A large calibration database
is available for GASP for hypersonic con gurations and scramjet
 ow elds. Predictions for surface pressure,  ow eld quantities, and
integrated forces and moments have compared well to available experimental data at unpowered and simulated powered conditions in
previous studies.6¡11
Two additional tools are used for analysis of the internal propulsion  owpath. The  rst is the supersonic hydrogen injection program
(SHIP).12;13 SHIP uses the SIMPLE method to solve the parabolized, mass-averaged equations for conservation of mass, momentum, total energy, total fuel, and turbulence  elds in a variable area
domain of rectangular cross section. The second tool used for  owpath analysis is the SRGULL code. SRGULL comprises a twodimensional/axisymmetric Euler  ow solver (SEAGULL),14 which
is used to solve the forebody, inlet, and external nozzle regions of
the lower surface  owpath, and a one-dimensional chemical equilibrium cycle analysis code (SCRAM),15 which is used to approximate the combustor  ow eld. SRGULL also includes an integral
boundary-layer method (HUD)16;17 to provide a viscous component
to the forces and moments and has a one-dimensional isolator model
used to predict the onset location of pressure rise ahead of the fuel
injectors associated with heat addition due to combustion. Several
scaling factors, based on previous studies and ground-test data, are
included to account for such factors as mass spillage, inlet kinetic

energy ef ciency, base pressure, combustion ef ciency, and nozzle
thrust multiplier to account for three-dimensional effects.

Pre ight Analysis Methodology
Figure 3 shows a summary of the analysis methodology for the
X-43A vehicle. The development of the pre ight aeropropulsive performance database includes an analysis of the postseparation point
through the powered  ight experiment. Although not the focus of
this paper, the database also supports the ascent, stage separation,
and postexperiment descent phases of the mission as well.2 Three
mission points are analyzed: cowl-closed, cowl-open unpowered,
and cowl-open powered. Force and moment data for the cowl-closed
con guration, obtained primarily in the NASA Langley Research
Center 20-in. Mach 6 and 31-in. Mach 10 wind tunnels, comprised
the baseline values for the aerodynamics database. After relevant
corrections to the wind-tunnel data (blade interference, base pressurization,  ow angularity), Mach 7 predictions were obtained by linearly interpolating between the Mach 7 and Mach 10 points.18 Comparisons with wind-tunnel force and moment data are used to provide
code calibration. Because of model scale and facility limitations, it
is not possible to simulate the  ow-through engine or to model powered effects in available aerothermodynamic facilities. CFD predictions, developed from GASP inviscid and SRGULL calculations,
were used to determine the inlet-open and power-on performance
increments. These increments were then applied to the experimental
database to develop predictions for longitudinal performance for the
cowl-open con guration. Viscous predictions for the cowl-closed
con guration and a viscous tip-to-tail powered simulation at the target  ight-test point are used to provide additional code calibration
and assess the methodology used to build the database performance
increments. Data are also available from tests of the Hyper-X Flight
Engine/vehicle  owpath simulator (HXFE/VFS) in the NASA Langley Research Center 8-Foot High Temperature Tunnel (8-ft HTT).19
The VFS is a full-scale model that duplicates the  owpath and chine
surfaces of the X-43A but does not model other components, such
as wings and tails. The VFS model mounted in the test section is
shown in Fig. 4. The primary objective of these tests was to verify
the propulsion thrust performance, fuel sequencing, and operability of all engine-related subsystems. Force and moment data for
each of the three postseparation mission points (cowl-closed, cowlopen unpowered and cowl-open powered) near the scramjet test
point were also obtained along with surface pressure data along the
scramjet  owpath. The VFS con guration models all of the salient
features of the  owpath surface affected by these transitions, including three-dimensional expansion of the scramjet exhaust plume over
the aftbody surface. These data provide veri cation of the predicted
force and moment increments as well as comparisons with pressure
predictions along the  owpath surface to assess the methodology.
The inlet-open and power-on longitudinal performance increments were computed using GASP to obtain three-dimensional
inviscid  ow solutions for the X-43A airframe and SRGULL computations for the propulsive  owpath surfaces of cowl-open con gurations from the cowl leading-edge station to the vehicle trailing

Fig. 3

Integrated aeropropulsive CFD methodology.
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Fig. 4

Fig. 5
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HXFE/VFS model installed in the 8-ft HTT.

X-43A force accounting methodology.

edge (inlet/isolator, combustor, and internal and external nozzle).
Figure 5 shows the force accounting system used in this methodology. Internal  owpath surfaces, from cowl leading edge to cowl
trailing edge, are accounted for as propulsion surfaces, and forces
and moments are obtained from the SRGULL computations. The inviscid analysis in SRGULL assumes a sharp cowl leading edge. The
effect of this assumption was evaluated through a viscous tip-to-tail
calculation performed at the target  ight-test point. Comparisons between SRGULL and viscous CFD predictions show that although
shock impingement locations are affected inside the inlet and isolator, force and moment contributions from the internal  owpath
surfaces are not signi cantly different. The external nozzle surface
contribution is also obtained from SRGULL. All other external surfaces are accounted for as airframe surfaces, and force and moment contributions are obtained from the GASP calculations. This
accounting system was selected to utilize the strengths of available analysis tools, allowing parametrics to be run with engineering
cycle codes. Because interactions between propulsion and aerodynamic  ow elds may impact aerodynamic forces and moments, trim
characteristics, and overall vehicle performance, the separation of
aftbody forces as shown in Fig. 4 assumes minimal spillage of the
exhaust plume on to the airframe surfaces. The viscous tip-to-tail
calculation at powered conditions can be used to examine characteristics of the exhaust plume and the effects of propulsion– airframe
interactions on integrated forces and moments. The vehicle blunt
base was not included in the three-dimensional CFD calculations.
The effect of the blunt base is captured in the wind-tunnel measurements for the cowl-closed con guration with the CFD predictions
used to compute the increments for the cowl-open performance.
Therefore, the effects of the powered exhaust plume on the vehicle
base are not captured in the analysis. The magnitude of the change
in base force due to Reynolds number effects was assessed with
two-dimensional calculations of the vehicle nozzle and blunt base.
These computations enabled an assessment of uncertainty due to
Reynolds number differences from ground to  ight.

The inviscid calculations were obtained using a space-marching
technique with the exception of the blunt nose of the vehicle. Sidewall, cowl, and wing leading edges are treated as aerodynamically
sharp. The use of the inviscid approximation signi cantly reduces
computational time and allows multiple parametrics to be analyzed.
Solutions were obtained for the  ight-scale X-43A over a matrix of
points that included variations of Mach number and angle of attack
around the Mach 7, 2-deg angle-of-attack  ight-test point. Convergence is judged by examining surface pressure values and integrated
forces and moment. A reduction of four orders of magnitude in the
L2 norm of the residual vector is suf cient to achieve iteration convergence. The inviscid predictions for the cowl-closed con guration
were obtained by fairing over a portion of the external nozzle to
eliminate the requirement to solve the separated  ow region behind
the nozzle exit plane. Comparisons with viscous computations that
solve this separated  ow region were used to assess the impact of
this geometry assumption on global forces and moments.
Viscous predictions of the cowl-closed con guration were obtained at various conditions to examine trends due to Reynolds
number effects. The GASP calculations are performed by space
marching over most of the body, with the exception of the blunt
nose region and the wake region aft of the cowl trailing edge in
the aftbody. The Baldwin – Lomax algebraic model is used as the
turbulence model in these calculations with the transition location
 xed based on estimations of the effectiveness of boundary-layer
transition strips on the forebody (see Ref. 20). Previous experience has shown that this model is adequate for the prediction of  ow eld and surface quantities, particularly skin friction,
for external aerodynamic  ows. Solution convergence is judged
by examining integrated pressure and shear forces. A series of
parabolized Navier– Stokes (PNS) forebody calculations were also
used to calculate inlet mass capture, determine inlet entranceplane  ow pro les, examine boundary-layer properties, and calibrate pressure measurements for a  ush-air data sensor (FADS)
system.
A viscous tip-to-tail calculation, including a simulation of powered effects, was used to provide the most detailed prediction of
performance at the target  ight-test point of Mach 7, 2-deg angle
of attack.21 This calculation was accomplished using GASP to simulate both external and internal  ow elds, including modeling the
powered scramjet exhaust effects. A one-dimensional cycle analysis
from SRGULL was still used to approximate the combustor  ow eld due to the complexity of modeling the geometry of this region
as well as the physical modeling requirements and computational
cost to compute turbulent reacting  ow elds in the combustor. A
summary of the tip-to-tail methodology is shown in Fig. 6. External  ow elds were computed by solving the PNS equations except
in the regions of the nose and cowl leading edge, where bluntness
effects are important. The scramjet exhaust plume is modeled as a
single-species thermally perfect gas.
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Code Calibration and Accuracy Assessment
Code calibration and accuracy assessment is accomplished, in
part, through appropriate comparisons of CFD predictions with
available experimental data. Figure 7 shows a comparison of force
and moment predictions from three-dimensional GASP inviscid and
viscous computations of the X-43A cowl-closed con guration with
subscale wind-tunnel data at Mach 6. The results from a viscous
computation shown in the Fig. 7 were obtained at the same Reynolds
number and model scale as the data. There is an obvious discrepancy with the inviscid CFD axial force prediction. The agreement is
much better for the viscous computation. Normal force coef cient
is also slightly overpredicted, and somewhat smaller nose-up pitching moment values are predicted than are indicated by the database
comparisons. There is little signi cant difference between the inviscid and viscous computations in normal force or pitching moment
at 0-deg angle of attack. The discrepancy in pitching moment corresponds to a difference of less than 1 deg of elevator de ection
required for trim at these conditions. This small discrepancy may
be the result of several factors, including corrections made to the
data and modeling approximations in the calculations. The data
shown in Fig. 7 have been corrected for sting interference effects,
base pressurization, and other facility and testing procedure effects.

Fig. 6

Three-dimensional tip-to-tail solution methodology.

Fig. 7

Inviscid surface pressure predictions do not differ substantially from
viscous predictions for external airframe surfaces, suggesting that
the inviscid approximation is suf cient to obtain accurate pressure
loads on these surfaces. This comparison also shows that the assumption made to fair over a portion of the external nozzle surface
for the inviscid marching calculations does not signi cantly affect
global vehicle forces and moments. Surface pressure comparisons
between viscous and inviscid cowl-closed calculations show that
pressures are only affected in the immediate vicinity of the internal
nozzle exit plane. Variations in freestream Reynolds number and
model scales affect only the skin-friction contribution to total axial
force.
Forebody pressure data are available at a few discrete locations
for a 0.8-scale forebody model used to calibrate FADS instrumentation in wind-tunnel testing. Figure 8 shows this comparison at
a forebody cross section location of x D 24:0 in. from the nose at
Mach 6 freestream conditions over an angle-of-attack range from
¡2 to 8 deg. Pressure taps are present on the centerline on both
the upper and lower surfaces, as well as near the outer edge of the
forebody chine surfaces. This forebody station is downstream of
the boundary-layer trip location and upstream of the compression

Fig. 8 Comparisons of wind-tunnel surface pressure measurements
and CFD predictions at the x = 24.0 in. forebody station.

X-43A normalized cowl-closed predictions vs subscale experimental database at Mach 6.

COCKRELL ET AL.

ramp break located at the x D 37:3-in. station. The CFD predictions
show good agreement with data at the centerline locations. The
outer-edge predictions are dif cult to compare because the pressure
rapidly changes around the leading edge.
Veri cation of predicted force and moment coef cients from
SRGULL is accomplished primarily through comparisons of
SRGULL surface pressure and force and moment predictions with
higher- delity CFD solutions for comparable component ef ciencies, as well as appropriate comparisons between predictions and
data. Experimental measurements from various scramjet  owpath
tests in NASA Langley Research Center scramjet test facilities have
shown good agreement in terms of axial force and surface pressure predictions. Surface pressure comparisons in the inlet/isolator
and nozzle regions show good agreement with shock locations and
pressure levels. Correlations of pitching moment have also been
obtained.
Comparisons of surface pressure predictions have been made with
data from the 8-ft HTT tests of the HXFE/VFS model. The 8-ft HTT
is a propulsion test facility that uses methane – air combustion and

Fig. 9 Normalized forebody surface pressure predictions with comparisons to HXFE measurements.

Fig. 10
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oxygen replenishment to generate a test gas with a total enthalpy
and a Mach number equivalent to  ight conditions.22 Therefore, the
oxygen content of the freestream gas is representative of  ight conditions as is the Mach number, total enthalpy, dynamic pressure, and
Reynolds number. In general, comparisons of external forebody and
aftbody pressure predictions from the SRGULL and inviscid GASP
solutions used in the database buildup at both powered and unpowered conditions show good agreement with the HXFE/VFS data.
Figure 9 shows a comparison of normalized forebody surface pressure predictions with HXFE/VFS data along the model centerline.
Predictions from both GASP and SRGULL calculations are shown
in Fig. 9. Comparisons of internal engine surface pressure predictions from SRGULL also show reasonable agreement with HXFE
pressure data, although higher- delity Navier– Stokes solutions are
required to resolve fully the details of the scramjet  ow eld. The
pressure data comparisons also suggest that testing in the vitiatedair environment of the 8-ft HTT provides a reasonable simulation
of aerodynamic force and moment increments at the Mach 7 target
 ight conditions.
Experimental veri cation of the CFD-computed longitudinal
force and moment database predictions for the cowl-open con gurations was obtained from the HXFE/VFS tests. Because of the
differences in geometry, only the force and moment increments for
the cowl-open and power-on sequences obtained in the test can be
utilized. Figure 10 shows a comparison of lift, drag, and pitching moment coef cient at Mach 7 computed by applying both the database
increments and the measured HXFE increments to the cowl-closed
database values. The uncertainty estimates in Fig. 10 correspond to
3-sigma deviations from the time-averaged values shown for the experimental data. In general, the measured increments show excellent
agreement with the predictions. The magnitude of axial and normal
force as well as the pitching moment increments are comparable, and
the measurements con rm a nose-down pitching moment resulting
from the cowl-opening sequence and the power-on sequence.
Finally, an analysis of aftbody  ow eld features from the viscous
tip-to-tail calculation reveals some characteristics of the scramjet
exhaust plume and the impact of plume expansion on force and moment accounting. Figure 11 shows density contours of the exhaust
plume species at several cross sections along the aftbody. Figure 11
indicates that the plume expands beyond the propulsion surface as
de ned in the force accounting system shown in Fig. 5 and impinges

Normalized force and moment database predictions with comparisons to HXFE measured increments.
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on the airframe surfaces, although there is no interaction with the
wing surface. A comparison of total integrated forces and moments
from this calculation with those developed from the database build
up methodology shows only small differences in predicted axial
force and pitching moment, indicating that this spillage effect is
small at the nominal Hyper-X scramjet  ight-test condition. The
effects of plume – airframe interaction at higher angles of attack, offnominal engine operating conditions, or with control-surface de ections remain an issue for airframe-integrated scramjet-powered
con gurations. Also note that this force accounting system is speci c to the X-43A vehicle. The X-43A was a point-design con guration, and analysis has focused on a narrow window of  ight-test
conditions. Future hypersonic vehicle concepts designed to function
over a broader range of operating conditions will require appropriate force accounting systems and methods to evaluate fully these
propulsion – airframe integration issues.

Lateral-Directional Stability Characteristics
No experimental force and moment data are available for the
cowl-open con gurations at nonzero sideslip angles. The assumption was made in initial X-43A database releases that lateral-

directional stability characteristics do not change signi cantly due
to the cowl-opening and power-on mission sequences and that the
cowl-closed experimental data can be used to model these effects at
the other mission points. To verify this assumption, computations
were obtained on the X-43A for the cowl-closed and cowl-open
con gurations.23 Three-dimensional inviscid computations were
obtained at Mach 7, 2-deg angle of attack, and 0-deg and 3-deg
sideslip. Both unpowered and powered conditions were analyzed
for the cowl-open con guration. The unpowered computations were
obtained using GASP, including the internal  owpath without the
geometry of the fuel injectors in the combustor. The powered computations were obtained using GASP and the one-dimensional cycle
analysis method in SRGULL for the combustor. Three lateral stations were computed for the combustor analysis to approximate the
lateral variation in  ow eld properties at the 3-deg sideslip condition. Figure 12 shows predicted values for side force, yawing
moment, and rolling moment derivatives computed from the 0-deg
and 3-deg predictions at Mach 7. The cowl-closed experimental
database values are also shown in Fig. 12 for comparison. Although
some differences exist between the database values and the CFD
predictions, the signi cance is in the comparison among the three
CFD calculations. The differences in the predicted stability derivatives are negligible. Therefore, the analysis predicts that the cowlopening and power-on sequences of the  ight have little signi cant
direct effect on the lateral-directional stability. There is, however, a
signi cant indirect effect of the powered  ight condition at sideslip
on airframe stability and control as a result of the horizontal wing
de ection required to trim the resultant propulsive-induced pitching
moment. An analysis of the aftbody  ow eld solution also indicates
some impingement of the powered scramjet exhaust plume on the
leeward-side horizontal wing surface of the vehicle at the 3-deg
sideslip, 2-deg angle-of-attack condition. No analysis was done to
evaluate control surface effectiveness under powered conditions or
to evaluate exhaust plume interaction effects at nonzero sideslip
with de ected wing surfaces.

Conclusions

Fig. 11 Density contours showing three-dimensional exhaust plume
expansion.

Fig. 12

CFD and other analytical tools have been used in the development
and pre ight analysis of the Mach 7 X-43A vehicle. Integrated aeropropulsive performance was predicted using three-dimensional inviscid airframe computations and engineering cycle analysis results.
Viscous tip-to-tail calculations for the cowl-closed con guration

Inviscid CFD predictions of X-43A lateral-directional stability derivatives at Mach 7.
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and the powered cowl-open con guration at the target Hyper-X
 ight-test point were used to provide detailed performance information and assessment of the database prediction methodology.
Integrated force and moment predictions from inviscid and viscous cowl-closed calculations show good agreement with available
wind-tunnel data. Longitudinal performance increments compare
well with measured increments from integrated  owpath tests of
the HXFE. Surface pressure predictions also compare well with
limited wind-tunnel data and HXFE  owpath data. CFD was also
used to assess qualitatively lateral-directional stability characteristics and predict that the cowl-opening and power-on sequences have
no signi cant direct effect on lateral-directional stability characteristics. The Mach 7 X-43A  ight test will provide the  rst-ever  ight
data for an airframe-integrated scramjet-powered con guration. An
assessment of these data with comparisons to ground-test data and
predictions will provide for an assessment of analysis techniques,
predictive assumptions and ground-to- ight scaling of performance
data.
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