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The third X-43 vehicle in the HYPER-X program targeted flight at Mach 10. The
successful flight test was an important demonstration of many hypersonic technologies. The
performance of the scramjet engine is a primary example. In order to maintain control of the
vehicle, the axial and normal forces and pitching moment induced by the propulsion system
had to be predicted accurately. The computational fluid dynamic codes used in this process
will be described. These codes were used to build a database around the intended flight
conditions. The same codes were also used in a consistent approach to wind tunnel test data
analysis. The engine performance deduced from wind tunnel testing of the X-43 Mach 10
engine will be discussed. Comparisons with flight data will be used to illustrate the accuracy
of preflight predictions.

I. Introduction

NASA developed the concept for the HYPER-X program based on recommendations that flight demonstrations of
airframe-integrated scramjet propulsion systems be the next major step in hypersonic research. In order to reduce
cost, an existing configuration based on a Dual-Fuel Global Reach vehicle was selected.! This vehicle was designed
to cruise over 8,000 nautical miles at Mach 10, using a scramjet from Mach 4 to 10. It was a hypersonic cruise lifting-
body configuration. As aresult, it used a relatively small percentage of the cross section for the propulsion system, in
comparison with an accelerator where the dominant design characteristic is low drag per unit inlet capture. Program
requirements specified that the vehicle would resemble the Global Reach vehicle, be controllable through powered
and unpowered flight, have positive acceleration at Mach 7, and demonstrate cruise at Mach 10. However, since the
HYPER-X program would use a subscale vehicle, the engine was redesigned rather than photographically scaled.

The final vehicle in the HYPER-X flight test program flew at record breaking speed on November 16, 2004. The
flight met all mission objectives; remaining very well controlled and achieving powered scramjet operation at Mach
9.6. The cowl door was open for over 19 seconds and the fueling sequence required just over 11 seconds. During this
time (or 14.5 miles fuel off and 20 miles fuel on) an enormous amount of information was acquired. The mechanical
cowl door actuation, ignitor, and hydrogen fuel systems performed as expected. Vehicle surface pressure
measurements, axial and normal acceleration, and wing trim positions have been compared with preflight
expectations. This paper will summarize the engine design process, engine testing, data analysis of wind tunnel tests,
creation of the flight vehicle propulsion database, and comparison with flight data.

II. Initial X-43 Mach 10 Engine Design Process

Designing an engine which could produce enough thrust to equal airframe drag on a subscale version of a Mach
10 cruise vision vehicle was very challenging due to many features which can not be scaled photographically. In
addition, a large number of constraints were imposed on the engine since the vehicle was already defined. However,
since an experimental aerodynamic database existed, designs could be evaluated based on trimmed net axial force.
Since there were a large number of design variables, a two stage analytical approach was used to define the initial
flowpath and fuel injection system. The first stage was accomplished with SRGULL.2 SRGULL is the tip-to-tail
cycle analysis tool used in the HYPER-X program. The fidelity of these cycle analysis solutions was increased by
using information from other analysis tools and experiments. These inputs included: three dimensional spillage,
kinetic energy efficiency penalty, combustion efficiency, and base pressure. In order to understand sensitivities to
flight condition, the flight Mach number, angle of attack, and dynamic pressure were included along with five
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geometry variables. Following construction of the database, additional constraints were imposed such as; combustor
entrance pressure, angle of attack based on forebody shock positions, combustor geometry, and similarity with the
HYPER-X Mach 7 engine. The result was an understanding of vehicle level sensitivities to major design variables and
a preliminary engine flowpath. The engine flowpath includes the vehicle external lower surface, and body and cowl
internal surfaces. The second stage in the initial design effort focused on fuel injector and combustor design
variables. GASP3 was used to model the forebody and inlet and SHIP* was used to model the fuel injectors,
combustor, and nozzle. Propulsion forces and moment were again combined with the vehicle aerodynamic database
so that design decisions could be based on trimmed vehicle net axial force rather than a component performance
metric such as fuel mixing efficiency. Thermal analysis was performed on the thrust optimized design to verify that it
could survive several seconds of exposure to Mach 10 enthalpy flow with and without hydrogen fuel. The result was
a completely defined engine flowpath and fuel injection system which could be built and experimentally tested.

III. Mach 10 Engine Wind Tunnel Testing

A. Initial Engine Testing

The engine was tested in the HyPulse reflected shock tunnel in three test entries from the middle of 1999 through
late 2000.>7 Separate tests were conducted with a silane-hydrogen mixture, to simulate piloted operation, and pure
hydrogen. For all test conditions the silane fuel mixture provided more robust operation. Test information from the
LENS reflected shock tunnel also showed a sensitivity to fuel composition. Although an ignition sequence would
eventually be incorporated for the flight test (which could not be wind tunnel tested) the program desired that
hydrogen-only ignition be as robust as possible, and this was included in the overall design approach. Asa result, the
design was modified to improve hydrogen-only ignition based on engineering experience. This became the final
design for the X-43 Mach 10 flight vehicle. Therefore, design of the engine flowpath used a great deal of scramjet
design experience and a very complimentary computational and experimental effort.

B. Final Engine Testing

The final design of the X-43 Mach 10 engine was tested in the HyPulse and LENS reflected shock tunnels. The
HyPulse scramjet model was a full-scale height, partial width engine model with truncated forebody and aftbody
sections.8 It was tested in a semi-direct-connect arrangement at 8 test conditions. These tests included Mach 9 total
enthalpy conditions, Mach 10 total enthalpy conditions at 6 different model mounting angles and cowl leading edge
positions to vary the combustor entrance properties, and tests with slightly greater than Mach 10 total enthalpy. A
total of 55 runs were completed where 9 were without fuel injection, 20 with hydrogen only, 24 with 2% silane by
volume, 1 with 1% silane, and 1 with 20% silane at low fuel equivalence ratio to model the flight fuel sequence prior
to starting the hydrogen.

The LENS scramjet model was a full-scale height, width, and length replica of the X-43 Mach 10 flight engine.
It was tested in a free-jet configuration with the facility nozzle producing Mach 10 flight freestream conditions.
These tests included a range of dynamic pressure at 1° angle of attack and an angle of attack of 2° at the nominal
dynamic pressure. A total of 20 runs were completed where 3 were without fuel injection, 2 mixing (hydrogen into
nitrogen test gas), 5 with cold hydrogen, 3 with heated hydrogen, 5 with 2% silane, and 2 with 5% silane.

C. Wind Tunnel Test Data Analysis

A consistent computational data analysis methodology was applied to every experimental test. GASP was used
to model the forebody and inlet sections. Two dimensional solutions were possible since the tests used a modified
forebody to minimize three dimensional effects. Blunt leading edge effects were included and an elliptic solution
approach was used for the inlet to capture any shock-induced boundary layer separation. SHIP was used to model the
flow from the combustor entrance to the end of the model. SHIP calculates the fuel mixing process and mixing
efficiency (n,,). However, the amount of reaction is controlled by a reaction efficiency (n,) profile, or variation with
combustor length. Combustion efficiency (1) is then defined as: n=ny*N,. Therefore, with the combustion
efficiency for each test based on the test conditions and pressure rise, and the computationally predicted mixing
efficiency, a reaction efficiency model was developed based on experimental results. This solution approach was
fast, robust, and the thermodynamic properties of the fuel and combustion products were easily modified; thereby
greatly simplifying combustor analysis with silane. The discrete comparison with pressure levels in the combustor
was used to determine the reaction efficiency profile while the reaction efficiency at the combustor exit was
determined by matching the integrated internal nozzle pressure force.
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The analysis of wind tunnel engine test data
indicated a reaction efficiency sensitivity to combustor
entrance pressure and velocity. Therefore, a functional
model was created to define combustor reaction
efficiency over the desired flight vehicle propulsion
database design space. The range of this database
(intended to be greater than boost trajectory
uncertainty) and the resulting range in combustor
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unexpected considering the small scale of the X-43
vehicle and the ranges of the design space. The range Figure 1. Combustor performance model development.
of expected combustor entrance properties based on

the final trajectory uncertainty is shown as a dashed red box. The combustor entrance pressure and velocity condition
achieved in the flight test is shown as a yellow diamond just inside the low velocity edge of the design space where
good reaction efficiency was expected.
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IV. Flight Vehicle Propulsion Database Development

A. Objective

The purpose of the flight vehicle
propulsion database was to provide engine
mass capture, propulsion surface forces

(axial and normal), and propulsion surface Top & Sides: Aero

moment over a design space of Mach 9.5
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simulation and control law development.
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Figure 2. HYPER-X cowl open force accounting.

B. Preflight Propulsion Database Construction

The flight vehicle propulsion database was created with the same computational techniques (GASP and SHIP) as
the wind tunnel test engine data analysis. It included two dimensional forebody and inlet solutions and a narrow three
dimensional slice through the center of the combustor and nozzle. The effect of three dimensional spillage was
imposed at the combustor entrance by decreasing the flow rate of mass, momentum, and energy. In order to capture
the possible flight test conditions and different fueling levels the preflight propulsion database variables were: flight
Mach number, angle of attack, dynamic pressure, fuel equivalence ratio, and combustor performance. Although
analysis of wind tunnel test engine data produced a reaction efficiency model, including an independent combustor
performance variable in the propulsion database was valuable for several reasons. First, it allowed the construction
of the flight database to be done in parallel with wind tunnel engine testing, before all of the analysis was even
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complete. Second, sensitivities of all desired output variables could be quantified and assessed relative to the other
independent variables. Finally, it allowed the flight combustor performance to be calculated from the change in axial
force produced by the flight test scramjet engine and compared with the combustor performance model (i.e., wind
tunnel test combustor performance).

C. Database Characteristics

The matrix of CFD solutions used to create the flight vehicle propulsion database provided a large amount of
information. In addition to the forces and moment on the propulsion surfaces, functions were created for: boundary
layer properties at various locations, cowl leading edge properties, combustor entrance properties, forces and hinge
torque on the cowl door, forebody shock positions, and surface pressure at every centerline pressure gauge location
on the flight vehicle. Since the functions for the majority of these quantities were a very good fit to the computational
database points, they could be used to make predictions throughout the database design space with confidence.

V. HYPER-X Mach 10 Flight Propulsion Test

A. Overview

Following the HYPER-X Launch Vehicle boost,
the X-43 research vehicle separated from the
adaptor.  For the next 2.5 seconds the vehicle
targeted the desired angle of attack for the engine ) Hydrogen Mass Flow
test with the cowl door still closed. At 2.5 seconds i ‘-\ = = = =lgnitor Mass Flow

: . i v . =t Vehicle Angle of Attack

the cowl door opened and the vehicle continued to ;
target the desired engine test conditions for 3 N
seconds before starting the engine fueling sequence.
The angle of attack variation and fuel flow rate
sequence are shown in Figure 3. The engine fueling
sequence was designed to produce fuel composition
and overall fuel levels similar to what had been
tested in the engine wind tunnel test program. In
order to achieve this with the amount of fuel
available, the ignitor gas and hydrogen were brought
to high levels quite quickly. A step in the hydrogen
flow rate then produced the next level of overall
fueling and changed the total fuel composition since Figure 3. Flight angle of attack and fuel sequence.
the ignitor flow rate did not change. During the
relatively gradual transition to hydrogen-only operation the hydrogen flow rate increased to maintain the same
overall fuel equivalence ratio. The hydrogen flow rate then decreased to a level where much of the wind tunnel test
engine data had been collected for a fairly long steady period. Finally the flow rate decreased as the tanks emptied
before the fuel valves closed. The angle of attack variation shows that the vehicle remained very well controlled at all
times and recovered from the fuel-off disturbance very quickly. The cowl open duration was approximately 50 times
longer than the sum total of all the final engine wind tunnel testing.

Flow Rate
Angle of Attack

B. Measured Surface Pressure

The X-43 flight vehicle had 125 pressure gauges on the lower body surface. These measurements can be
triangulated to form shaded contour plots. The triangulation process only interpolates between the available
measurement locations so the entire surface can not be shown. The surface pressure measured before starting the fuel
sequence is shown in Figure 4. The pressure increases as the flow moves down the forebody and into the inlet. The
supersonic flow continues through the engine and expands in the nozzle. Figure 5 shows the fuel-on pressure
distribution. In comparison with Figure 4, the pressure is significantly higher in the combustor, internal nozzle, and
over the entire aftbody.
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Figure 4. Fuel off flight surface pressure distribution.

Figure 5. Fuel on flight surface pressure distribution.

C. Comparison With Propulsion Database
1. Discrete Pressure Instrumentation

The CFD solutions used to create the propulsion database were also used to create a database of surface pressure
at every centerline pressure gauge location on the flight vehicle. As a result, the pressure distribution could be
predicted at any flight condition in the design space using CFD based functions. Most of these functions were a very
good fit to the database. However, due to the shock dominated nature of the flow in the engine, the pressure at some
locations could not be modeled in functional form with high confidence. The forebody and aftbody functions were
also adjusted to account for three dimensional effects. Comparisons with fuel-off and fuel-on data are shown in
Figure 6. The fuel-off comparison is an important validation of the numerical models and solution methodology
without the complexity of fuel injection and combustion. The fuel-on comparison is an important validation for the
numerical models and solution methodology used for wind tunnel engine data analysis and for the testing of scramjet
engines in pulse facilities (upon which the flight combustor performance model was based).
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Figure 6. Fuel off and fuel on pressure comparisons (pressure not to scale).

2. Propulsion Forces and Moment

The difference between the fuel-on and fuel-off forces and moment can be compared between the flight data and
propulsion database functions to determine how well the effect of introducing fuel into the engine was predicted. The
net trimmed vehicle axial force followed the trends in the fuel schedule and produced an increase in axial force well
within the database uncertainty. The increase in lift was also predicted extremely well. The increment in wing
position required to trim the vehicle was less than expected. The difference may have been caused by three
dimensional effects not captured in the propulsion database development methodology or in the vehicle force
accounting. In addition, there was no preflight experimental pitching moment data at Mach 10 when the cowl was
open.

VI. Conclusion
The HYPER-X program’s third flight vehicle demonstrated successful air-frame integrated scramjet operation and
vehicle control at hypervelocity conditions. Since the scramjet performance showed good agreement to preflight
expectations it serves as an important validation of propulsion testing in pulse facilities and in the computational
techniques used to understand wind tunnel test data. In addition, since cruise capability has been demonstrated at the
design cruise Mach number of a vision vehicle, it shows that a vehicle could be designed to accelerate through Mach
10 using an airbreathing engine.
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