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PREFACE

Operations of the Nation's Space Transportation System (STS) have provided
recurring opportunities for the aerothermodynamicist to study entry aerothermal
phenomena unique to lifting vehicles in hypersonic flight. Initiated in the mid-
1970s, the NASA Orbiter Experiments (OEX) Program provided a mechanism for
utilization of the Shuttle Orbiter as an entry aerothermodynamic flight-research
vehicle, as an adjunct to its normal operational missions.

Under the auspices of the OEX Program, various elements of aerothermodynamic
research instrumentation flew aboard the Orbiters Columbia and Challenger.
These OEX experiment instrumentation packages obtained in-flight
measurements of the requisite parameters for (1) determination of Orbiter
aerodynamic characteristics (both static and dynamic) over the entire entry flight
regime, and (2) determination of the aerodynamic heating rates imposed upon the
vehicle's thermal protection system during the hypersonic portion of atmospheric
entry.

The data derived from the OEX complement of experiments represent benchmark
hypersonic flight data heretofore unavailable for a lifting entry vehicle. These
data are being used in a continual process of validation of state-of-the-art
methods, both experimental and computational, for simulating/predicting the
aerothermodynamic characteristics of advanced space transportation vehicles.

The Orbiter Experiments (OEX) Aerothermodynamics Symposium provided
a forum for dissemination of OEX experiment flight data and for demonstration of
the manner in which these data are being used for validation of advanced vehicle
aerothermodynamic design tools. The Symposium's invited speakers included
both OEX experiment Principal Investigators and other researchers who have
been active users and analysts of the Orbiter entry flight data. This NASA
Conference Publication comprises a compendium of the papers presented at the
Symposium.
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Part1
WELCOME AND OPENING REMARKS

H. Lee Beach, Jr.
Deputy Director
NASA Langley Research Center
Hampton, VA

I would like to welcome all of you who have come long distances to participate in what I hope will
be a very dynamic and productive Symposium over the next four days. Let me start with an apology.
As your Program indicates, Paul Holloway, the Director of the Langley Research Center, had planned to
be here this morning. Paul is very disappointed that he was unable to do so because he had been
planning for some time to be here to welcome you and provide the opening remarks for the Symposium.
He was informed on Friday that he would be needed in Washington both yesterday and today. So he
asked me to express his sincere apologies for not being here, and I know that is an apology that is very
heartfelt. Paul has a strong association with the Orbiter Experiments (OEX) Program. He, along with
many of you in this room, invested a tremendous amount of energy getting this program started a
number of years ago, and I know he is extremely disappointed that he could not be here to share in this
occasion with you. In any case, I'm glad to be able to express a few thoughts that I think Paul would
have shared had he been able to be here.

Why did we have an OEX program to begin with? In my opinion, having been an outsider looking
in, it was the result of both the foresight and very aggressive advocacy efforts of some specific
individuals from across the Agency. In the early 1970s, during the Phase B portion of the Shuttle
program, significant uncertainties and concerns existed with regard to our ability to accurately predict the
entry aerothermodynamic environment of the Shuttle Orbiter. Specifically, concerns existed relative to
phenomena such as leeside heat transfer, lower-surface boundary-layer transition, and the vehicle's
hypersonic aerodynamic characteristics. (These, of course, were only a few of the many vehicle design
concerns.) Leeside heat transfer and boundary-layer transition issues would influence thermal protection
system requirements heavily and, therefore, total vehicle weight, payload mass-fraction, and other
important aspects of the transportation system. Uncertainties in extrapolating wind-tunnel-derived
hypersonic aerodynamics to flight would influence the vehicle's flight-control system design and
robustness, as well as safety-of-flight issues. Of course, all these issues would be "solved," in some
sense of the word, for the orbiter design. However, they would be solved through inclusion of
significant design conservatism, not by improved predictive capabilities at the time. So the early flights
of the Shuttle would be performed in a highly constrained flight envelope, and that envelope would be
incrementally expanded as flight experience and data were obtained. It was in this environment that the
Orbiter Experiments Program was born (as I have indicated, not without significant difficulty) to take
advantage of the anticipated "regular” flights of the Shuttle to gather flight data which could be used to
improve and validate the aerothermodynamic predictive techniques which will be used for the design of
other vehicles for future space transportation systems.

Where do we stand today? The aerothermodynamic design process for the Shuttle Orbiter required
more than 100,000 hours of wind-tunnel occupancy in facilities all over the country. Even today, the
operational flight envelope of the orbiter, specifically its cross-range capability, is constrained relative to
what had been initially planned, as a direct result of under-prediction of certain aspects of the entry
aeroheating environment of the orbiter. The Orbiter Experiments Program has enabled us to better
understand which flight parameters really require accurate simulation in our ground-test facilities and
how to more accurately extrapolate wind-tunnel results to the flight environment. One would think,
therefore, that "better, faster, and cheaper” development of future space transportation vehicles could be

achieved through more efficient utilization of our ground-based facilities than was the case for the Shuttle
Orbiter.



After almost twenty years since the beginning of the Shuttle Orbiter design process and the birth of
the OEX program, we have computational fluid dynamic (CFD) capabilities which were not dreamed-of
in the time frame of Shuttle development. A lot of modeling work has gone on. We still do wind-tunnel
testing, of course, and in my judgment will continue to do so for the remainder of our careers and
probably the careers of our children. But, we have greatly improved our predictive capabilities, and the
OEX Program has provided significant amounts of data that have helped us and will continue to help us
understand how we can better use the tools of today to design the vehicles of tomorrow.

It's our hope at Langley that this Symposium will be a good mechanism to sum up what we have
learned and hopefully to point the way to those future vehicles that I sincerely hope will be coming down
the pike for our country in the years to come. I hope that you will have a very productive four days here,
as I am sure you will. Iinvite you to participate aggressively and vigorously, in the hope that we'll come

out of these four days with a much better understanding of where the technology stands, and we can take
this information and look forward to the future.

Again let me say, welcome to each of you, and have a very productive and enjoyable Symposium.



ORBITER EXPERIMENTS (OEX) PROGRAM OBJECTIVE
AND EXPERIMENT COMPLEMENT

David A. Throckmorton
NASA Langley Research Center
Hampton, VA

SUMMARY

Routine operations of the Nation's Space Transportation System (STS) have provided recurring
opportunities for the aecrothermodynamicist to study entry aerothermal phenomena unique to lifting entry
vehicles in hypersonic flight. Initiated in the mid-1970s, the Orbiter Experiments (OEX) Program
provided a mechanism for utilization of the shuttle orbiter as an entry research vehicle as an adjunct to its
normal operational mission. OEX Program experiments were unique among orbiter payloads, as the
research instrumentation for these experiments were carried as integral parts of the orbiter vehicle's
structure, rather than being placed in the orbiter's payload bay as mission cargo.

The data derived from the OEX experiments represent benchmark hypersonic flight results
heretofore unavailable for a lifting entry vehicle. These data are being used in a continual process of
validation of state-of-the-art methods, both experimental and computational, for simulating and/or
predicting the aerothermodynamic flight characteristics of advanced space transportation vehicles. This
paper summarizes the aerothermodynamic research objectives of the OEX Program and the flight data
requirements of such research. The OEX Program complement of aerothermodynamic research
experiments and the synergy among these experiments are described.

INTRODUCTION

The NASA Orbiter Experiments (OEX) Program had its genesis in the early days of the Space
Shuttle Program's Phase C/D, design and development of the shuttle orbiter. Development of the orbiter
represented the first attempt to design a reusable vehicle capable of controlled aerodynamic entry from
low-Earth orbit to a horizontal landing at a predetermined landing site. The operational requirements of
this vehicle presented significant challenges to its aerothermodynamic designers. The vehicle was
required to be aerodynamically controllable across the speed-regime, from Earth-orbital, hypersonic
entry velocities to low-subsonic landing speeds; and the vehicle's thermal protection system (TPS) was
required to protect the vehicle's structure from the extreme levels of aerodynamic heating which would
accompany the hypersonic entry, yet be reusable for many additional missions.

The aerothermodynamic design process required a high degree of integration among the disciplines
of aerodynamics, aeroheating, and guidance, navigation, and control. The aerodynamic performance,
and stability and control characteristics, of the orbiter configuration had to be adequately defined over the
entire entry flight regime in order to enable design of the guidance, navigation, and flight control
systems. The vehicle's aerodynamic heating environment had to be adequately predicted in order to
enable design of the thermal protection system, as well as definition of the thermal flight envelope
constraints which would influence entry trajectory design.

An extensive program of ground-based testing was undertaken in order to generate the database
required for the aerothermodynamic design of the orbiter vehicle. This test program, which required tens
of thousands of hours of testing in the nation's hypersonic wind tunnel facilities, included aerodynamic
performance, stability and control, and aerodynamic heat-transfer testing. This expansive ground-test
program notwithstanding, it was recognized that prior to the orbiter's first flight, significant uncertainties



would exist in predictions of both the vehicle's aerodynamic characteristics and its acrodynamic heating
environment. These uncertainties resulted from inherent limitations in the ability of ground-test facilities
to adequately simulate the full-scale flight environment. While existing test facilities could, in some
instances, replicate certain of the relevant parameters (e.g., Mach number or Reynolds number), no
facility could provide simultaneous simulation of the relevant parameters. More importantly, no facilities
existed which could replicate the "real-gas" aspects of the flight environment. Additionally, since no data
existed for a lifting vehicle in the actual flight environment, methodologies for extrapolation of ground-
test results to the flight environment could not be validated.

The vehicle's flight control and thermal protection system designs were required to be sufficiently
robust to assure fail-safe operation of the orbiter during entry in the face of these uncertainties. Systems
robustness would be obtained through the application of significant factors of conservatism in the
systems designs. This conservatism would result in a highly-constrained aerodynamic flight envelope,
in severe limitations on allowable vehicle center-of-gravity variation, and most probably in an overweight
thermal protection system.

The conservatism in the orbiter's aerothermodynamic design was known to be significant, and the
research community recognized the importance of eliminating this conservatism in the design of future
entry vehicles. Members of this community also recognized the unique opportunity which Shuttle
operations might provide: to routinely gather hypersonic aerothermodynamic flight data with which to
enhance understanding of the real-gas, hypersonic flight environment, and to enable improvement and
validation of ground-to-flight data extrapolation techniques. Thus the concept of the Orbiter Experiments
(OEX) Program was born.

NOMENCLATURE
ACIP Aerodynamic Coefficient Identification Package
AIP Aerothermal Instrumentation Package
ALT Approach and Landing Test
BET Best Estimate of Trajectory
c.g. center of gravity
CSE Catalytic Surface Effects
DFI Development Flight Instrumentation

GN&C guidance, navigation, and control
HiRAP High-Resolution Accelerometer Package

IMU Inertial Measurement Unit

IRIS Infrared Imagery of Shuttle

L/D lift-to-drag ratio

NASA National Aeronautics and Space Administration

OARE Orbital Acceleration Research Experiment
OAST Office of Aeronautics and Space Technology
OEX Orbiter Experiments

OFT Orbital Flight Test

PCM pulse code modulation



RCG reaction cured glass

RCS reaction control system

SEADS Shuttle Entry Air Data System

SILTS Shuttle Infrared Leeside Temperature Sensing
SUMS Shuttle Upper-Atmosphere Mass Spectrometer
TACAN tactical air navigation

TGH Tile Gap Heating
TPS thermal protection system
x/L non-dimensional vehicle length (L=32.77m)

OEX PROGRAM GENESIS

The concept of utilizing the shuttle orbiter as a flight research vehicle, as an adjunct to its normal
operational mission, was a topic of discussion within the research community circa 1974. In this time
frame, the idea received programmatic attention in deliberations of the NASA Research and Technology
Advisory Council's (RTAC) Panel on Space Vehicles. Meetings of this Panel in March and October of
1975 resulted in recommendations to the NASA Office of Aeronautics and Space Technology (OAST),
that it pursue development and implementation of expanded flight test instrumentation to be flown aboard
the shuttle orbiter.

Potential flight investigations were identified and/or documented during a Space Technology
Workshop sponsored by the NASA OAST in August 1975 (ref. 1). This workshop was intended: (1)
to foster identification of areas of needed technology development which required, or could substantially
benefit from, space flight experimentation; and (2) to define candidate flight research experiments which
would address those technology development needs, by taking advantage of the ready access to space
which was to become possible with the advent of Shuttle operations. Entry technology was one of
eleven research areas addressed at this workshop. The report of the Workshop's Entry Technology
Panel (ref. 2) included recommendations of specific flight instrumentation concepts which, if
implemented, would enable collection of aerothermodynamic flight research data during atmospheric
entry of the shuttle orbiter. A subsequent Mini-Workshop on Entry Technology, in March 1976,
provided for more detailed definition of candidate flight experiments.

These preliminary planning activities, as well as the deliberations and recommendations of the
RTAC Panel on Space Vehicles, led to the establishment, in July 1976, of the Orbiter Experiments
(OEX) Program. Initial funding for the Program was provided, for Fiscal Year 1977, from discretionary
funds of the Associate Administrator of OAST. The OEX Program was an integral part of the proposed
NASA Budget for Fiscal Year 1978. As such, the Program was discussed in testimony (see ref. 3 as
example) before Congressional Committees with NASA oversight, during the Fiscal Year 1978 Budget
Authorization process. The OEX Program was approved as part of the NASA Budget and began to
receive yearly funding allocations in Fiscal Year 1978.

AEROTHERMODYNAMIC FLIGHT RESEARCH DATA REQUIREMENTS

Performing aerothermodynamic research in the hypersonic flight environment is not unlike the
process of conducting similar research in ground-based wind-tunnel facilities. The generic data
requirements of both are identical, although the manner in which those data are obtained may differ. In
both instances, the freestream environment in which the test is being conducted must be characterized,



and the vehicle's attitude with respect to the freestream must be accurately known. For aerodynamic
testing, the aerodynamic forces acting on the vehicle must be determined; and for aerothermal testing,
aerodynamic surface pressure, temperature, and heat-transfer-rate data must be obtained. Of course, in
both instances, the vehicle's aerodynamic configuration (i.e., control surface deflection positions) must
also be known.

Table I presents a summary list of the classes of data required for the determination of hypersonic
vehicle aerothermodynamic characteristics, whether testing is performed in ground-based wind-tunnel
facilities or in flight. The measurement techniques used to obtain these data in flight are compared with
those used to obtain similar data in the wind tunnel. The following subsections contain more in-depth
discussions of these data classes, and the flight data-measurement techniques.

Freestream Environment and Vehicle Attitude Data

In flight testing, freestream environmental definition is typically achieved by the measurement of
appropriate flight-test variables, which enable determination of the pertinent freestream flow parameters.
Normally, a calibrated "air data" probe is mounted at the end of a long boom attached to the nose of a
flight-test vehicle to enable direct, in-situ measurements of freestream dynamic and static pressures,
freestream total temperature, and vehicle attitude during flight testing. If for some reason an air-data
boom cannot be used, alternate (less accurate) approaches may be implemented to infer the required
environmental data. Atmospheric properties of static temperature, pressure, density, and winds may be
determined as a function of altitude by balloon-borne measurement devices; and vehicle position
(altitude) and velocity (ground-relative) may be determined by ground-based radar tracking. Inertial
measurement devices onboard the test vehicle may also be used for the determination of vehicle velocity
and attitude (relative to an inertial reference, without respect to winds).

Aerodynamic Force and Moment Data

Flight test determinations of aerodynamic forces and moments are accomplished by measurement
of the three-axis linear accelerations, and angular accelerations and rates, experienced by the vehicle in
flight. These data, when combined with appropriate vehicle mass, center-of-gravity, and moments-of-
inertia information enable determination of the in-flight aecrodynamic forces and moments.

Aerodynamic stability and control derivatives are determined from flight-measured dynamic data
using a process known as "maximum-likelihood estimation." In the maximum-likelihood estimation
process (ref. 4), the six-degree-of-freedom equations of motion are formulated with vehicle aerodynamic
coefficients, and stability and control derivatives, as independent model variables. In flight, a precisely-
defined, vehicle aerodynamic control input is commanded and measured, and the resulting small-
perturbation vehicle dynamic response data are recorded. The vehicle's estimated (expected) response to
the control input (based upon the pre-flight aerodynamic model) is then compared to the actual measured
response. Based upon this comparison, the aerodynamic model is updated, and a new vehicle response
estimate is generated, which is again compared to the measured response. This process is performed
iteratively until the differences between the estimated and actual response data are statistically minimized.
The resulting aerodynamic model then represents the "maximum-likelihood estimate" of the vehicle's in-
flight aerodynamic characteristics.



Aerodynamic Surface Pressure and Heat Transfer Data

Methods used to obtain aerodynamic surface data in flight are fundamentally identical to those used
in hypersonic wind tunnels. The specific implementation approaches differ somewhat, however,
because of the unique characteristics of the flight environment.

In-flight measurements of surface pressure are normally obtained using small pressure orifices
normal to the aerodynamic surface, through which the static pressure may be sensed. Each orifice is
typically connected, by tubing, to an individual pressure transducer. Because the flight-test environment
(certainly that of the shuttle orbiter) is by its very nature a transient environment, care must be taken in
the implementation of a flight pressure-sensing system to minimize measurement sensitivity to transient
phenomena and pressure losses due to tube length. Good engineering practice demands that tube lengths
between orifices and sensors be minimized. This is accomplished by simply locating the pressure
transducers as close as is practically possible to their orifice location. Thus, the influences of both
pressure transients and tube losses are minimized.

Techniques for flight measurement of aerodynamic heat-transfer rates are analogous to those used
in hypersonic wind tunnels. On the shuttle orbiter, temperatures within the orbiter's thermal protection
materials were measured at discrete locations by means of in-situ thermocouples and/or resistance-
temperature-devices (RTD's). Where installation of thes¢ devices was incompatible with the material in
which the measurement was to be made, or where spatially-continuous temperature distribution data
were desired and where a vantage point for surface viewing was available, radiometers provided for non-
intrusive measurement of temperature levels. These temperature data, when combined with proper
modeling of the heat conduction process within the thermal protection materials and reradiation of energy
into space (unique to the flight case), enabled determination of aerodynamic heat-transfer rates to the
orbiter surfaces.

Vehicle Configuration Data

Proper interpretation of acrothermodynamic flight test data obviously requires accurate knowledge
of the aerodynamic configuration under test. In the context of this discussion, configuration data refers
not simply to the geometric shape of the configuration, but, more specifically, refers to the control-
surface position configuration. In flight, control surface positions may or may not be controllable test
variables. Specifically in the shuttle orbiter case, control-surface deflections are first dictated by vehicle
trim requirements, and the guidance and navigation requirements of the entry trajectory. Variability of
the orbiter's control surface configuration about the nominal is severely limited, constrained by the
energy management requirements of the specific entry (the orbiter is an unpowered glider) and possible
thermal constraints on control surface deflection or vehicle attitude. Additionally, nominal control
surface positions may differ from mission-to-mission as a result of mission-dependent vehicle center-of-
gravity variations. Nonetheless, control-surface position data are measured during orbiter entry.

As a hybrid spacecraft and aircraft, the shuttle orbiter has not only aerodynamic control surfaces,
but also a reaction control system (RCS) which provides on-orbit vehicle attitude control. The RCS
includes some 19 primary and 4 vernier pitch-axis thrusters, and 12 primary and 2 vernier yaw-axis
thrusters. The reaction control system is active during much of the hypersonic portion of atmospheric
entry, providing attitude control at flight conditions where the dynamic pressure is insufficient for
effective attitude control by the aerodynamic control surfaces. Reaction control system operation data are
also measured during entry.



OEX EXPERIMENT COMPLEMENT AND SYNERGY

Under the auspices of the Orbiter Experiments (OEX) Program, various experiment systems were
designed, developed, and integrated aboard the Shuttle Orbiter Columbia to enable collection of research-
quality aerothermodynamic flight data. Unique OEX experiment instrumentation augmented existing
orbiter instrumentation systems. The total complement of orbiter instrumentation and OEX experiments
comprised a comprehensive instrumentation system for the determination of orbiter acrodynamic and
aerothermal flight characteristics across the entire entry flight regime.

Several early papers (refs. 5-7) documented the planning for utilization of the orbiter as an entry
flight-research vehicle. Reference 5 provides an excellent presentation of the data requirements for
orbiter aerodynamic testing, as well as descriptions of the orbiter baseline and OEX measurement
systems which were to be implemented to enable orbiter acrodynamic research. A summary discussion
of the more significant orbiter entry aerothermodynamic problems, and short, overview descriptions of
the proposed OEX experiments are contained in reference 6. Lastly, planned aerothermodynamic flight
research analyses, to be conducted by NASA Langley Research Center staff members, using data
obtained during the Orbital Flight Test missions of the Orbiter Columbia, are described in reference 7.
Reference 8 is a contemporary paper which, like the current paper, presents a retrospective overview of
the OEX aerothermodynamic experiments. It also presents typical OEX-experiments flight data and
examples, drawn from the literature, of utilization of that data for validation of advanced vehicle
aerothermodynamic design tools.

The following subsections contain discussions of both the orbiter baseline and OEX-unique
experiment systems which were incorporated (and/or used) for the purpose of obtaining orbiter entry
aerothermodynamic flight research data. These discussions are organized by data type, in the same
manner as the foregoing section entitled Aerothermodynamic Flight Research Data Requirements.

Freestream Environment and Vehicle Attitude Data

The Shuttle Orbiter Enterprise was equipped with an air data boom to obtain freestream
environment and vehicle attitude data during the Orbiter's Approach and Landing Test Program (Fig. 1).
At hypersonic speeds, however, utilization of an air-data boom is not practical because of the extreme
aerodynamic heating environment which accompanies hypersonic flight. Consequently, a non-intrusive
method of measuring air-data parameters is required for a hypersonic flight test vehicle. The challenge of
obtaining air data on a hypersonic flight vehicle was first faced during the X-15 program. That vehicle
incorporated a spherical "ball-nose" flow direction sensor (ref. 9). This sensor used differential pressure
measurements from orifices located on opposite sides of a sphere at the vehicle's nose to drive a
hydraulic actuator which rotated the sphere so as to null the pressure differential. The resulting position
of the sphere relative to the vehicle centerline provided a direct indication of angles-of-attack and
-sideslip. The ball-nose also contained a stagnation-point pressure orifice. Although not used for the
purpose at the time, this pressure measurement could have been used for accurate determination of
freestream dynamic pressure.

For shuttle orbiter operational purposes, inertial measurement techniques are used to infer the air-
data parameters required for vehicle guidance, navigation, and control (GN&C) during hypersonic flight.
The inertially-derived parameters are sufficiently accurate to enable the GN&C system to guide the
vehicle to the vicinity of the landing site, where data from other sources (e.g., TACAN, beginning at
about 49 km altitude) provide updates to the vehicle state vector and enable the vehicle to be flown to a
precise landing. The inertially-derived air data parameters are not sufficiently accurate, however, for
research flight data analyses. Consequently, the OEX Program provided for the development and



implementation of both in-situ measurement systems, and post-flight data analysis methods, to enable
"research-quality" determination of vehicle freestream environmental and attitude information.

Shuttle Entry Air Data System (SEADS)

The Shuttle Entry Air Data System (refs. 10-12) was designed to provide "across-the-speed-range”
air data from approximately 90 km altitude, when the orbiter vehicle is traveling in excess of Mach 25,
through the supersonic, transonic, and subsonic portions of the entry, to landing. This system might be
viewed as conceptually similar to the X-15 "ball-nose"; however, its implementation approach was
substantially different from, and its air data parameter determination capability far exceeded, that of the
X-15 "ball-nose." The SEADS system comprised a specially-designed orbiter nose-cap, which
incorporated 14 pressure orifice assemblies through which the aerodynamic surface pressure could be
measured during entry (Fig. 2). Measurement of the magnitude and distribution of aerodynamic
pressure acting on the orbiter's nosecap in flight enabled accurate post-flight determination of vehicle
angles-of-attack and -sideslip, as well as freestream dynamic pressure.

The SEADS pressure orifices were arranged in a cruciform array (Fig. 2) with eight orifices in the
plane of symmetry and six orifices in the transverse plane. The symmetry-plane orifice array contributed
primarily to determination of stagnation point location and pressure, and vehicle angle-of-attack. The
transverse orifice array contributed primarily to determination of angle-of-sideslip. Each orifice
assembly was connected, through internal nosecap "plumbing," to two pressure transducers -- one with
a measurement range of 0-1 psia, and one with a measurement range of 0-20 psia. Dual-range
measurements at each orifice assured accurate determination of pressure level for the entire altitude
regime over which the system was designed to operate. Temperatures of the pressure transducer banks
(of which there were two) were measured in order to account for the temperature-dependence of
transducer calibrations. Analog-to-digital conversions of transducer output signals were performed by a
12-bit pulse-code-modulation (PCM) unit. The data were sampled at a rate of 28 hertz, and were
recorded on an OEX-dedicated flight data recorder.

The 14 nosecap orifices were augmented by six supplementary orifices located on the orbiter
forebody aft of the nosecap (Fig. 2). Four of these measurements were obtained at locations around the
periphery and just aft of the nosecap: two, located windward and leeward, on the plane of symmetry; and
one each located on either side of the fuselage. Two additional pressure orifices, located well aft of the
nose, one on either side of the fuselage, provided static pressure data which were of particular
importance for low supersonic and subsonic air data parameter determination.

Air data parameters were determined from the SEADS pressure data post-flight, by application of a
unique data processing algorithm. This algorithm incorporated a mathematical model of the pressure
distribution about the orbiter forebody as a function of an "aerodynamic state vector" which had elements
of total and static pressure, and angles-of-attack and -sideslip. The mathematical model was constructed
based upon a combination of theoretical considerations and the results of extensive wind tunnel tests.
The flight-observed pressures were smoothed, with respect to time, and then "fit" to the model pressures
using a digital batch filter process which optimized the "aerodynamic state vector" by minimizing, in a
weighted-least-squares sense, the differences between the flight-observed and model pressures. The
resulting "aerodynamic state vector," containing the basic air data information, was derived at an
effective data rate of four hertz.

The SEADS was installed in place of the baseline nosecap on the Orbiter Columbia during that
orbiter's modification period in 1984-85. The SEADS was subsequently operated successfully on five
Columbia missions: STS-61C, -28, -32, -35, and -40.
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Shuttle Upper-Atmosphere Mass Spectrometer (SUMS)

The Shuttle Upper Atmosphere Mass Spectrometer experiment (refs. 13 and 14) was intended to
supplement the SEADS by providing atmospheric density data at altitudes above 90 km. Just as SEADS
would provide flight environmental information in the continuum flow flight regime, the SUMS would
provide similar data to enable aerodynamic research in the transitional and free-molecular flow flight
regimes. At these extreme altitudes, aerodynamic surface pressures are too low to be accurately sensed
by conventional pressure transducers such as those used by the SEADS. The SUMS instrument,
instead, utilized a mass spectrometer, operating as a pressure-sensing device, to determine orbiter
stagnation-region surface pressure, and thence infer the atmospheric density in this high-altitude,
rarefied-flow flight regime.

The SUMS mass spectrometer was originally spare flight equipment developed for the Viking Mars
Lander. This mass spectrometer was modified to enable it to operate in the entry flight environment of
the shuttle orbiter. The SUMS sampled atmospheric gases through an orifice on the orbiter's lower
surface centerline, just aft of the orbiter nosecap; this orifice was shared with the SEADS experiment.
The mass spectrometer was connected to the gas-sampling orifice by a unique inlet system comprised of
tubing, operation control valves, and a pressure transducer. The SUMS instrument assembly was
mounted on the forward bulkhead of the orbiter's nose wheel well (Fig. 3), with the inlet system
connected to the orifice plumbing.

SUMS data were sampled at an effective rate of 0.2 hertz, and recorded on the OEX recorder for
post-flight processing. The processed SUMS data were combined with computational modeling of the
rarefied flow, within both the inlet system and the orbiter's forebody flowfield (ref. 15), to enable
determination of the freestream atmospheric density.

The SUMS was initially installed aboard the Orbiter Columbia following its 1984-85 modification
period. The experiment was subsequently flown on STS-61C. Unfortunately, a "protection” valve,
designed to prevent atmospheric-pressure gases from entering the mass spectrometer during ground
operations, failed to open as planned when the vehicle reached orbit, and remained stuck in the closed
position throughout the mission. Consequently, no freestream gases were able to reach the mass
spectrometer during entry and thus no science data were obtained on the STS-61C mission. The SUMS
was next flown on mission STS-35, during which the system operated properly, gathering data over the
altitude range from orbit to 87 km. Useful science data were obtained over the approximate altitude
range of 172-87 km. Science data for altitudes in excess of 172 km were masked by a "background"
signal which resulted from gas molecules trapped in the SEADS and SUMS pressure transducers
connected to the SUMS inlet system. The last flight of SUMS was on mission STS-40. On this
mission, the instrument experienced an automatic shutdown immediately upon experiment initiation. The
shutdown occurred (to protect the mass spectrometer from damage) when an excessive pressure level
was detected in the mass spectrometer. The excessive pressure was attributed to the vapor pressure of
water, which was present in the inlet system at launch. No science data were obtained on the STS-40
flight.

Best Estimate of Trajectory (BET)

In the absence of the SEADS and SUMS instruments to provide in-situ measurements of flight
environmental information, these data were determined through processes of "reconstruction” of both the
orbiter entry trajectory and the atmosphere at the time of entry, and correlation of these two data sets to
provide an analytically and physically consistent "best-estimate" of the entry flight environmental
parameters.

The trajectory reconstruction process (ref. 16) utilizes ground tracking data and onboard
measurements of orbiter inertial attitude, linear accelerations, and angular rates to determine the vehicle
inertial state vector (inertial position, velocity, and attitude) from near-orbital altitude to landing (Fig. 4).



Linear acceleration and angular rate information, derived from orbiter inertial measurement unit data, are
used to deterministically integrate the six-degree-of-freedom equations of motion in time, from a known
initial condition (shortly after the de-orbit burn) through orbiter landing, to define a first estimate of the
history of the inertial state vector. These inertial position and velocity estimates are then constrained to
fit, in a weighted least-squares of residuals sense, the observed position and velocity data measured by
the ground-based tracking. The result is a statistically-best estimate of the vehicle entry trajectory
(position, velocity, and attitude) in an inertial reference space.

Consideration of the rotation and oblate shape of the Earth allows the trajectory information to be
transformed into an Earth/atmosphere referenced system. The final product of the trajectory
reconstruction process is then a "best estimate" of the time-history of orbiter position (altitude above an
oblate spheroid, latitude, and longitude), and atmosphere-relative (no winds) velocity and attitude
(angles-of-attack and -sideslip), from near-orbital altitude to touchdown.

Definition of the state of the atmosphere through which the orbiter has flown is accomplished by a
process (ref. 17) which combines atmospheric modeling with direct measurements of atmospheric
profiles of pressure, temperature, density, and winds (Fig. 5). Atmospheric soundings made near the
time of entry provide the measured atmospheric profiles. However, the soundings are made at only a
few locations. These locations may not be along the orbiter's entry ground-track, and the time at which
the soundings are made may not correspond well with that of orbiter entry. Additionally, the soundings
only provide measured data to an altitude of approximately 90 km. Atmospheric data above 90 km are
estimated using upper atmospheric models to propagate the pressure, temperature, density, and winds
data to higher altitudes.

The measured and estimated data are then used to define freestream pressure, temperature, density,
and winds along the orbiter entry corridor. The reconstructed trajectory defines the time of day, and
corresponding latitude, longitude, and altitude of the orbiter's entry; atmospheric modeling is used to
define the time-of-day and latitude variations in atmospheric properties. The measured atmospheric data
are extrapolated to the orbiter entry corridor, in a manner which accounts for the time-of-day and latitude
differences between the orbiter entry and the atmospheric soundings.

The results of the trajectory and atmospheric reconstruction processes are melded together to
provide the "Best Estimate of Trajectory," which is an analytically- and physically-consistent definition
of the freestream flight environment (i.e., freestream pressure, temperature, and density, wind-relative
velocity, and angles-of-attack and -sideslip) from near-orbital altitude to landing.

Aerodynamic Force and Moment Data

Inertial Measurement Units (IMU)

The inertial measurement units are part of the orbiter's operational instrumentation system. The
triply-redundant IMUs comprise all-attitude, four-gimbal, inertially-stabilized platforms, upon which are
mounted two mutually-perpendicular linear accelerometers. In addition to the inertial acceleration data,
primary outputs of the IMUs are vehicle velocity and attitude in the inertial reference space. Angular rate
data may be inferred from the IMU attitude outputs.

Detailed descriptions of the IMU and other orbiter operational systems can be found in
reference 18.

11



12

Aerodynamic Coefficient Identification Package (ACIP)

Although the orbiter's operational instrumentation system includes instruments which measure each
of the vehicle motion parameters required for in-flight aerodynamic coefficient determination, these
components were designed to meet only the operational requirements of vehicle guidance, navigation,
and control. The measurement resolution and the data sampling rates of these instruments are not
sufficient for accurate, research-quality determination of in-flight aerodynamic stability and control
characteristics. Consequently, the Aerodynamic Coefficient Identification Package experiment (refs. 19
and 20) was designed specifically to enable collection of vehicle motion information with the resolution
and data sampling rates required for accurate flight determination of orbiter acrodynamic characteristics.

The ACIP includes three-axis, orthogonal sets of linear accelerometers, angular accelerometers,
and rate gyros. The ACIP linear accelerometers operate over a measurement range of 3 g, with a
measurement resolution of 300 micro-g, which enables the ACIP to accurately measure vehicle motion
data at altitudes below approximately 80 km. Thus, the ACIP experiment obtains data which are
synergistic with that of the SEADS.

In addition to processing data from its own sensors, ACIP data handling electronics also process
control-surface-position sensor information for the orbiter's four elevons and rudder, as well as
operation data for a single aft RCS yaw thruster. These data are routed through the ACIP data handling
electronics to assure that they are recorded with proper time correlation, relative to the ACIP data, and at
data rates which are sufficient to enable post-flight estimation of vehicle stability and control
characteristics. ACIP data are digitized to 14-bit resolution, and recorded on the OEX recorder at a
sampling rate of 174 hertz, as compared to the 1-25 hertz sampling-rate range for similar operational
instrumentation data.

The ACIP is mounted on the orbiter keel (Fig. 6), in the wing carrythrough structure beneath the
payload bay, at a longitudinal position of approximately 76 percent of vehicle length. This location is
about 315 cm aft (10 percent of vehicle length), and 216 cm below the orbiter's entry center of gravity
(c.g.). Proximity to the center of gravity minimizes the significance of correction factors associated with
translation of the information for reference to the vehicle c.g. The ACIP is precisely aligned with respect
to the orbiter's body-axis coordinate system.

Two ACIP flight units were fabricated for use on the Orbiters Columbia and Challenger. An
ACIP has flown on every flight of these two vehicles.

High Resolution Accelerometer Package (HiRAP)

The High-Resolution Accelerometer Package experiment (refs. 21 and 22) comprises a three-axis,
orthogonal set of high-resolution linear accelerometers. The HiRAP instrument operates over a range of
8000 micro-g, with a measurement resolution of one micro-g, and data sampling rate of 174 hertz. The
measurement range of the HIiRAP enables it to sense aerodynamic forces acting on the orbiter from
approximately 80 km to near orbital altitudes. HiRAP data were intended to be obtained in conjunction
with SUMS freestream density data, enabling direct determination (based solely upon in situ
measurements) of the aerodynamic performance characteristics of the orbiter in the rarefied flow flight
regime.

The HiRAP (Fig. 7) is located beside the ACIP in the orbiter's wing carrythrough structure,
approximately 330 cm aft and 188 cm below the orbiter's c.g., and is precisely aligned with respect to
the orbiter's body-axis coordinate system.

As with ACIP, two HiRAP flight units were fabricated for flight on the Orbiters and Challenger.
A HiRAP unit was flown on eight missions of Challenger, beginning with its first flight (STS-6), and
four missions of Columbia beginning with STS-9. (See ref. 23.)



Orbital Acceleration Research Experiment (OARE)

The Orbital Acceleration Research Experiment (refs. 24 and 25) complements the ACIP and
HiRAP instruments by extending the altitude range over which vehicle aecrodynamic acceleration data
may be obtained to orbital altitudes. Like the HIRAP, the OARE instrument comprises a three-axis,
orthogonal set of extremely sensitive linear accelerometers. The OARE instrument can be operated over
three auto-selected, or pre-programmed, measurement ranges. The least-sensitive measurement range
envelopes that of the HIRAP instrument; the most-sensitive range (+150 micro-g) is almost two orders-
of-magnitude more sensitive than the HIRAP. On the most-sensitive range, the measurement resolution
of the OARE instrument is less than five nano-g. The operational range of the OARE is at such a low
acceleration level that the sensors cannot be accurately calibrated in the one-g ground environment.
Consequently, the instrument sensors are mounted, within the OARE, on a rotary calibration table which
enables an accurate calibration to be performed on orbit, in the absence of Earth's gravity.

The OARE instrument produces acceleration data at an effective data rate of 10 hertz. These raw
data may be recorded on an onboard tape recorder for post-flight processing and analysis. However,
because the OARE was intended to measure the low-frequency, aerodynamic accelerations over long
orbital time periods, the instrument has its own internal data processing and storage capability. The
internal data processing software, which may be modified from flight-to-flight, currently uses a trimmed-
mean filter algorithm to extract the "steady-state” acceleration signal. The processed data are then
recorded on an internal solid-state memory device at a sampling rate of 1/25 hertz.

Unlike other OEX experiments, the OARE is carried as orbiter payload. Itis mounted at the
bottom of the payload bay envelope (Fig. 8) on a carrier plate attached to the orbiter's keel. This places
the instrument approximately 165 cm aft and 137 cm below the orbiter's entry center-of-gravity. It is,
of course, precisely aligned with respect to the orbiter's body axes.

On its first flight, on STS-40 in June 1991, the OARE experienced significant hardware anomalies
which limited the accuracy of the data collected. On STS-50, the OARE successfully obtained
measurements of aerodynamic drag on orbit. The OARE is currently manifested for reflight on STS-58
in the Summer of 1993.

Aerodynamic Surface Data

Development Flight Instrumentation (DFT)

During the Orbital Flight Test missions (STS-1 thru -5), the Orbiter Columbia was equipped with a
large complement of diagnostic instrumentation which was referred to as the Development Flight
Instrumentation. DFI measurements were intended to provide the requisite data for postflight
certification of orbiter subsystems designs, prior to the start of orbiter operational missions. The DFI
system was comprised of over 4500 sensors, associated data handling electronics, and data recorder.

Included among the DFI, and of particular interest to aecrothermodynamic researchers, were
measurements of the orbiter's aerodynamic surface temperature at over 200 surface locations (Fig. 9).
These measurements were obtained using thermocouples mounted within the thermal protection system
(TPS) materials, in thermal contact with the TPS surface coatings (ref. 26). The DFI also included
temperature measurements in-depth, within the TPS materials, at some 19 locations, and along TPS tile
sidewalls within the gaps between tiles at 16 locations. Aerodynamic surface pressure measurements
were also made in numbers and distribution similar to the surface temperature measurements.

The Development Flight Instrumentation was aboard Columbia on missions STS-1 thru -5.

However, mission unique circumstances limited the amount of hypersonic entry temperature and
pressure data collected on these flights. On missions STS-1 and -4, failures of the onboard flight data
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recorder precluded collection of data when the orbiter was not in communications contact with a ground
telemetry station. Consequently, data from these flights are available only for flight conditions of
approximately Mach 12 and below. On STS-2, the pressure instrumentation was not "powered-up"
during entry. This was due to a constrained orbiter entry power budget on this mission, which resulted
from an in-flight failure of one of the orbiter's three fuel cells. Pressure data were obtained over the
complete entry trajectory only on missions STS-3 and -5; and temperature data were obtained over the
complete entry trajectory only on missions STS-2, -3, and -5.

The DFI-derived surface temperature data from STS-2, -3, and -5 have been processed to infer
aerodynamic heat-transfer rates, using the methodology described in reference 27. The resulting orbiter
flight heat-transfer data are contained in references 28-30.

Catalytic Surface Effects (CSE) Experiment

Early arc-jet testing of orbiter thermal protection materials indicated that the reaction cured glass
(RCG) coating of the TPS tiles was non-catalytic to the recombination of dissociated air (specifically
oxygen). Were this to be the case in flight, substantially reduced heat-transfer levels could be expected,
when compared to those which would be experienced if the surface were fully catalytic. Prior to the
advent of shuttle flights, however, this non-catalytic surface phenomenon had not been demonstrated to
occur in the flight environment. Consequently, the shuttle TPS design was predicated on the
conservative assumption that the gas chemistry at the TPS surface would be in chemical equilibrium.
The Catalytic Surface Effects experiment (refs. 31 and 32) was conceived to provide direct confirmation
of the non-catalytic nature of the TPS tile surface in flight, and provide information with which to
estimate, quantitatively, the catalytic efficiency of the RCG material. ‘

The CSE experiment would provide an "inverse" demonstration of the non-catalytic nature of the
baseline tile surface material. The implementation of this experiment involved coating selected orbiter
lower surface TPS tiles, which contained DFI surface temperature sensors, with a material which was
known (based upon arc-jet tests) to be highly catalytic to the recombination of dissociated air. By
comparing the flight-measured temperatures of the coated tiles and nearby baseline tiles, the relative
catalytic efficiency of the baseline tile coating material would be demonstrated.

CSE experiment data were obtained on missions STS-2, -3, and -5 (refs. 33 and 34). On STS-2,
two individual tiles on the lower surface centerline at 15- and 40-percent of vehicle length were coated
(Fig. 10). For STS-3, individual tiles at 30- and 40-percent of vehicle length were coated. On STS-5,
the catalytic coating was applied to individual tiles on the centerline at 10-, 15-, 20-, 30-, and 60-percent,
and continuously along a centerline strip from 35- to 40-percent, of vehicle length. Two additional tiles
located at 76- and 82-percent of vehicle length along the 60-percent semispan chord of the wing were
also coated.

Tile Gap Heating (TGH) Experiment

The Tile Gap Heating experiment (ref. 35) was intended to obtain entry flight data with which to
investigate the phenomenon of aerodynamic heating in the gaps between adjacent thermal protection
system tiles. The experiment hardware consisted of a carrier panel of tiles which was installed on the
orbiter's lower surface, near the centerline, at approximately 27-percent of vehicle length. This carrier
panel was bolted directly to the orbiter structure and carried eleven tiles. At three locations on the array, tiles
were instrumented with thermocouples in-depth, on the outer tile surface, and along the sidewalls of the
tile-to-tile gaps. Data from these thermocouples was recorded as part of the DFI system.

The experiment tiles were fabricated and installed with exacting specifications applied to the values
of tile edge radius and gap width. The experiment plan was to systematically vary these parameters over
multiple flights of the experiment panel to gain an understanding of the effects of these variables on tile



gap heating, and ultimately to determine optimum values of these parameters in order to minimize gap
heating.

The TGH experiment was only flown on the STS-2 mission. Results from that flight are reported
in reference 35.

Infrared Imagery of Shuttle (IRIS) Experiment

The objective of the Infrared Imagery of Shuttle experiment (refs. 36 and 37) was determination of
the temperature distribution over the orbiter's lower surface at a single entry flight condition, at greater
spatial resolution than would be achieved with the DFI measurements. This measurement was to be
made remotely by underflying the entering orbiter with the NASA Kuiper Airborne Observatory (KAO)
C-141 aircraft. An infrared image of the orbiter was to be obtained as it passed through the field-of-view
of the KAQO's astronomical telescope, which was equipped with two linear, focal-plane arrays of
infrared detectors.

The IRIS experiment was successful in obtaining a partial image of the orbiter on STS-3.
Unfortunately, the image was found to be severely spatially and thermally distorted, and efforts to
accurately resolve the image were unsuccessful. As a result of extensive image-data and experiment-
system analyses, the most-likely cause of the distortion was determined to be atmospheric density
gradients which existed in the open telescope cavity of the KAO aircraft. Consequently, it was
concluded that a spatially-resolvable image of the orbiter could not be attainable using this experimental
technique.

Shuttle Infrared Leeside Temperature Sensing (SILTS) Experiment

The Shuttle Infrared Leeside Temperature Sensing experiment (refs. 38 and 39) was designed to
obtain high-spatial-resolution temperature measurements of the leeside (wing and fuselage) of the orbiter
during entry. These measurements were obtained by means of an imaging, infrared radiometer (camera)
located in a unique experiment pod atop the vertical tail of the Orbiter Columbia (Fig. 11). The SILTS
camera contained a single infrared detector element and dual, rotating scanning-prisms (one horizontal
and one vertical), which enabled the detector to scan the field-of-view, producing two-dimensional
imagery. The experiment could be configured to view the orbiter leeside surfaces through either of two
infrared-transparent windows: one of which enabled viewing of the left wing, the other enabled viewing
of the fuselage.

The SILTS experiment pod also contained a data and control electronics module, and a pressurized
nitrogen system. Window protection plugs protected the viewport windows during orbiter ground
handling, launch, and orbital operations. At experiment initiation, the window protection plugs were
ejected, allowing the camera to "see" the orbiter surfaces. The viewport windows were transpiration-
cooled, during experiment operation, by the injection of gaseous nitrogen over the external window
surfaces. Active cooling of the windows was required to prevent window temperatures from increasing
to levels at which the windows themselves would become radiators in the infrared, thus "fogging" the
data images.

On a normal mission, the SILTS experiment was initiated at the time the orbiter reached the "entry
interface" altitude of 122 km, and infrared imagery were collected throughout the hypersonic portion of
atmospheric entry. A data image was obtained approximately every 8.6 seconds during experiment
operation. SILTS data were recorded on the OEX flight data recorder.

The SILTS experiment was flown on five orbiter missions. Significant SILTS hardware anomalies

prevented useful data from being obtained on its first flight on STS-61C (ref. 40). Useful data were
obtained, however, on four subsequent flights. Flights of the SILTS experiment on STS-28 (ref. 41)
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and -32 provided temperature data for the orbiter's left wing throughout the hypersonic portion of entry.
The experiment was configured to view the leeside fuselage on the STS-35 and -40 missions. Unique
operational anomalies occurred on each of these flights (different for each flight) which limited the
quantity of data obtained (see ref. 42).

Aerothermal Instrumentation Package (AIP)

The Aerothermal Instrumentation Package comprised some 125 measurements of aerodynamic
surface temperature and pressure at discrete locations on the leeside of the orbiter's left wing, side and
upper fuselage, and vertical tail (Fig. 12). AIP temperature sensors provided in-situ measurements
which comprised both "ground-truth" and corollary information for the SILTS experiment. The AIP
pressure sensors were intended to provide data to support investigations of reaction control system jet
interactions with the aerodynamic flowfield.

All of the AIP sensors were originally elements of the Development Flight Instrumentation system.
They were reactivated through implementation of new orbiter wire harnesses which connected the
sensors to an AIP-unique data handling system. AIP temperature data were recorded at a sampling rate
of 5.3 hertz on the OEX flight data recorder.

The AIP obtained data throughout the hypersonic portion of atmospheric entry on shuttle missions
STS-28, -32, and -40. Only limited data (below about 73 km altitude) were obtained on STS-35 as a
result of a ground telemetry failure, which also affected the SILTS experiment. As with the DFI data,
the AIP temperature data have been processed to infer aerodynamic heat-transfer rates, using the
methodology of reference 27. The flight heat-transfer rate data are contained in references 43-45.

Vehicle Configuration Data

Orbiter control surface position data are measured and recorded in-flight by elements of the
orbiter's operational instrumentation system. As was discussed in the preceding section on the ACIP,
certain of these data are also processed, in parallel, by the ACIP data handling electronics. Operational
measurements of control surface positions are recorded at rates of 1-25 hertz.

Reaction control system thruster firing data are inferred by measurements of pressure in the jet
combustion chambers. These data are recorded at the rate of 25 hertz.

Vehicle mass, center-of-gravity, and moments of inertia are determined analytically by means of a
complex mass accounting system. Each orbiter was weighed to establish a baseline set of mass and
center-of-gravity information. A database of mass and location information is maintained for all
additional orbiter hardware, and other elements (e.g., payloads), which may be installed on, or removed
from, the orbiter vehicle during ground processing. In-flight, consumables are continually monitored.
Using this mass accounting system, a vehicle mass properties history is produced following each flight.

CONCLUDING REMARKS

The Orbiter Experiment (OEX) Program successfully utilized the shuttle orbiters Columbia and
Challenger to gather research-quality aerodynamic and aeroheating flight data during atmospheric entry
of these vehicles as an adjunct to their normal operational missions. OEX Program experiments were
unique among orbiter payloads, as the research instrumentation for these experiments was carried as
integral parts of the orbiter vehicle's structure, rather than being placed in the orbiter's payload bay as



mission cargo. Detailed descriptions of each of these experiments and their operational flight history are
contained in subsequent papers herein.

The data derived from the OEX experiments represent benchmark hypersonic flight results
heretofore unavailable for a lifting entry vehicle. These data are being used in a continual process of
validation of state-of-the-art methods, both experimental and computational, for simulating and/or
predicting the aerothermodynamic flight characteristics of advanced space transportation vehicles. The
validation and advancements of state-of-the-art design methodologies, made possible by the availability
of the OEX flight data, are also demonstrated in additional papers contained in this symposium-
proceedings document.
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