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Abstract

A wind tunnel investigation was conducted of the supersonic stage
separation aerodynamics of a generic two-stage-to-orbit bimese wing-
body configuration in the NASA Langley Research Center Unitary Plan
Wind Tunnel. Proximity and isolated model testing was conducted at
Mach numbers of 2.3, 3.0, and 4.5 and a unit Reynolds number of 2.0
million per foot using 0.0175-scale models of the Langley Glide-Back
Booster concept designated as the orbiter and booster in belly-to-belly and
back-to-belly configurations. Longitudinal forces and moments were
obtained on both models and surface static pressure measurements were
obtained on the orbiter model at 328 relative proximity locations and at
relative angles of attack of 0 degrees and 5 degrees. The test results
supported a larger effort to develop and validate experimental and
computational tools applicable to the design and simulation of stage
separation and abort procedures for reusable launch vehicles composed
of multiple bodies, including winged bodies. An initial proof-of-concept
experiment featuring low-cost uninstrumented models was conducted to
verify an emerging automated model control system and new support
system hardware, and to identify potential model and support system
blockage and unsteady aerodynamics/model dynamics prior to committing
to higher-fidelity instrumented models. This investigation led to upgrades
in the facility stage separation hardware, calibration and testing
techniques and capabilities, and data analysis and documentation
methodologies that have been extended to the more recent NASA
Constellation and Space Launch System crew and cargo launch vehicle
programs. A virtual diagnostics interface methodology was used to
facilitate the design of the stage separation support hardware, to position
the models in the test section, and to define the experimental test space.
Advances in the facility automated model positioning system established a
foundation for the development of a continuous-sweep data acquisition
technique that is responsible for significant productivity improvements to
the current NASA Space Launch System test program. The automated
model positioning capability was leveraged to conduct a companion
statistically-designed  stage  separation  experiment  requiring
randomization of the relative proximity positions of the orbiter and
booster models. The respective zones of influence and interference effects
of the orbiter and booster were identified from three-dimensional scatter
plots, contour and influence maps, and two-dimensional plotting methods.
The highly-nonlinear, shock-dominated aerodynamic characteristics of
the orbiter and booster in the Unitary Plan Wind Tunnel exhibited good
agreement with independent test data obtained in a NASA Marshall Space
Flight Center wind tunnel and with computational fluid dynamics
predictions using a compressible, three-dimensional flow solver and an
inviscid, unstructured Cartesian method.

Introduction exist to generate and utilize this type of data. One
problem that has received significant attention in
the literature is that of store separation from
aircraft [1]. The aerodynamic characteristics of

Studies of the aerodynamics of separating
bodies have been performed for decades, and
experimental and computational tools currently



the relatively small-sized store is influenced by
the proximity of the aircraft, but those of the
aircraft aerodynamics are virtually unaffected. A
similar example is the separation of the X-15
research vehicle from the B-52 carrier aircraft [2].
Here, the aerodynamic characteristics of the
relatively smaller X-15 vehicle were influenced
by the proximity of the B-52 aircraft but not vice-
versa. Significant stage separation interference
effects were encountered during the NASA
Hyper-X program [3] to demonstrate airbreathing
hypersonic flight, where the X-43 on a Northrop-
Grumman Innovations Systems Pegasus rocket
encountered aerodynamic anomalies during
launch froma  B-52 carrier aircraft. The other
class of stage separation problem involves
separation of two or more vehicles or bodies of
comparable size, where the aerodynamic
characteristics of all components are significantly
disturbed from nominal conditions. In some
cases, the integrity of only one vehicle or body
may be of importance, such as the staging of
multi-stage expendable launch vehicles, and the
integrity of only the upper stages is of primary
concern post-separation. The expended stages
need only to move away safely from the upper
stages before their eventual disintegration.
Examples of multi-stage expendable launch
vehicles include the Ares I crew launch vehicle
and Ares V cargo launch vehicle from the NASA
Constellation program [4] and the crew and cargo
launch vehicles under development in the on-
going NASA Space Launch System (SLS)
program [5]. For multi-stage reusable launch
vehicles, the integrity of some or all stages is
important post separation. The NASA Space
Shuttle [6] was a partially reusable low earth
orbital spacecraft system, featuring recoverable
solid rocket boosters (SRBs) and expendable
external tank. The SpaceX Falcon 9, Falcon 9
Heavy, and Starship launch vehicles are
examples of fully-reusable launch system
concepts, where the first stage returns to the
launch site shortly after the separation event, and
the second stage returns to the launch pad
following orbital realignment with the launch site
and atmospheric reentry [7]. SpaceX routinely
lands first stages, either on land or on drone ships

in the ocean. However, the company has not yet
pursued plans to reuse the second stage.

Some of the earliest studies of parallel
separation of similar-sized lifting stages was
initiated by the United States Air Force in 1959-
1960 in their reusable booster studies [8]. NASA
followed in the early 1960s as the nation began
its quest for a reusable launch vehicle system.
References 9-12 document extensive proximity
testing on both simple shapes and typical two-
stage-to-orbit  (TSTO)  configurations  at
supersonic and hypersonic conditions to develop
the necessary experimental tools to generate
aerodynamic proximity data as well as to
understand the nature of support interference
effects. The data generated from these studies
were then input into a six-degree-of-freedom
simulation program in order to simulate resulting
flight trajectories. Although the final design that
emerged as the Space Shuttle in the early 1970s
did not have parallel lifting stages, the
methodologies developed in these early
separation studies established an important
foundation for future stage separation work.

In the 1980s, post-Shuttle development,
NASA continued to examine earth-to-orbit space
transportation concepts to cover a wide range of
mission requirements, which included system
analysis studies of TSTO fully reusable systems
[13,14]. Following the accidental loss of the
Space Shuttle Challenger on ascent in 1986, a
focused program employing experimental and
system analysis tools was initiated to examine
Shuttle Orbiter boost-phase abort scenarios, that
is, separation of the orbiter from the external tank
on ascent. The majority of activity related to
reusable launch vehicle development in the 1990s
focused on single-stage-to-orbit (SSTO) concepts
in hopes of improving safety and reliability and
reducing cost. A renaissance in stage separation
research occurred in the late 1990s and early
2000s when it was realized that the technologies
needed for the development of reusable SSTO
vehicles were not yet available, and the NASA
Next Generation Launch Technology (NGLT)
program identified stage separation as one of the
critical technologies needed for successful



development and operation of NASA’s next
generation multistage reusable launch vehicles.
NASA initiated a comprehensive stage separation
tool development activity that included wind
tunnel testing and the development and validation
of computational fluid dynamics (CFD) and
engineering level tools [15]. A product of a
NASA small launcher vehicle concept study [16]
was used as the baseline vehicle in this tool
development activity, and this generic bimese
reusable booster concept was referred to as the
Langley Glide-Back Booster (LGBB). Figure 1
illustrates the bimese LGBB concept in a belly-
to-belly configuration. A TSTO vehicle in which
the booster and the orbiter have the same outer
mold lines is called a bimese vehicle, that is, the
external geometries of both vehicles are identical.
While it is possible that there could be various
sizing and arrangements of these stages, it was
assumed that a bimese, belly-to-belly (or back-to-
belly) wing-body TSTO configuration would
provide a worst case in wing-to-wing proximity
effects known to provide significant aerodynamic
interference. The expectation was that if the tools
can be exercised and validated for a bimese,
belly-to-belly configuration, other flow fields of
lesser complexity and loading would also be
amenable to analysis, recognizing that proximity
effects are extremely configuration dependent.
Products of this NASA stage separation tool
development and validation program included
supersonic proximity testing in the NASA
Langley Research Center Unitary Plan Wind
Tunnel (NASA LaRC UPWT) [17] and in the
NASA  Marshall Space  Flight Center
Aerodynamic Research Facility 14-Inch Trisonic
Wind Tunnel (NASA MSFC ARF TWT) [18],
hypersonic stage separation testing in the NASA
LaRC Mach 6 Tunnel [19], development and
validation of FEuler and Navier-Stokes
computational fluid dynamics (CFD) tools to
simulate steady and dynamic stage separation and
abort scenarios [20], and engineering tools for
simulation and analysis of staging maneuvers for
TSTO bimese reusable launch vehicles [21]. The
current report provides a detailed account of the
supersonic stage separation testing described in
reference 17, which was conducted in the NASA
LaRC UPWT using 0.0175-scale LGBB orbiter

and booster models from 10 January 2002 to 15
November 2002. The LGBB stage separation
testing in UPWT described in this report
encompassed three test entries designated UPWT
Tests 1739, 1741, and 1745 that were conducted
at Mach numbers of 2.3, 3.0, and 4.5 and a unit
Reynolds number of 2.0 million per foot. UPWT
Test 1739 was a proof-of-concept investigation
featuring uninstrumented LGGB orbital and
booster models. UPWT Tests 1741 and 1745
featured higher-fidelity models instrumented
with internal strain-gauge balances and surface
static pressure instrumentation, and included
proximity and isolated model testing. A subset of
proximity data was obtained in UPWT Test 1741
as part of a statistically-designed stage separation
experiment using response surface methods, and
this work is documented in a separate report in
reference 22. The stage separation hardware
design and installation (aided by a virtual
diagnostics interface methodology described in
reference 23), calibration and testing techniques,
and automated model control system upgrades
featured in this investigation provided a
foundation for more recent stage separation
experiments in UPWT. These advanced stage
separation investigations featured a 0.01-scale
model of the Ares I crew launch vehicle (model
description provided in reference 24) and 0.009-
scale models of the SLS crew and cargo
configurations featuring separation of the core
and two solid rocket boosters (SRBs) with
simulated plumes from the booster separation
motors (BSMs) [25,26].

Nomenclature

AMS angle measurement system

ARF Aerodynamics Research Facility

ASCII American Standard Code for
Information Interchange

ATS Automated Test Sequence

AF axial force, pounds (I1bs)

by reference span, 6.525 inches (in.)

BDDU balance dynamic display unit
Betfwd UPWT traverse system forward
screw position, counts
Betaft UPWT traverse system aft screw

position, counts
Block UPWT nozzle block setting, in.



BMC

BL
BSM

csv
Cu

Cv

CFD
CL
CLV

DAS
DESL
Dewpt

FS

s

LaRC
LGBB

Mach
Mode
MRC

MS

UT-39A balance moment center
(MS 7.525 for LGBB orbiter
model); UT-55 balance moment
center (MS 8.676 for LGBB booster
model) (See Fig. 13.)

model butt line, in.

booster separation motor

comma separated value

axial force coefficient,

AF

q(S.)
normal force coefficient,

_NF_
q(S,)

pitching moment coefficient,

M
q(Sw)L

surface static pressure coefficient,

P Piy

q

computational fluid dynamics
confidence limit (also centerline)
crew launch vehicle
LGBB body diameter, 1.441 in.
data acquisition system
data engineering scripting language
tunnel air dewpoint,
degrees Fahrenheit (°F)
full scale
vertical distance from floor to lower
front edge of balance calibration
fixture with applied load, in.
vertical distance from floor to lower
front edge of balance calibration
fixture with no applied load, in.
stagnation pressure, psfa
LGBB model reference Ilength,
13.125 in.
Langley Research Center
Langley Glide-Back Booster
millivolts (mV)
freestream Mach number
UPWT operating mode
moment reference center, MS 8.925
in. (See Fig. 6.)
model station, in.

MSFC
NASA

NDE
NF
NFDEFL

NFINCHI

NFINCH?2

NF2DEFL

NF1.2

NF2.2

NGLT

OML
OD

psfa

psia

Dinf

PM
PMDEFL
PMINCHI
PMINCH?
PM2DEFL

PMI1.2

PM2.2

Marshall Space Flight Center
National Aeronautics and Space
Administration

nondestructive examination

normal force, 1bs

normal force deflection constant
(angular) for booster model, deg/lb
normal force deflection constant
(translational) for booster model,
in/lb

normal force deflection constant
(translational) for orbiter model,
in/lb

normal force deflection constant
(angular) for orbiter model, deg/lb
normal force of booster model after
balance interactions and wind-off
zeroes computations, 1bs

normal force of orbiter model after
balance interactions and wind-off
zeroes computations, lbs
Next Generation
Technology

outer mold line

outer diameter, in.
pounds per square foot absolute
pounds per square inch absolute
freestream static pressure, psfa
pitching moment, inch-pounds
(in-1bs)

Launch

pitching moment deflection
constant (angular) for booster
model, deg/in-1b

pitching moment deflection

constant (translational) for booster
model, in/in-1b

pitching moment deflection
constant (translational) for orbiter
model, in/in-1b

pitching moment deflection
constant (angular) for orbiter model,
deg/in-1b

pitching moment of booster model
after balance interactions and wind-
off zeroes computations, in-1bs
pitching moment of orbiter model
after balance interactions and wind-
off zeroes computations, in-1bs



Power
PRT

q
O-Flex
Re

sif
Sting

Sting?2

Strut2
Sy

SLS
SRB
SSTO
N
T 0

Traverse

18
TSTO
™wT
UPWT
ViDi
WL

Xoffset
Xsetpt

Xslope

Zaero

Zinitial

Tunnel power
megawatts (MW)
platinum resistance thermometer
freestream dynamic pressure, psfa
gravity sensing servo accelerometer
unit Reynolds number, per foot (/ft)
standard interface file

distance between booster MRC and
support system point of rotation, in.
distance between booster model
MRC and midpoint between
forward and aft traverse screws, in.
axial strut encoder output, counts
LGBB reference area, 19.184
square inches (in?) (0.1132 square
feet (ft?))

Space Launch System

solid rocket booster
single-stage-to-orbit

single vector system

stagnation temperature, °F

traverse location, computed by
taking the average of the Betfwd and
Betaft encoder output, counts

test section

two-stage-to-orbit

Trisonic Wind Tunnel

Unitary Plan Wind Tunnel

virtual diagnostics

model water line, in.

axial distance from front edge of
balance calibration fixture and
model MRC, in.

offset obtained from calibration of
axial support strut calibration, in.
wind-on relative axial distance
between LGBB orbiter and booster
models, in. (See Fig. 12.)

slope obtained from calibration of
axial support strut calibration,
in./count

translational and rotational
increments to the relative vertical
distance caused by aerodynamic
loads, in.

wind-off relative vertical distance
between LGBB orbiter and booster
models, in.

requirement,

Zoffset offset obtained from calibration of
main support system traverse
mechanism, in.

Zsetpt wind-on relative vertical distance
between LGBB orbiter and booster
models, in. (See Fig. 12.)

Zslope slope obtained from calibration of
main support system traverse
mechanism, in./count

a booster model angle of attack,
degrees (deg)

0 angular deflection due to loading,
deg

y714 microvolts

A denotes delta coefficient value;

in data repeatability analysis, As are
obtained by interpolating in each
run to the nominal values of the
independent variable, then
averaging and subtracting the
averages from the interpolated data;
also used to denote relative angle of
attack between orbiter and booster

models
Subscripts

booster booster model coefficient

orbiter orbiter model coefficient

setpt setpoint

101-108 orbiter model centerline pressure
orifice designation

201-204 orbiter model right wing pressure

orifice designation
301 orbiter model left wing pressure
orifice designation

Experimental Program

As a first step in developing experimental
stage separation tools across the speed regime,
proximity testing was initiated at supersonic
conditions using the generic LGBB two-stage
reusable launch vehicle concept. The assumption
was the bimese TSTO configuration would
provide a worst case in wing-to-wing proximity
effects, known to provide significant
aerodynamic interference. The expectation was
that if the tools could be exercised and validated
for the selected configuration, other flow fields of



lesser complexity and loading would also be
amenable to analysis. Initial screening data were
generated in the NASA MSFC 14-Inch ARF
TWT [27] with a more extensive program
conducted in the NASA LaRC UPWT. Examples
of schlieren flow visualization images acquired in
the NASA MSFC testing of 0.01-scale LGBB
orbiter and booster models at Mach = 2.99 [18]
are shown in Fig. 2, which reveal the complex
shock-dominated flow field during this stage
separation experiment. In the near-docking or
mated conditions, mutual interference is
characterized by a channel-like flow between the
bodies, and the bow shock waves of each body
impinge on the other resulting in multiple
reflections. As the bodies move apart due to axial
or vertical displacement or relative angle of
attack, the channel-like flow is not observed.
Instead, mutual interference is mainly determined
by bow shock impingements and their reflections.
Clearly, two-body proximity testing is a more
complex undertaking than single-body testing.
While issues such as instrumentation and model
accuracy, flow modeling limitations (for
example, viscous effects), and tunnel
performance (flow quality/uniformity) are just as
relevant, other factors may present even greater
problems for two-body systems. Aerodynamic
proximity increments may be very small
compared with full-scale aerodynamic loads (but
nevertheless important with respect to vehicle
stability and control characteristics in a
separation maneuver) and highly nonlinear and
configuration-dependent. Support interference
and positioning accuracy are of extreme concern
with the hardware required to locate one model in
proximity to another. The testing described in
this report address these issues in order to assess
the ability to generate credible static separation
data for like-scale, two-stage configurations with
existing testing infrastructure in UPWT. The
testing was considered exploratory in nature, with
the intent of establishing a better understanding
of testing methodologies in this facility and the
flow physics related to these configurations.

The requirements for the stage separation
experiment in UPWT included a planar test grid
defined by the relative axial and vertical

displacements of the orbiter and booster models
that extended to approximately two body lengths
in the axial direction and one body length in the
vertical direction. This test grid was intended to
encompass typical stage separation trajectories at
the selected supersonic Mach numbers of 2.3, 3.0,
and 4.5. Additional requirements included
changes to the relative angle of attack between
the orbiter and booster models and the ability to
simulate belly-to-belly (that is, wing-to-wing)
and back-to-belly (wing-to-fuselage)
configurations. Figure 3 illustrates test grid
matrices that encompass all of these
requirements, where the orbiter model is assumed
to be in a fixed position while the booster model
undergoes translations to discrete setpoint
locations in the axial direction (defined by Xsespr
in inches (in.)) and the vertical direction (defined
by Zserpr (in.)), rotation to a specified relative
angle of attack (defined by A« in degrees (°)), and
roll rotation of the booster model from a belly-to-
belly to back-to-belly orientation. Table I lists the
nominal values of the relative axial and vertical
locations expressed in inches and in
nondimensional terms using the LGBB model
reference length, L, of 13.125 inches. A total of
328 grid points was specified at a relative angle
of attack of 0°. To provide sufficient clearance
when the booster model angle of attack was 5°,
data were not acquired at the minimum relative
vertical separation. Consequently, the number of
grid points was reduced to 299. Three distinct
phases of the experiment were defined by the
acquisition of proximity aerodynamic forces and
moments on the orbiter and booster models, force
and moment measurements on the isolated
booster, and proximity surface static pressure
measurements on the orbiter. The results from
the MSFC ARF TWT testing in reference 18
suggested isolated orbiter data could be acquired
without removing the booster model, provided
the latter was translated sufficiently downstream
of the orbiter. Orbiter and booster model stage
separation interference aerodynamic increments
could then be estimated by subtracting the
isolated force and moment and surface pressure
measurements from the respective proximity
aerodynamic data.



The conceptual two-stage reusable launch
vehicle configuration, the desired stage
separation test parameters, and the experimental
facility have been identified in this section. The
synthesis of the wind tunnel, test article, support
hardware, testing procedures, and
instrumentation are described in the following
sections.

Wind Tunnel Facility and Test
Conditions

The NASA LaRC UPWT is a continuous-
flow, variable pressure supersonic wind tunnel.
The tunnel contains two test sections, that are
approximately 4 feet by 4 feet by 7 feet long.
Each test section encompasses only part of the
Mach number range of the tunnel. The nozzle
ahead of each test section consists of an
asymmetric sliding block that allows continuous
Mach number variation during tunnel operations
from 1.47 to 2.86 in the low Mach number test
section (TS 1) and 2.3 to 4.63 in the high Mach
number test section (TS 2). Unit Reynolds
numbers from 1.0 to 5.0 million per foot can be
routinely run with a capability to attain 6.0
million per foot on a transient basis. The basic
model support mechanism is a horizontal wall-
mounted strut that is capable of forward and aft
travel of over 3 feet in the streamwise direction.
A main sting support attached to the strut can
traverse laterally £20 in. and can provide yaw
capability of £12°. Forward of the main sting
support is the angle-of-attack mechanism that
provides pitch motion from -15° to +30°. A roll
mechanism can be installed ahead of the pitch
mechanism to provide continuous roll motion
over a nearly 360° range. The stage separation
investigation described in this report was
conducted exclusively in TS 2 and utilized all of
the facility support system capabilities to mount
and position the booster model relative to the
orbiter model throughout the experimental test
space. Photographs of the LGBB orbiter and
booster models installed in UPWT TS 2 during
proof-of-concept testing in Test 1739 are shown
in Fig. 4. A complete description of the facility
and test section calibration information are
contained in Ref. [28].

Test Conditions

Table II shows the average freestream
conditions used in UPWT Tests 1739, 1741, and
1745 in TS 2. Testing was performed at
Mach = 2.3, 3.0, and 4.5 at a unit Reynolds
number of 2.0 million per foot. The stagnation
temperature was 125 °F at Mach=2.3 and 3.0 and
150 °F at Mach = 4.5. A unit Reynolds number
of 2.0 million per foot was selected for all runs
because of the reduced facility power
requirements and the increased margin of safety
in the event of undesired model and balance
dynamics caused by unsteady aerodynamics or
unplanned flow unstart conditions. It is noted that
Reynolds number sensitivity assessments were
conducted in UPWT supersonic aerodynamics
ascent testing of advanced launch vehicles in
reference 29, where test data were obtained at unit
Reynolds numbers ranging from 2.0 million to
5.0 million per foot. These assessments validate
testing at the selected value of the Reynolds
number to conserve power and avoid dynamic
overloads without compromising the integrity of
the aerodynamic data.

The tolerances for the tunnel condition set
points for the total pressure and temperature were
typically £5 pounds per square foot absolute
(psfa) and =2 degrees Fahrenheit (°F),
respectively. The tunnel air dew point was
maintained at sufficient levels to minimize water
vapor condensation effects during all phases of
the test. The dewpoint set points for each Mach
number are also tabulated in Table II. The
tolerance for the dew point set point was +0 °F to
any value less than the set point. The automated
tunnel control system allowed data acquisition
only when the total pressure, temperature, and
dew point were simultaneously within tolerances.

LGBB Model Description

Model Details

The LGBB is a generic wing-body
configuration that was developed by NASA
Langley Research Center’s Vehicle Analysis
Branch for in-house multistage launch vehicle
system analysis studies. The ability to leverage



this earlier work was the primary driver in the
selection of this particular wing-body
configuration. The virtual diagnostics (ViDi)
interface methodology described in Ref. [23] was
used to provide simplified three-dimensional
(3-D) renderings of the LGBB orbiter and booster
models in the UPWT test section that assisted in
the sizing of the models, their positioning in the
test section, and the design of new support
hardware for the orbiter model. An example of a
ViDi rendering of the LGBB models is shown in
Fig. 5. The ViDi methodology has been applied
to all subsequent stage separation tests in UPWT
for model and support system hardware design
and setup and for real-time and post-test data
visualization. The selected model scale was
0.0175, which corresponded to a reference
length, L, of 13.125 in. measured from the tip of
the nose to the base of the body (engine exit
plane), reference span, b, of 6.526 in., reference
diameter, d, of 1.441 in., and reference area, S,
of 19.184 square inches (in*) or 0.1332 square
feet (ft’). A sketch of the model and the
corresponding reference dimensions are provided
in Fig. 6. The wing/strake was an NACA 2300
series airfoil at a 6-degree dihedral angle. The
strake was swept 81.1 degrees, and the wing
sweep was 45.3 degrees. The wing’s forward-
swept trailing edge was a full-span elevon pair
separated by a center body flap. The
configuration had a centerline vertical tail with a
leading-edge sweep angle of 45 degrees. The tail
airfoil section, including trailing-edge rudder,
was an NACA 0013 airfoil, and its span was
1.928 in. The baseline LGBB vehicle included a
swept canard with an NACA 64A012 airfoil,
located on the forward part of the fuselage.
However, canards were not used in the two-stage
bimese configuration in the current investigation.
Detailed drawings of the 0.0175-scale LGBB
orbiter and booster models are provided in
Appendix A.

Two 0.0175-scale aluminum models of the
LGBB configuration were fabricated for proof-
of-concept testing in UPWT Test 1739. These
models were previously shown installed in TS 2
in Fig. 4. These low-cost, uninstrumented models
were used to explore the stage separation

aerodynamic environment throughout the test
grid matrix, to confirm the integrity of the support
system hardware, and to modify and validate the
testing procedures to simulate the desired
supersonic staging maneuvers. Two 0.0175-scale
stainless steel LGBB models were fabricated for
the production testing in UPWT Tests 1741 and
1745. Photographs of these models installed in
the test section are included in Fig. 7. Additional
photographs taken during the
model/instrumentation/support system build-up,
calibration, installation, and testing processes are
included in Appendix B. Both models accepted
internal six-component strain gauge balances for
force and moment measurements. The orbiter
model featured a total of 13 lower surface static
pressure orifices, with 8 orifices distributed along
the fuselage centerline, 4 orifices in a chordwise
row at midspan on the right wing, and a single
orifice at midspan on the left wing. Details of the
pressure orifice layout are shown in Fig. 8, Table
111, and in Appendix A. The booster model was
installed on the main tunnel support system and
included the centerline vertical tail. The outer
mold line (OML) of the orbiter model was
identical to the booster model. However, the
orbiter model upper fuselage was modified to
include a V-notch where the vertical tail would be
installed to allow entry of a swept horizontal
blade strut mounted to the tunnel side wall. The
blade strut simulated a nonmetric vertical tail,
allowed the installation of a six-component
balance in the orbiter model, and provided an
internal instrumentation trench for the routing of
the balance instrumentation wire bundle and
model surface and cavity pressure lines.

Model Transition Grit Patterns

The wind tunnel models included standard
experimental techniques for tripping the
boundary layer in an effort to force the boundary
layer to transition from laminar to turbulent, since
the wind tunnel Reynolds number was
significantly less than the actual flight Reynolds
number. Selected patterns of artificial surface
roughness in the form of distributed carborundum
grit particles were applied to the model nose,
wings, and vertical tail as shown in Fig. 9. Per
UPWT standard practices [28], a 0.10-inch wide



ring consisting of #40 grit was applied 1.2 in. aft
of the nose of each model. Strips of 0.01-in. wide
#40 grit were also applied 0.28 in. aft of the wing
leading edges. A similar grit strip was applied at
the same distance from the leading edge of the
booster model vertical tail. The approximate
average height for the #40 grit particles was
0.0187 inches. No rigorous determination of the
state of the model boundary layers was possible
within the scope of the tests.

Model Control System, Support
Hardware, and Test Procedures

Model Control System Modifications

The UPWT wind tunnel was an excellent
facility for adaptation to proximity testing due to
the existing fore/aft/lateral translation and
angular rotation capability of its main support
strut. The translation capability was originally
designed to position a model in the test section for
testing at a fixed location. However, the tunnel
capabilities were modified to enable model
positioning within £0.005-in. tolerance during a
tunnel run. Significant modifications were made
to the automated model control system (also
referred to as the automated test sequence (ATS)
system) to attain the desired setpoint accuracy at
as high a movement speed as possible to
minimize tunnel run time. In the event of
undesirable model dynamics caused by mutual
aerodynamic interference between the models,
the control system included an automated home
position option, whereby the booster model was
simultaneously moved to the positive extreme in
the relative axial location and minimum vertical
separation distance and relative angle of attack.
Additional modifications included the input and
automation of a predetermined matrix of
proximity locations, typically conducted in a
move-pause mode from the maximum to
minimum axial separation distances at a fixed
vertical separation distance. This approach
allowed manual intervention in the event of
undesired model dynamics when the models were
in close proximity. The modifications to the ATS
system algorithms facilitated the implementation
of statistically-designed experimental methods

[22] in a separate phase of UPWT Test 1741 that
required data acquisition at randomized
combinations of the translational and rotational
setpoints. The control system modifications were
also a key factor in the development of a
continuous-sweep data acquisition technique that
has yielded significant improvements in test
productivity at UPWT [30].

Support System Hardware and Setup

Proximity testing of the LGBB bimese
resuable launch system configuration was
accomplished by installing the booster model
onto the main sting support featuring a standard
straight sting, mechanized roll coupling, and the
main strut assembly, while the orbiter model was
installed on a fixed horizontal blade strut
mounted to the test section sidewall. This setup
was previously shown in the model installation
photographs in Figs. 4 and 7. The traverse and
rotational capabilities of the main support system
allowed positioning of the booster model in the
test section to within =0.050 in. of the relative
axial and vertical distance setpoints and to within
+0.1° of the relative angle-of-attack setpoints.
With the ability to accurately move the booster
model in the test section, only an orbiter model
mounted in the test section at a fixed attitude and
location was required to perform proximity
testing in UPWT. This allowed separation testing
to be initiated in the facility with a minimum of
hardware costs. A custom horizontal blade strut
was designed and fabricated for mounting to the
test section sidewall, because of constraints in
attaching support hardware to the ceiling or floor
of the test section. Detailed drawings of the blade
strut are provided in Appendix C. The all-
stainless-steel support strut consisted of two
major pieces: a rectangular mounting plate and a
fixed-angle blade strut. The interface between
the two parts included a series of holes for +3°
angular adjustment in increments of 0.1°. The
strut arm was a wedge-slab-wedge shape at a 30°
sweep angle designed to withstand aerodynamic
loads with minimum interference. The strut was
designed to receive a designated LaRC
six-component strain-gauge balance to which the
orbiter model was mounted for aerodynamic
measurements. A channel with cover plate was



incorporated in the strut design to allow routing
of the balance wiring and surface static pressure
and cavity pressure lines from the orbiter model
and through the tunnel sidewall for external
connections to the wind tunnel instrumentation
and data system. The standard sidewall insert
with multiple optical-quality windows was
replaced with a solid sidewall with a small
rectangular viewport in order to install the blade
strut.  This precluded the use of the facility
schlieren flow visualization system during the
stage separation testing. Later stage separation
experiments using larger models featured a
horizontal strut installation downstream of the
test section sidewall insert that allowed the use of
the facility schlieren system [31]. The fixed
horizontal blade strut positioned the orbiter
model centerline 18 inches from the test section
sidewall at pitch and yaw angles of 0° and a roll
angle of -90° (wings vertical). A slot was
machined into the lee side of the orbiter in place
of the vertical tail to accommodate the blade strut
entry into the model. The booster model was
rolled +90° to a wings-vertical orientation to
simulate a belly-to-belly arrangement of this
bimese TSTO configuration. The mechanized
roll coupling allowed the booster model to be
rolled -90° to simulate a back-to-belly
configuration, whereby the vertical tail of the
booster was removed and replaced with an off
block. The ViDi system [23] assisted in the
sizing and positioning of the orbiter and booster
models in the test section, including the offset of
the orbiter model from the sidewall, and the
design of the horizontal blade strut to ensure the
orbiter model would not encounter aerodynamic
interference from its own bow shock at Mach =
2.3, 3.0, and 4.5. The overall test setup is
illustrated in Fig. 10.

Traverse and Axial
Calibration Procedures

Support

Calibration of the traverse support was
necessary for determining the belly-to-belly or
back-to-belly separation distance between the
orbiter and booster models. The sting and blade
strut deflection calibrations described in a later
section are also taken into account to compute the
final relative vertical translation distance, Zsesr, in
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inches. The methodology behind these
computations is described in Appendix D. The
traverse calibration was performed by measuring
the distance between the tunnel sidewall and a flat
section on the main sting body at various traverse
locations with a height gauge. The forward and
aft screws were set to an equal number of counts
to achieve a zero angle-of-attack condition at the
booster model. Moving the traverse in the same
direction, measurements were taken at six
different points to determine a calibration slope
expressed in terms of inches per count. The
models were aligned nose-to-nose in the axial
direction and the sting-mounted booster model
was moved to the near-docking position
(minimum separation distance) corresponding to
a belly-to-belly separation of 0.41 in. and a
relative vertical translation of 0 in. The traverse
setting offset computed from the -calibrated
traverse mechanism slope in combination with
the 0.41-in. separation distance were used in the
data processing to yield a computed relative
vertical setpoint value of 0 in. The computation
of the relative vertical separation distance also
had to account for changes in the relative angle of
attack from 0° to 5°.  This required the
determination of an additional offset in the
computations based on the sting length and angle.
This offset was determined based on the
measured distance from the booster model
moment reference center (MRC) to the midpoint
between the forward and aft traverse screws on
the main sting body and the computed angle from
the forward and aft traverse screw counts. The
validity of this in situ calibration method was
verified in  several static  (wind-off)
measurements. The data processing method was
additionally modified to account for wind-on
aeroelastic deflections of the booster and orbiter
balance and support systems, as described in
Appendix D.

Calibration of the axial support mechanism
was necessary for determining the axial
separation distance between the two models. The
calibration was performed by measuring the
distance between the front of the balance box (a
fixed part of the tunnel structure) and the front
edge of the main support strut at various strut



locations using a digital height gauge. An axial
support mechanism slope was computed, and an
offset value was determined when the booster and
orbiter models were aligned nose-to-nose. An
additional term was included in the data system
computations to account for changes to the
booster model angle of attack via the traverse
mechanism. Several static measurements
verified the validity of the axial position
calculations.

Experimental Test Space and Model
Positioning

The proximity grid point matrices featuring
328 and 299 discrete locations of the booster
model relative to the orbiter model at relative
angles of attack of 0° and 5°, respectively, were
previously shown in Fig. 3. Figure 11 illustrates
the overall model setup superimposed on the test
grid matrix. The three model test parameters in
this experiment were the relative axial distance,
Xsetpt, relative vertical distance, Zserpr, and relative
angle of attack, Aq, of the orbiter and booster
models, as illustrated in Fig. 12. The relative
axial and vertical distances were measured in
inches between the respective moment reference
centers (MRCs) of the orbiter and booster
models, and the relative angle of attack was the
total included angle between the models.
Changes to these parameters were accomplished
exclusively through the translation and rotation of
the booster model relative to the fixed orbiter
model. A near-docking or mated position of the
orbiter and booster models was previously shown
in the model installation photographs in Fig. 7.
This position corresponded to Xsepr = Zserpt = 0 in.
and Aa = 0°. At this position, the models were
axially aligned, and the minimum vertical
spacing between the bellies of each model was
0.41 in. This spacing was established from static
and wind-on verification testing as a reasonable
buffer to account for small-amplitude model
dynamics and booster angles of attack up to 2.5°.
Prior to production testing, the relative angle-of-
attack requirement was increased to 5°. As a
result, a more conservative minimum spacing of
approximately 1.066 in. was established,
corresponding to zsem: = 0.656 in., at a relative
angle of attack of 5°. The relative axial distance,
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Xsetpt, was varied from a minimum of 0 in. to a
maximum of 28 in. at all Zsespr locations (except at
Zsepr = 0.656 in. as noted below) that
corresponded to a range of approximately 2.13
model body lengths, where the model reference
length, L, was 13.125 in. measured from the
model nose to the engine exit plane (not the
trailing edge of the centerline body flap). The
relative axial distance was varied from a
minimum of 0 in. to a maximum of 14 inches at
Zsept = 0.656 1in. that corresponded to a range of
approximately 1.07 model body lengths. The
relative vertical distance, Zsespt, was varied from 0
in. to 13.13 in. at Aa. = 0° and from 0.656 inches
to 13.13 inches at Aa = 5°, corresponding to a
range of approximately 1 model body length. The
relative angle of attack, Ao, was 0° and 5°. The
positioning of the booster model in the test
section was corrected for deflections caused by
aerodynamic loads. An in situ calibration
technique described in the previous section and
documented in Appendix D was used to
determine the relative axial and vertical distances
accounting for axial and traverse support
mechanism translations, traverse mechanism
rotation, and aeroelastic or mechanical
deflections of the booster and orbiter models,
balances, and support systems due to
aerodynamic loads. Test section flow angularity
estimates were not obtained in this investigation,
and the impact of nonuniformities in the flow
angle throughout the test section core is discussed
in a later section and in Ref. [17].

Stage Separation Model

Installation Procedure

All models, sting and blade strut hardware,
uninstrumented (“dummy™) balances,
instrumented  (“live”)  balances, balance
calibration blocks, and custom dowel pins and
keys were subject to nondestructive examinations
(NDE), quality assurance inspections, detailed
check fits and build-up, and required calibrations
prior to the test entries. Separate installations
were required in UPWT TS 2 for Test 1739 and
Tests 1741/1745, since aluminum models
installed on dummy balances were used in Test
1739 and higher-fidelity stainless steel models



installed on live balances were used in Test 1741
and Test 1745. A comprehensive, step-by-step
installation check list was applied in Tests 1739,
1741, and 1745. This process included the
determination of all roll coupling-to-balance,
horizontal strut-to-balance, and balance-to-model
misalignment angles, which were obtained in a
systematic manner during the instrumentation
and model installation process in the test section.
These misalignment angles were used in the
Euler rotation computations as part of the data
processing. The dummy balances and the live
balances used in Tests 1739, 1741, and 1745 were
fit to precision calibration blocks that
accommodated NASA LaRC angle measurement
system (AMS) packages as described in
Ref. [32]. The stainless steel 0.0175-scale LGBB
orbiter and booster models also featured
attachment points for leveling blocks to which the
AMS packages were mounted. Similarly, AMS
packages were mounted to the horizontal blade
strut and to the main tunnel support system
(knuckle plate). The AMS measurements were
used to verify alignment of the balances and
models in roll and yaw. The booster model pitch
angle was adjusted using the twin-screw
arrangement of the main support strut, whereas
angular alignment of the orbiter model with
respect to the internal balance, blade strut, and
tunnel coordinate system was verified by
independent measurements outside the test
section and during the installation of the
horizontal blade strut and base plate to the test
section sidewall. A digital height gauge was also
used to independently verify the model
alignments with respect to the tunnel coordinate
system and to each other. Snap gauges and
micrometers were used to measure and verify the
selected combinations of relative axial and
vertical separation distances at relative angles of
attack of 0° and 5°, and the measured results were
compared to the computed positions from the
wind tunnel data acquisition system (DAS).
These check measurements also included the
application of known load combinations to both
models to ensure that sting deflections were
correctly accounted for in the calculations of the
relative axial and vertical translations and the
relative angle of attack.
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The 0.0175-scale LGBB orbiter model used in
UPWT Tests 1741 and 1745 incorporated a
NASA LaRC 0.80-inch diameter, internally-
mounted six-component strain-gauge balance
designated UT-39A. The model and balance
assembly was installed to the custom blade strut
mounted to the test section sidewall and secured
with a key and draw nut. The 0.0175-scale LGBB
booster model used in UPWT Tests 1741 and
1745 incorporated a NASA LaRC 0.80-inch
diameter, internally-mounted six-component
strain-gauge balance designated UT-55. The
NASA LaRC UT-39B balance was designated as
a back-up to the UT-39A and UT-55 balances.
The booster model and balance assembly was
installed on a NASA LaRC sting designated
UPWT 350-15B and secured with a key and draw
nut. Details of the UT-39A and UT-55 primary
balances and the UT-39B back-up balance are
provided in the next section. The UPWT
350-15B sting was installed in the UPWT
mechanized roll coupling and secured with set
screws. The roll coupling with digital encoder
was attached to the model support system using a
taper fit and key and draw nut arrangement. The
roll coupling could be continuously rolled from
approximately 0° to +345°, where a positive roll
angle was defined as a clockwise rotation from
the perspective of an observer situated aft of the
model and looking upstream. The main support
system was capable of pitch and yaw rotations
and axial and lateral translations. Detailed
quality assurance inspections were performed on
both instrumented models to verify critical
dimensions and to establish a repeatable model-
to-balance installation process. This process also
included the application of a prescribed torque to
the balance front-end expanders and the insertion
of custom dowel pins to secure the models to
internal sleeves and to the balances. The balance
strain gauge and platinum resistance thermometer
(PRT) wire bundles were routed through an
instrumentation trench in the blade strut and
through the center bore of the 350-15B sting. The
balance wiring was terminated with UPWT-
compatible connectors to enable a rapid
connection to the tunnel instrumentation cable
system. The PRT wires were soldered in place to
the corresponding tunnel wiring.



Static pitch and roll runs were performed with
the booster model to ensure the integrity of the
external pressure tube bundle without crimping.
The instrumentation cable and tubing bundle
exiting near the base of the horizontal blade strut
was routed through metal conduit and secured to
the tunnel sidewall before passing through a
sealed access hole for external connections.

Fouling strip circuits were also installed on the
strut and sting extending into the aft end of each
model during Tests 1741 and 1745. Sufficient
clearance was provided between the V-notch in
the upper fuselage of the orbiter model and the
blade strut to avoid fouling. Fouling of the
models with the supporting hardware was not
observed at any time during the stage separation
testing.

Instrumentation for LGBB Model
Stage Separation Testing

Force and Moment Measurements

Strain-gauge balances

Six-component force and moment data were
measured simultaneously on the orbiter and
booster models using the internally-mounted
strain-gauge balances designated UT-39A and
UT-55, respectively. The UT-39B balance was
reserved as a back-up and was check fit with
custom dowel pins to both models. Outline
diagrams and design loads of the balances are
provided in Appendix E. Figure 13 illustrates the
UT-39A and UT-55 balances installed in the
orbiter and booster models and the corresponding
axial and vertical transfer distances from the
balance moment centers (BMCs) to the moment
reference center (MRC). The balances were
selected based on their compatibility with the
LGBB model size and expected loads during the
stage separation testing. Each balance featured a
front-end expander arrangement as depicted in
the balance diagrams in Appendix E to facilitate
installation of the balance to custom balance
sleeves in the orbiter and booster models. A gear
mechanism was engaged via a custom wrench to
initially secure the expander within the sleeve of
each model. After insertion of precision dowel
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pins, a torque wrench was used to apply a
prescribed final torque to the expander assembly.
The torque was periodically checked on each
model throughout the testing.

Custom hardware was fabricated for the
balances to allow automated calibrations on the
NASA LaRC Single-Vector System (SVS) [33]
using statistically-designed experimental
techniques applied to the calibration and data
analysis processes. The SVS calibration and data
analysis methodologies allowed the
determination of balance interactions that could
not be derived from more conventional one-
factor-at-a-time calibration techniques. The
improved calibration results are important, since
aerodynamic proximity increments may be very
small compared with full-scale aerodynamic
loads, but nevertheless significant with respect to
the vehicle stability and control characteristics in
a separation maneuver. In addition, the proximity
increments may be highly nonlinear and
configuration-dependent. The parallel-voltage
balances featured electrical leads of 10-foot
lengths terminated in 19-pin Nanonics connectors
that were compatible with the facility balance
connectors. Each balance featured a single
on-board PRT to monitor the temperature during
the testing. Wind-on preheat runs were typically
conducted to minimize balance thermal gradients
and associated electrical zero shifts, and the
convergence of the PRT output to a stable value
was a factor in determining the duration of these
preheat runs. The tunnel was returned to static
conditions after each preheat run for the
acquisition of hot wind-off electrical zeroes prior
to conducting production wind-on runs.

Acquisition of the orbiter and booster model
forces and moments from the strain-gauge
balances and the orbiter body and wing surface
static pressures from individual pressure
transducers was performed in a move-pause
mode with a sampling rate of 30 samples per
second for 2 seconds for a total of 60 samples per
data point. Acquisition of the model cavity
pressure measurements using an electronic
scanner module were obtained with a sampling



rate of 15 samples per second for 2 seconds for a
total of 30 samples per data point.

Balance Dynamic Display Units (BDDUs)
were used to display the real-time dynamic
response of the orbiter and booster model
balances throughout the testing and to provide
prescribed visual and audible cues if any balance
component reached 80 percent or 100 percent of
the balance design loads. Testing of the booster
model at relative vertical displacements near the
outer extreme of the stage separation grid matrix
was precluded at Mach =2.3 and Aa. = 5° because
of the dynamic response of the UT-55 axial force
component on the BDDU display.

The UT-39A and UT-55 balance accuracies
expressed in terms of 95 percent confidence
limits (CLs) based on the full SVS calibrations
performed on June 4, 2001 and July 25, 2001,
respectively, are shown in Table IV. The balance
calibration accuracies in percent full-scale (FS)
were converted to microvolts (uV) and pounds
(Ibs) or inch-pounds (in-Ibs) as shown in
Table IV. The microvolt values served as bounds
with which to assess the stability of the wind-off
balance zeroes in Tests 1741 and 1745. The
values expressed in lbs and in-lbs were used to
assess the balance static loadings during the
installation and calibration processes. The values
in lbs or in-lbs were also used to estimate 95
percent confidence limits for the mean normal
force, axial force, and pitching moment
coefficients corresponding to the test conditions
in UPWT TS 2. The coefficients in Table V
provided upper and lower confidence limits for
the within-test data repeatability analyses and
assessments of stage separation proximity
aerodynamic coefficients and interference
increments that are presented in this report. It is
noted that these bounds are estimated from a
balance calibration performed in a controlled
laboratory environment. In contrast, the balance
measurements in a wind tunnel are obtained in a
dynamic testing environment that is subject to
many sources of random variation and, possibly,
known or unknown systematic variation.
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Balance check loadings

Check loadings of all six components on the
UT-39A and UT-55 balances were performed
during the installation process in Tests 1741 and
1745. Axial force loads using calibrated weights
were applied to the balances and calibration
fixtures assembled in a vertical pedestal.
Detailed check loads to the other five balance
components were applied to the balances and
calibration fixtures during the sting deflection
calibration processes. Check loads were also
applied to the model using a hand-held, digital
force gauge.

Balance zeroes histories

The initial and final wind-off balance zeroes
that bracketed a run series were closely
monitored and documented throughout the
testing. The balance zero histories were an
important factor in determining the scheduling
and duration of preheat wind-on runs during
Tests 1741 and 1745.

Model Chamber and Base Pressure
Measurements

The orbiter model used in Tests 1741 and
1745 incorporated a total of 13 lower surface
static pressure orifices, with eight orifices
distributed along the body centerline, four
orifices in a chordwise row on the right wing
midspan, and a single orifice on the left wing
midspan. Details of the model pressure orifice
locations were provided in the previous section
LGBB Model Description and in Fig. 8, Table I1I,
and Appendix A. The 0.040-inch outer diameter
(OD) stainless steel pressure lines were
terminated with flexible tubing with fused ends
near the base of the orbiter model for dedicated
force and moment measurements. Flexible
tubing jumpers were connected to 0.040-inch OD
stainless steel tubing from the model and to
stainless steel tubing routed through the
instrumentation trench in the horizontal blade
strut for the dedicated pressure measurements
phase of testing. Two 0.040-inch OD stainless
steel pressure tubes were also positioned inside
the bore of the orbiter model fuselage for cavity
pressure measurements. The UT-39A balance,



PRT wire, and pressure tubing bundle exiting
near the strut base mounting plate were routed
outside the tunnel through a sealed access hole in
the solid side wall. This required a slight
modification to the base plate to fully expose the
access hole. The model surface static pressure
lines were then soldered to 0.060-inch OD
stainless steel tubes and connected to individual 5
pounds per square inch absolute (psia) Druck
transducers. The model cavity pressure lines
were connected to a 5 psia electronic pressure
scanner module. Two pressure lines were also
installed within the bore of the booster model
fuselage for cavity pressure measurements, and
these tubes were routed externally along the sting
and main support system and through an access
hole in the ceiling to the external electronic
pressure scanner module. Note that the orbiter
and booster model cavity pressures were acquired
throughout the testing, but cavity pressure
corrections were not applied to the aerodynamic
data presented in this report.

The manufacturer-specified uncertainty as a
percent of full-scale is 0.1 percent for the Druck
transducers (£0.005 psia or +0.72 psfa). The
stated uncertainty was used to estimate upper and
lower 95 percent confidence limits for the orbiter
model surface static pressure measurements at
Mach =2.3, 3.0, and 4.5. Table VI presents a list
of measurement accuracies expressed in terms of
the static pressure coefficient for the test
conditions in UPWT Tests 1741 and 1745.

Continuity and leak checks were performed
on all 13 model pressure lines and 4 model cavity
pressure lines using a vacuum gauge. The initial
and final wind-off “pumpdown” zeroes with the
pressure in the test section reduced to
approximately 300 psfa provided a within-test
static check of the orbiter model surface pressure
and orbiter and booster model chamber pressure
measurements. This procedure was useful in
checking the functionality of the Druck pressure
transducers and electronic pressure scanner
module and identifying crimped pressure tubing.
The presence of cracks or leaks in the pressure
tubing (none detected during the testing) could
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only be ascertained, however, by a comparative
analysis of the wind-on pressure responses.

Pitch Angle Measurements

Accelerometer instrumentation

The primary type of instrumentation in use at
UPWT for pitch angle measurement is a gravity-
sensing servo accelerometer (Q-Flex). The
current testing featured an accelerometer
installed in a protective housing on the knuckle
component of the model support system with
corrections applied to account for aeroelastic or
mechanical deflections of the model, balance, and
sting assembly.

Sting deflection measurements

The corrections applied to account for
acroelastic or mechanical deflections of the
model, balance, sting, and strut assemblies due to
aerodynamic loads were based on in-tunnel sting
and balance deflection calibrations. A precision
calibration block was installed on the UT-55
balance in the test section, and AMS packages
were installed on the calibration block and the
main sting support knuckle plate. Calibrated
weights were applied at prescribed locations on
the calibration block using calibration knife edges
and load arms, and the angular deflections due to
normal force, pitching moment, side force,
yawing moment, and rolling moment were
determined. A digital height gauge was also used
to measure the linear deflections for all load
combinations measured from the lower front edge
of the calibration block.

A modified calibration process was used to
measure the deflection characteristics of the
horizontal blade strut and UT-39A balance. The
blade strut and base plate were removed from the
test section sidewall and mounted to predrilled
holes in the steel floor outside the test section.
This allowed a determination of angular and
linear deflections due to applied normal force and
pitching moment, since these calibrations were
precluded with the balance and strut mounted to
the test section sidewall. The blade strut and
balance were reinstalled on the sidewall, so that
side force and yawing moment deflection



calibrations could be conducted. A rolling
moment deflection calibration was not
considered necessary. Note that only the normal
force and pitching moment deflection calibration
results were used in Tests 1741 and 1745 due to
the symmetry in the test setup and flow
conditions. Table VII summarizes the deflection
calibration results. As expected, the angular and
linear deflection constants of the horizontal blade
strut and UT-39A assembly were significantly
less than the corresponding deflection constants
for the 350-15B sting and UT-55 balance
assembly. These results were used in the data
processing computations to determine the
wind-on relative axial and vertical translation and
relative angle-of-attack setpoint values.

Roll Angle Measurements

The UPWT mechanized roll coupling with
digital encoder provided the primary
measurement for the booster model roll angle.
The roll coupling was calibrated using AMS
packages installed on the UT-55 balance
calibration block and the main support system
knuckle plate.

Miniature Video Camera Monitoring

Although a video camera mounted inside the
tunnel to the main tunnel support system was not
an instrument for acquiring quantitative
measurements, it was an important safety tool and
a key component in the stage separation test setup
for monitoring the status of the orbiter and
booster models during wind-on operation. A
miniature camera in a protective housing was
mounted to the knuckle plate of the main sting
support  system, and its field-of-view
encompassed both models under all possible test
conditions. The video output was continuously
recorded and displayed in the wind tunnel control
room throughout UPWT Tests 1739, 1741, and
1745. The installed video camera was previously
shown in the model installation photographs in
Fig. 7.
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Additional Corrections

Flow Angularity

Given the exploratory nature of this
investigation, the force and moment data
obtained in UPWT Tests 1741 and 1745 were not
corrected for nonuniform flow angularity within
the test section. The location and orientation of
the LGBB orbiter model was fixed throughout the
testing. In contrast, the booster model was
positioned throughout the test grid matrix
encompassing a significant region of the test
section in the longitudinal and lateral directions.
Consequently, the booster model traversed
regions of  potentially  varying  flow
nonuniformity at each Mach number. Isolated
booster model results obtained at selected
locations within the test grid matrix in Test 1741
revealed nonrandom variation in the force and
moment measurements that were of the same
order of magnitude, or exceeded, the bounds
defined by the UT-55 balance calibration
accuracies. These trends were a factor leading to
a follow-on test (Test 1745), where runs of the
isolated booster model were conducted in full
axial sweeps at all relative vertical locations at
Mach = 2.3, 3.0, and 4.5. The acquisition of
proximity and isolated booster model forces and
moments at common locations within the entire
experimental space mitigated the potential effects
of flow nonuniformity and enhanced the
estimation of stage separation aerodynamic
interference increments.

Model Attitude Tares

Model attitude tares were obtained to account
for the effects of the orbiter and booster model
weights on the strain gauge balance responses as
a function of the model attitude.

Balance Temperature Stabilization

The UT-39A and UT-55 balances featured a
single onboard PRT for temperature monitoring
purposes. The PRT output was used in
combination with wind-on preheat runs to
achieve stable balance temperatures prior to the
acquisition of wind-off electrical zeroes at the
outset of a production run series. The balance
temperatures were continuously monitored



during wind-on runs to determine the necessity
for acquiring updated electrical zeroes. An
automated program was also executed during oft-
shift hours to continuously monitor and record
the balance temperatures. This information was
useful in determining the need for, and duration
of, wind-on preheat runs at the beginning of the
next shift.

Data Quality Assessment

Within-Test Force and Moment Data
Repeatability

Data quality was monitored throughout the
UPWT testing and post-test by employing several
available methods. To verify that data were
repeating within the quoted balance accuracies,
multiple repeat runs were obtained throughout the
test program for the orbiter and booster in the
isolated conditions and at numerous proximity
positions. The results presented in this report
focus on the isolated orbiter and booster model
data repeatability.

The position and orientation of the LGBB
orbiter model was fixed on the sidewall-mounted
horizontal blade strut. Within-test repeatability
of the UT-39A balance forces and moments was
evaluated using data acquired when the booster
model was positioned approximately two body
lengths aft of the orbiter model at any given
vertical separation distance. Under these
conditions, the orbiter model was unaffected by
the presence of the booster model, thereby
providing numerous repeat data points
corresponding to the isolated orbiter model.

Given the constant aft location of the booster
model relative to the orbiter model throughout the
test matrix and the resulting proximity effects, the
orbiter model and its fixed sidewall support strut
were removed to obtain isolated data on the
booster model. In a typical single-body wind
tunnel test program in UPWT, the model is kept
as close as possible to the center of rotation of the
tunnel so that at all model attitudes, test data are
acquired in the same location within the tunnel
test core. While the booster model angle of attack
only varied a maximum of 5° throughout the test
program, by virtue of the proximity test matrix,
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the spatial location of the model in the tunnel
varied by 28 in. in the streamwise direction and
over 13 in. in the spanwise direction, thereby
introducing a potential source of variation in the
test results by acquiring data in different regions
of the tunnel flow field. Prior to testing, it was
thought that this variation would be random and
small in magnitude (relative to balance
accuracies). Isolated booster data repeatability
was checked in Test 1741 with multiple runs at
four locations in the proximity matrix spanning
its spatial extent (that is, minimum and maximum
Xsetpr and Zsetpr). Results from these runs (not
presented in this report) showed the variation of
the longitudinal aerodynamic coefficients for the
isolated booster to be on the order of, and in some
cases larger than, the balance accuracies and not
random. That is, the coefficient data were
repeatable within balance accuracies at a single
location in the tunnel (as was seen for the orbiter
model at its fixed location), but not over the entire
test region. Thus, in a subsequent separate test
entry (Test 1745), repeat isolated booster data
were acquired at each of the 328 spatial locations
at Mach = 3.0 to better understand and
characterize the variation, which was greater in
the spanwise direction than the streamwise
direction, and larger near the extreme spanwise
positions as the booster model moved closer to
the test section sidewall.

Post-Test Tunnel-to-Tunnel Force and
Moment Data Reproducibility

A complementary test program was conducted
in the NASA MSFC blow-down 14-inch ARF
TWT using 0.01-scale LGBB orbiter and booster
models for a Mach number range of 2.74 to 4.96
[18]. The availability of the MSFC results
provided an opportunity to conduct a post-test
assessment of tunnel-to-tunnel reproducibility of
the stage separation data. Reference 17 provided
several comparisons of data obtained on the
LGBB bimese orbiter and booster in a belly-to-
belly configuration in UPWT (Mach = 3.0) and in
the TWT (Mach = 2.99) with corresponding unit
Reynolds numbers of 2.0 and 5.0, respectively.
Very good agreement was generally observed in
trend and magnitude of the observed normal force
and pitching moment interference increments
(that is, proximity value minus isolated value).



This agreement is illustrated in Fig. 14 that
compares the proximity and isolated booster
normal force and pitching moment coefficients
corresponding to a common vertical separation
distance, zserpt, equivalent to 0.10 body length, L.
The number of data points from the MSFC
facility were limited, since the relative axial and
vertical translations and relative angle of attack
were manually set prior to each run.

Post-Test Experiment-to-CFD Force
and Moment Comparisons

Another post-test data quality assurance
method used in UPWT Tests 1741 and 1745
featured comparisons of the experimental data
obtained at Mach = 3.0 to CFD predictions using
an overset grid Navier-Stokes flow solver and a
Cartesian grid Euler method [20]. The
OVERFLOW code is a high-fidelity,
compressible, three-dimensional flow solver that
solves the time-dependent, Reynolds-averaged
Navier-Stokes equations using multiple overset
structural grids. The Cart3D code is an inviscid,
unstructured Cartesian solver and is a versatile
analysis package for conceptual/preliminary
aerodynamic design. Figure 15 compares the
longitudinal aerodynamic coefficients of the
booster and orbiter models obtained in
experiment and from the OVERFLOW and
Cart3D methods in an axial setpoint sweep at the
minimum vertical separation distance and
Mach = 3.0. The OVERFLOW-measured
viscous force components and vertical tail
components were added to the Cart3D and
experimental results, respectively. The level of
agreement between the experimental and
computational sources is very good, except in the
booster normal force coefficient during the aft
translation. This is a region of large interference
between the two vehicles, although the difference
between the experimental and predicted results is
currently unexplained.

The Cart3D Euler method was used to
evaluate a large number of relative axial and
vertical locations of the booster and orbiter
vehicles. This allowed the creation of color
contour plots of normal force, axial force, and
pitching moment coefficients for the booster and
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orbiter vehicles at Mach = 3.0, as shown in
Fig. 16 [20]. The CFD contour plots are shown
here for reference, since similar experimental
contour plots are shown from UPWT Test 1741
in the Discussion of Results section of this report.
Clearly indicated are the relative zones of
influence between the vehicles, with the orbiter
returning to undisturbed (isolated) conditions
over much of the relative axial and vertical
setpoint space. Also indicated are the effects of
interference following Mach lines, in the
+Xsetpt /L and +zsepr /L directions for the booster
and in the -Xsespr /L and +zserp: /L directions for the
orbiter. The contour plots for the booster exhibit
some dissipation with increased relative
separation distances, although Reference 20 cites
possible dissipation due to the resolution of the
matrix along with the linear interpolation that was
applied between points.

Data Processing Information

The aerodynamic coefficient data have been
processed in the body and stability axis systems.
Model layouts with dimensional details and the
BMC and MRC locations and transfer distances
were previously shown in Figs. 6 and 13. The
final offline data were processed using the UPWT
Test SLATE Matlab-based data acquisition and
processing system [34] at an MRC location
corresponding to model station (MS) 8.925 in. or
68 percent of the model reference length, L, of
13.125 in. measured from the nose of the orbiter
and booster models.

The data processing used the full pretest
calibrations of the UT-39A and UT-55 balances
dated June 4, 2001 and July 21, 2001 that were
conducted using the NASA LaRC SVS system
and statistically-designed experimental and data
analysis techniques.

The constants used to process the force and
moment data to coefficient form included the
reference area and reference lengths determined
from the LGBB model drawings in Appendix A.
Other constants that were used in the data
processing programs include the calibration



slopes and offsets determined from the in-tunnel
calibrations of the main support system Q-Flex
accelerometer, roll coupling, axial and traverse
mechanisms, Druck pressure transducers,
electronic pressure scanner, and balance/support
system deflections. The roll coupling-to-balance,
strut-to-balance, and model-to-balance
misalignment angles that were determined during
the installation process in the test section were
also included in the data processing. The data
have been not been corrected for base or cavity
pressure measurements.

Check Point Analysis

Independent detailed check points were
performed to verify the facility data processing
methods.  These check points consisted of
automated and manual, step-by-step
computations beginning with the voltage outputs
from the wind tunnel and model instrumentation
and culminating in the computations of the final
forces, moments, and pressures and their
respective coefficients. Software applications
that were independent of the online and offline
data processing systems were used to perform the
more complex operations, including the balance
force and moment calculations with all
interactions, attitude tares, Euler rotations, and
rotation and translation to the selected model
coordinate systems.  An independent data
reduction  specialist  performed  frequent
verification checks of the data processing
program by computing the aerodynamic
coefficients using data engineering scripting
language (DESL) software [35]. The manual and
automated computations verified the facility data
processing methods.

Data Format

Separate electronic data files were provided
for UPWT Tests 1741 and 1745. The data files
were in binary standard interface file (sif) and
American Standard Code for Information
Interchange (ASCII) comma-separated variable
(csv) formats.

19

Run Log

The final run logs for UPWT Tests 1741 and
1745 are presented in Tables VII to X,
corresponding to dedicated force and moment
measurements in Test 1741, dedicated pressure
measurements in Test 1741, and dedicated force
and moment measurements in Test 1745,
respectively. The run log format mirrors the test
grid matrices previously presented in Fig. 3.
Each module in the run log corresponds to
relative axial location sweeps at all values of the
relative vertical location for a fixed combination
of Mach number, relative angle of attack, and
orbiter-to-booster configuration (belly-to-belly or
back-to-belly). The run number is listed in the
right-hand column in each module, with
increasing run number from top to bottom.
Within each run number, the data points acquired
in a move-pause mode are presented in a row with
increasing point numbers from right to left. Each
data point corresponds to a specific combination
of the relative axial and wvertical setpoint
locations, Xsep: and Zseps, respectively, that are
presented as a standard coordinate system along
the horizontal and vertical “axes” of each module.
The sequencing of runs and points is consistent
with the manner in which the testing was
performed, specifically, a run series was initiated
at the extreme value of the relative vertical
setpoint, and data were acquired within a run
starting at the extreme value of the relative axial
setpoint and progressing forward toward the
minimum relative axial setpoint. This approach
was based on model, instrumentation, and facility
safety considerations to provide sufficient time to
respond to undesired unsteady aerodynamics
and/or model/balance/support system dynamics
and to return the booster model to a safe home
position as defined in the next section. In
addition, conducting the runs and acquiring data
points in consistent directions avoided potential
hysteresis effects associated with the traverse and
axial support system mechanisms.

Testing was conducted at Mach =2.3, 3.0, and
4.5in UPWT Tests 1741 and 1745. All runs were
performed at a unit Reynolds number of 2.0
million per foot.



Discussion of Results

UPWT Test 1739 Overview

A proof-of-concept test was conducted in
UPWT Test 1739 using low-cost uninstrumented
orbiter and booster models installed on dummy
balances to qualitatively assess the model
behavior throughout the stage separation test grid
matrix at Mach = 2.3, 3.0, and 4.5. Installation
photographs of the uninstrumented models in
UPWT TS 2 were previously shown in Fig. 4.
This diagnostic entry also allowed an assessment
of the stage separation support system hardware
and modifications that were made to the facility
calibration procedures and the automated model
control system algorithms to ensure accurate
positioning of the booster model relative to the
orbiter model. The gains in the automated control
system were tailored during this entry to allow the
booster model to establish a desired setpoint
without overshooting. A procedure was
established whereby the booster model was
moved in an axial sweep starting at the extreme
aft Xserpr location and progressing forward in a
move-pause mode to the minimum Xsesp: location.
The model would then automatically return to the
extreme aft Xserpr location in preparation for the
next run. This procedure was done at all relative
vertical locations starting at the outermost value
of Zserpr and moving inward toward the minimum
Zserpt location. For operational safety purposes, a
home position was also established for the
booster model in the event of undesired proximity
aerodynamics effects and model/balance/support
system dynamics. In this case, the booster model
would automatically move to the extreme aft Xserpr
location to maximize the separation from the
orbiter model. Test 1739 revealed benign model
and support system behavior throughout the test
grid matrix at all Mach numbers and verified the
custom calibration and testing procedures and the
modifications to the automated model control
system. These results established confidence in
advancing to the installation of the higher-fidelity
stainless-steel models with live instrumentation
for the proximity and isolated model testing in
Tests 1741 and 1745.
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UPWT Tests 1741 and 1745 Data Plots

Data plots created using statistical data
analysis software [36] and DESL scripts [35] are
presented in the following sections that represent
an extensive sampling of the stage separation
proximity and isolated orbiter and booster model
test results obtained in UPWT Tests 1741 and
1745. Photographs of the 0.0175-scale LGBB
orbiter and booster models installed in UPWT TS
2 were previously shown in Fig. 7. Qualitative
data visualization is provided in three formats,
which include 3-D scatter plots, color contour
maps, and color influence plots corresponding to
the body axis normal force, axial force, and
pitching moment coefficients (Cy, C4, C,) of the
LGBB orbiter and booster models and, on a
selected basis, the surface static pressure
coefficients (C,) on the orbiter model throughout
the stage separation test grid matrix. A majority
of results focus on the LGBB models in a belly-
to-belly configuration at Mach = 2.3, 3.0, and 4.5
and relative angles of attack, Aa, of 0° and 5°.
Test results obtained with the LGBB models in a
back-to-belly configuration are presented on a
limited basis. The remaining plots are more
conventional two-dimensional (2-D)
representations of the proximity and isolated
aerodynamic coefficients and surface static
pressure  coefficients. The longitudinal
aerodynamic responses are typically plotted
against the relative axial separation distance,
Xsept, in inches at selected relative vertical
separation distances, Zserr, in inches at Mach =
2.3, 3.0, and 4.5 for relative angles of attack of 0°
and 5°. Individual orbiter surface static pressure
coefficients are plotted in a similar manner,
whereas the entire distribution of pressure
coefficients on the windward fuselage centerline
are plotted against the model station (MS) at
selected combinations of Xsepr and zserpr. Several
plot series include the isolated orbiter and booster
coefficients as a reference. As needed, computed
aerodynamic coefficient increments (proximity
minus isolated data ((ACy, AC4 AC,)) are
plotted. The majority of 2-D plots depict the
upper and lower 95 percent confidence limits for
the strain-gauge balance and static pressure
transducer measurements based on the respective



instrumentation calibrations in order to better
assess the variability in the experimental data.

3-D Scatter Plots

Force and moment coefficients at Mach =
2.3,3.0, and 4.5, Aa = 0°

Figure 17 presents 3-D scatter plots of the
orbiter normal force, axial force, and pitching
moment coefficients versus the relative axial and
vertical locations, Xsepr and Zsespr, respectively, at
Mach =2.3 and Ao =0°. The LGBB orbiter and
booster models are in a Dbelly-to-belly
configuration. There are two plots for each
aerodynamic component, representing two
different views of the data cloud. The first view
corresponds to an observer situated near the
lower right quadrant of the test grid matrix (that
is, near the maximum relative axial position and
minimum relative vertical position) and looking
diagonally across the test space. The second view
corresponds to an observer situated near the
upper right quadrant of the test grid matrix (that
1s, near the maximum relative axial and vertical
positions) and looking diagonally across the test
space. The first plot for each aerodynamic
component reveals a relatively confined region of
the test grid matrix at the smaller values of the
relative axial and vertical locations (where the
booster is closer to the orbiter model)
characterized by systematic variation in the data
with marked positive and negative peaks. The
acrodynamic response outside of this region
rapidly converges to undisturbed levels where the
interference effects of the booster model have
dissipated. The perspective of these plots is
roughly aligned with the bow shock system
generated by the booster model. The second plot
for each aerodynamic component also shows the
large region of undisturbed responses, but the
data points appear randomly scattered in the
region of the test grid matrix where the booster
effects on the orbiter model are significant. In
these plots, the perspective is at an oblique angle
to the Mach lines emanating from the booster
model.

Figure 18 presents similar 3-D scatter plots of
the longitudinal aerodynamic responses for the
booster model at Mach = 2.3 and Ao = 0 degrees.
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In this case, the first plot for each aerodynamic
coefficient exhibits apparent random data scatter
throughout the entire experimental space when
viewed from the lower right quadrant of the test
grid. However, viewing the data from the upper
right quadrant reveals discernible patterns
characterized by significant peaks and valleys in
the data cloud. The lack of any discernible planar
regions of constant response suggests the booster
model remains in the influence of the orbiter
model throughout the experimental space. This
perspective is more aligned with the bow shock
system emanating from the orbiter model. These
initial data plots demonstrate the importance of
data rotation in 3-D space. Changing the
viewpoint for the 3-D scatterplots is an effective
exploratory technique, since it can reveal patterns
that are easily obscured unless the cloud of data
points is viewed from an appropriate angle.

Figures 19 and 20 feature the 3-D scatter plots
for the orbiter and booster models at Mach = 3.0,
and the corresponding scatter plots at Mach = 4.5
are presented in Figs. 21 and 22, respectively.
The data trends at the higher supersonic Mach
numbers are similar to those observed at
Mach = 2.3 in Figs. 17 and 18. A qualitative
assessment of the data clouds indicates the region
of influence of the booster model on the orbiter
model diminishes at the higher Mach numbers
(Figs. 19 and 21). The booster model responses
at Mach = 3.0 suggest the influence of the orbiter
model persists throughout the experimental space
(Fig. 20). AtMach=4.5, however, a small region
of undisturbed aerodynamic response is
manifested along the outer region of the test grid
(Fig. 22), where the booster model is presumed to
be positioned outside of the shallower bow shock
from the orbiter at this highest test Mach number.

Scatter plots of the individual surface static
pressure coefficients on the windward surface of
the orbiter exhibit trends similar to those
observed in the orbiter force and moment
coefficients. Consequently, 3-D surface pressure
coefficient scatter plots are not shown in this
report.



Color Contour Plots

Force and moment coefficients at Mach =
2.3, 3.0, and 4.5, Aa = 0°

Figure 23 presents color contour plots of the
orbiter proximity normal force, axial force, and
pitching moment coefficient responses within the
entire test grid matrix at Mach = 2.3 and Aa. = 0°.
Linear interpolation between data points was
used to define the contours. Each point in the test
grid matrix is indicated by a small black dot in the
contour plots. The format of these plots is similar
to the Cart3D CFD color contour plots previously
shown in Fig. 16. The region of significant
proximity effects of the booster on the orbiter is
confined to a relatively small region in the lower
left quadrant of each plot, with the orbiter
aerodynamic responses returning to undisturbed,
or isolated, conditions over much of the
experimental space. The color contours of the
booster proximity force and moment responses in
Fig. 24 are consistent with the observed multiple
peaks and troughs that were prominent features in
the 3-D scatter plots in Fig. 18. The interference
effects of the orbiter on the booster persist
throughout the experimental space. In addition,
the effects of aerodynamic interference follow
Mach lines in the orbiter and booster contour
plots in Figs. 23 and 24 in a manner similar to the
CFD contour maps in Fig. 16.

The color contour plots of the orbiter and
booster proximity aerodynamic responses at
Mach = 3.0 are shown in Figs. 25 and 26,
respectively, and the corresponding plots at
Mach = 4.5 are presented in Figs. 27 and 28. The
color contours of the orbiter proximity
aerodynamic responses at Mach = 3.0 and 4.5 in
Figs. 25 and 27, respectively, reveal diminished
regions of aerodynamic interference due to the
presence of the booster model as the Mach
number is increased. The irregularities in the
contour shading in the central portion of the
orbiter axial force coefficient response in Fig. 27
are attributed to UT- 39A balance electrical zero
shifts during the run series. These shifts were
within the balance calibration accuracies.
However, the ranges of axial force coefficient
that define the contour color palette are
sufficiently sensitive to display this anomaly.
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The contour plots of the booster proximity
aerodynamic responses at Mach = 3.0 in Fig. 26
are similar to those observed at Mach = 2.3 in
Fig. 24, and the booster model appears to remain
in the influence of the orbiter model at all points
within the test grid matrix. The significant
interference effects of the orbiter on the booster
persist at Mach = 4.5 in Fig. 28, although each
component plot reveals a region of undisturbed
aerodynamic response along the outer region of
the experimental space, where the booster model
is outside of the shallower orbiter bow shock at
Mach=4.5. The contour plots at Mach =2.3, 3.0,
and 4.5 in Figs. 23 through 28 reveal relative
zones of influence between the vehicles that
follow Mach lines of increased sweep as the
Mach number increases.

Relative angle-of-attack comparisons, Mach
=3.0

Figure 29 compares the color contour plots
corresponding to the proximity effects on the
orbiter model at Mach = 3.0 and relative angles
of attack, Aa, of 0° and 5°. For each aerodynamic
coefficient, a common color palette is used for
both A settings in order to ascertain differences
in the contour maps due to a change in the relative
angle of attack. The differences in the contour
plots in Fig. 29 are subtle, but reveal a reduced
region of significant interference effects of the
booster on the orbiter and a slightly more rapid
return to the undisturbed aerodynamic response at
Ao = 5°. Within the smaller region of influence,
however, the color shading suggests higher local
incremental effects when the booster model is at
an angle of attack of 5°. It is speculated that the
more intense response within a smaller region of
influence is caused by a change in the booster
bow shock strength and position relative to the
orbiter. The spurious values of the incremental
axial force response at Aa = 0° in Fig. 29(b) are
attributed to anomalies in the UT-39A balance
electrical zeroes that are well within the balance
calibration accuracies.

The interference effects on the booster model
at Mach = 3.0 and Aa = 0° and 5° are illustrated
in Fig. 30. The relative angle of attack of 5° was
achieved by changing the booster angle of attack,
while the orbiter remained fixed. Compared to



the orbiter model, it was more important to
compute the increments between the booster
proximity and isolated booster aerodynamic
responses in order to better isolate response
changes due to the relative angle of attack. The
data obtained in axial sweeps of the isolated
booster at all relative vertical positions in Test
1745 were subtracted from the corresponding
booster proximity data in similar axial sweeps in
Test 1741. A common color palette was also used
for each booster model response coefficient at Ao
=0°and 5°. Similar to the results obtained on the
orbiter model in Fig. 29, the differences in the
booster model contour plots at Ao. = 0° and 5° are
typically subtle. The shading of the contours for
the incremental normal force and pitching
moment coefficients suggest a more significant
interference effect with the booster model at an
angle of attack of 5°. The opposite effect appears
to occur in the incremental axial force coefficient
response. Within the resolution of the contour
plots, it is difficult to quantify any sensitivity of
the positioning of the booster model aecrodynamic
response peaks and troughs to a change in relative
angle of attack.

Influence Plots

Force and moment coefficients at Mach =
2.3,3.0, and 4.5, Ao = 0°

Figure 31 shows qualitative influence plots for
the longitudinal aerodynamic coefficients of the
orbiter model in proximity to the booster model
at Mach = 2.3, 3.0, and 4.5 and Ao = 0°. The
shaded regions denote areas where the orbiter
aerodynamic coefficients are not affected by the
booster. The shaded interference-free regions
were determined from the detailed force and
moment data plots presented in later sections of
this report and, specifically, by assessing the
values of the relative axial and vertical location
setpoints where the aerodynamic responses
converged to the isolated booster conditions
within the 95 percent confidence intervals from
the UT-39A balance calibration accuracies. The
influence plots reveal large regions of the test grid
matrix where the influence of the booster on the
orbiter is negligible. At a given Mach number,
these regions are virtually identical for the normal
force and pitching moment coefficient responses.
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The region of undisturbed flow is slightly less for
the axial force coefficient response. Increasing
the Mach number produces larger regions of
undisturbed flow as the booster bow shock angle
becomes shallower at the higher Mach numbers.

The test results from UPWT Tests 1741 and
1745 indicate the booster model remains in the
influence of the orbiter model within the entire
experimental space at Mach = 2.3 and 3.0. The
3-D scatter plots and color contour plots at
Mach = 4.5 shown previously in Figs. 22 and 28,
respectively, suggest there is a limited region
within the test grid matrix where the booster
model aerodynamic responses return to
undisturbed conditions. Figure 32 shows the
qualitative influence plots of the booster
proximity  aerodynamic  coefficients  at
Mach = 4.5. The shaded regions denote areas
where the booster aecrodynamic coefficients are
not affected by the orbiter. The booster proximity
normal force and pitching moment coefficients
were estimated to have the same region of
undisturbed flow, starting in a narrow band along
the inboard forward edge of the test grid matrix
and extending outboard in a widening strip to
encompass most or all of the outermost
measurement stations. The booster proximity
axial force coefficients exhibit a similar trend,
although the region of undisturbed flow is
slightly broader. Similar to the orbiter model
assessment, the shaded regions were determined
from the detailed force and moment data plots
presented in later sections of this report by
assessing the values of the relative axial and
vertical location setpoints where the aerodynamic
responses converged to the isolated booster
conditions within the 95 percent confidence
intervals from the UT-55 balance calibration
accuracies.

Force and moment coefficients at Mach =

3.0, Aa=0° and 5°

Figure 33 shows qualitative influence plots for
the longitudinal  proximity  aerodynamic
coefficients of the orbiter model at Mach = 3.0
and Aa = 0 degrees and 5 degrees. Increasing the
relative angle of attack from 0° to 5° results in a
slight forward and inboard expansion of the
region of undisturbed flow conditions, which is



consistent with the color contour plots shown
previously in Fig. 29.

Surface pressure coefficients at Mach = 2.3,
3.0, and 4.5, Ax = 0°

Figure 34 shows qualitative influence plots for
the orbiter model surface static pressure
coefficients in proximity to the booster model at
Mach=2.3, 3.0, and 4.5 and Ao. = 0°. The shaded
regions denote areas where the orbiter surface
pressure coefficients are not affected by the
booster. The shaded interference-free regions
were determined from the detailed pressure
coefficient data plots presented in later sections
of this report and, specifically, by assessing the
values of the relative axial and vertical location
setpoints where the surface pressure responses
converged to the isolated booster conditions
within the 95 percent confidence intervals from
the Druck pressure transducer calibration
accuracies. The qualitative results shown in
Fig. 34 reveal interference-free zones that expand
with increasing Mach number in a manner similar
to the results previously shown in Fig. 31
corresponding to the orbiter longitudinal
aerodynamic coefficients.

Isolated Orbiter Data Repeatability

Figures 35 to 37 present plots of the orbiter
normal force, axial force, and pitching moment
coefficients versus the relative vertical location,
Zsetpt, at Mach = 2.3, 3.0, and 4.5, respectively, for
all relative axial locations corresponding to
Xsetpt = 28 in. The orbiter model is considered to
be in undisturbed, or isolated, flow conditions
when the booster model is located at the most
extreme aft setpoint at all Zsespr stations. The
upper and lower 95 percent confidence limits
based on the UT-39A balance -calibration
accuracies are included in all plots. The results
indicate the isolated orbiter longitudinal
aerodynamic coefficients are repeatable within
the balance accuracy limits at each Mach number.
The discontinuity in the orbiter axial force
coefficient at Mach = 4.5 in Fig. 37 is attributed
to a balance electrical zero shift arising from a
thermal gradient on the balance at the higher
operating temperature. The variability in the
axial force coefficient is well within the bounds
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of the balance component calibration accuracy
limits.

Test data obtained in UPWT Tests 1741 and
1745 at Mach = 2.3, 3.0, and 4.5 indicated the
orbiter model returned to undisturbed flow
conditions when the booster model was at relative
axial locations greater than one body length aft of
the near-docking position at relative angles of
attack of 0° and 5°. This trend was observed at
all relative vertical locations within the test grid
matrix. As a result, numerous data points were
available for inclusion in an alternate data
repeatability analysis of the isolated orbiter
longitudinal aerodynamic characteristics. Data
points at relative axial locations within the range
Xsetpt =24 in. to 28 in. were extracted from all runs
at Mach = 2.3, 3.0, and 4.5, Aa. = 0° and 5°, and
in the belly-to-belly configuration. Figures 38 to
40 plot these data versus the run number at
Mach = 2.3, 3.0, and 4.5, respectively, for the
orbiter model normal force, axial force, and
pitching moment coefficients. The average of
these points is shown as a solid black line, and the
UT-39A balance accuracy upper and lower limits
are represented as dashed red lines in each plot.
All data points are bounded by the 95 percent
confidence limits derived from the NASA LaRC
SVS UT-39A balance calibration, and these
results established confidence in the repeatability
of the isolated orbiter longitudinal aerodynamic
characteristics.

Isolated Booster Data Repeatability

The location and orientation of the LGBB
orbiter model was fixed throughout the testing. In
contrast, the booster model was positioned
throughout the test grid matrix encompassing a
significant region of the UPWT test section in the

longitudinal and lateral directions.
Consequently, the booster model traversed
regions  of  potentially  varying  flow

nonuniformity at each Mach number. Isolated
booster model results were obtained in three non-
sequential repeat runs consisting of relative axial
location sweeps at all relative vertical locations
within the experimental space in Test 1745.
Figure 41 shows the repeatability of the data
obtained in the three axial sweeps at Mach = 3.0



and o = 0°. Each plot corresponds to a fixed
relative vertical position, and plots are shown for
all values of Zserpr from 0 in. to 13.13 in. The
incremental normal force, axial force, and
pitching moment coefficients, ACy, AC4, and
AC,,, are plotted versus the relative axial location,
Xsetpt, in inches. The delta coefficients were
obtained using a third-order polynomial fit to the
data, interpolating in each run to the nominal
values of the independent variable (Xserpr), then
averaging and subtracting the averages from the
interpolated data. The upper and lower 95
percent confidence limits from the UT-55 balance
calibration are also shown for each balance
component. The isolated booster model
incremental normal force and pitching moment
coefficients exhibit good repeatability at a given
relative vertical position, are randomly scattered
about the mean, and are bounded at all
measurement stations by the corresponding
balance accuracy limits.  The axial force
coefficient exhibits systematic variation that
approaches, or exceeds, the balance accuracy
limits. Specifically, the third run in each series is
offset from the first two runs, which suggests an
electrical zero shift in the balance axial force
component. It is noted that the axial force
coefficient data are plotted using an expanded
scale, and the balance accuracy limits correspond
to less than +5 microvolts (5 uV) based on a
full-scale axial force gauge output of +£5.24
millivolts (£5.25 mV). For comparison, the
quoted UPWT DAS accuracy is £2 uV. As a
result, the systematic variation exhibited in the
axial force data is considered statistically
significant but not practically important.

The isolated booster model data repeatability
at Mach = 3.0 is further examined by plotting the
longitudinal aerodynamic coefficients obtained in
one of the three repeat runs versus the relative
axial location, Xsepr, at all values of the relative
vertical position, Zserpr, as shown in Fig. 42. Each
aerodynamic component features two plots, since
the values of zserp: are partitioned for clarity with
one intermediate Zserpr location bridging the two
plots. The results indicate that the data variability
approaches or exceeds the UT-55 balance
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accuracy limits as the booster model traverses the
aft and outer regions of the test grid matrix.

The same plot format previously used in
Fig. 41 is applied in Fig. 43 to display the isolated
booster model incremental aerodynamic
coefficients at three selected relative vertical
positions at Mach = 3.0. The purpose of these
plots is to compare three runs acquired at
increasing Zser: intervals, with Zsespr = 0 in. as a
common reference, in order to better isolate the
source of the data variability. The results reveal
systematic variation between the three runs that
typically exceeds the balance accuracy limits. In
addition, the data variability increases as the
interval between the three Zserr stations increases.
The increased data variability as the booster
model traverses the range of relative vertical
location may be associated with a change in the
local flow angle across the test section,
particularly as the booster model moves closer to
the tunnel wall (although the booster model is
positioned more than one body length away from
the sidewall at the outer edge of the test grid
matrix). The data obtained on the isolated booster
model in Test 1745 were incorporated into the
data plotting and analysis in this report, such that
the booster proximity aerodynamic coefficients
obtained in relative axial location sweeps were
always compared to the corresponding isolated
data obtained at the same relative vertical
position.

Proximity Force and Moment
Measurements on  Belly-to-Belly
Configuration

Mach = 2.3, Aa=0°

Orbiter proximity aerodynamic
characteristics

Plots of the longitudinal proximity
aerodynamic coefficients of the orbiter model in
the baseline belly-to-belly configuration at
Mach = 2.3 and Aa = 0° are shown in Fig. 44.
The proximity normal force, axial force, and
pitching moment coefficients are plotted versus
the relative axial location, Xsesr, at selected values
of the relative vertical separation location, Zserpr.



Two measures were implemented to enhance the
visualization of the data for each aerodynamic
component. The results obtained at the fifteen
Zsetpt locations were partitioned into two plots
with a common run at an intermediate Zsesp:
location bridging the two plots. Color-coding of
the data points was also applied to distinguish
each axial sweep. The UT-39A upper and lower
95 percent confidence limits from the balance
calibration are shown in all plots. The orbiter
proximity data shown in Fig. 44 were acquired by
axial movement of the booster model relative to
the fixed orbiter model, ranging from the near-
docking position at Xsespr = 0 in. to the extreme aft
location at Xsepr = 28 in. A docked or mated
condition corresponds to the relative position of
the orbiter and booster in the presence of vehicle
attach hardware (not simulated in these tests).
The orbiter proximity effects at Zsespr = 0 in. are
nonlinear within approximately the first twelve
inches of axial separation between the models.
The orbiter proximity data converge to
interference-free conditions at this Zses: location
when the booster model MRC is approximately
one body length aft of the near-docking position
(Xsetpr = 0 in.). The MSFC schlieren flow
visualization images at Mach = 2.99 previously
shown in Fig. 2 revealed a complex flow-field
interaction between the orbiter and booster
models, including bow shock interactions and
multiple shock reflections when the models were
in close proximity. The orbiter model is only
partially exposed to the booster model bow shock
within a limited combination of the relative axial
and vertical locations in the test grid matrix. The
zone of influence of the booster on the orbiter
diminishes in both dimensions as the vertical
separation of the booster model increases, and
this effect is discussed in more detail later in this
paragraph. The nonlinear behavior of the orbiter
proximity aerodynamic coefficients and the
limited zone of influence of the booster on the
orbiter were manifested in the qualitative data
visualization previously shown in the 3-D scatter
plots, color contour plots, and influence plots in
Figs. 17, 23, and 31, respectively. The data in
Fig. 44 in combination with the UT-39A upper
and lower balance accuracy bounds were used to
estimate the relative axial location where the
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orbiter aerodynamic coefficients converged to
interference-free conditions at each relative
vertical spacing. These estimates were the basis
for the color-coded influence plots in Fig. 31. It
is not possible from the UPWT balance
measurements alone to correlate all data trends
with specific flow features. = However, the
nonlinear behavior centered about the peak
values of the orbiter normal force and pitching
moment coefficients is consistent with the
advance of the booster bow shock toward the
orbiter strake and its subsequent passage over the
wing, and the associated induced pressure rise on
the strake and wing windward surfaces. For
reference, the locations of the apex of the strake,
MRC, strake-wing intersection, and trailing edge
of the body flap correspond to model stations
MS) 6.968, 8.925, 10.179, and 13.617,
respectively, that were previously illustrated in
Fig. 6. It is conjectured that the shock-induced
pressure rise causes the positive increments to the
orbiter normal force coefficient and the negative
(nose-down) increments to the pitching moment
coefficient, since the wings are located entirely
aft of the MRC. The induced pressure rise and
impingement location of the booster bow shock
on the orbiter model are sensitive to the relative
vertical location, zserpr. A gradual dissipation of
the shock-induced pressure rise is expected as the
vertical spacing between the models increases.
At a fixed relative axial location, increased
vertical spacing will promote an aft shift in the
booster bow shock impingement on the orbiter.
The traversal of the bow shock across the orbiter
strake and wing occurs at smaller values of the
relative axial location, and the range of relative
axial locations within which the bow shock
affects the orbiter diminishes. These effects are
apparent in the orbiter proximity data shown in
Fig. 44, which include reduced magnitude and
forward displacement of the peak interference
effects in axial sweeps at increased values of the
relative vertical position. In addition, the orbiter
data converge to interference-free conditions at
lower values of the relative axial location, Xsezpt.
Interpretation of the cyclic behavior of the orbiter
proximity axial force coefficient in Fig. 44(c) is
more problematic.  These trends may be
associated with shock-induced flow separation on



the orbiter strake and wing as the booster bow
shock traverses these surfaces during a relative
axial location sweep.

Booster proximity aerodynamic
characteristics

Basic plots of the longitudinal proximity
aerodynamic coefficients of the booster model in
the belly-to-belly configuration at Mach =2.3 and
Ao = 0° are shown in Fig. 45 using the same
format applied to the orbiter proximity data in
Fig. 44. The UT-55 upper and lower 95 percent
confidence limits from the balance calibration are
shown in all plots. The booster proximity
aerodynamic effects are highly nonlinear
throughout the entire experimental space at
Mach = 2.3, with the normal force and pitching
moment coefficients changing signs several times
as the booster moves aft relative to the orbiter.
The largest values of the longitudinal proximity
effects occur in the first several inches of
streamwise separation, although significant
aerodynamic responses persist through the test
grid matrix. Interference magnitudes are clearly
larger than the UT-55 balance accuracy limits
shown in each plot. Unlike the orbiter model, the
booster model is partially or fully embedded
within the orbiter zone of influence at all
combinations of the relative axial and vertical
locations. At small separation values, the flow-
field region between the models is quite complex,
likely dominated by multiple shock reflections
and regions of flow separation. A typical axial
sweep will cause a forward traversal along the
booster of aerodynamic flow discontinuities
emanating from the orbiter nose, strakes, and
wings (bow shock and oblique shocks, for
example). Sufficient translation of the booster in
the axial direction results in the booster nose
traversing the orbiter bow shock such that the
entire booster model is embedded in the orbiter
zone of influence. As a result, the proximity
normal force, axial force, and pitching moment
coefficients exhibit multiple local maxima and
minima within an axial sweep. Pitching moment
proximity effects are quite significant in
magnitude and trend, resulting in changes in trim
and stability levels that must be accounted for by
vehicle control surface capability. The trends that

27

are visible in the booster data presented in Fig. 45
were also apparent in the 3-D scatter plots and
color contour maps of the booster force and
moment data in Figs. 18 and 24 that revealed
prominent nonlinearities and other interference
effects, including multiple local maxima and
minima, following Mach lines.

Mach = 3.0, Aa = 0°

Orbiter proximity aerodynamic
characteristics

Basic plots of the longitudinal proximity
aerodynamic coefficients of the orbiter model in
the belly-to-belly configuration at Mach = 3.0 and
Ao = 0° are presented in Fig. 46. The orbiter
proximity aerodynamic data trends are similar to
those described in the previous section in Fig. 44
corresponding to Mach = 2.3. The data indicate
that the zone of influence of the booster on the
orbiter longitudinal aerodynamic coefficients
diminishes, and the orbiter proximity coefficients
converge to undisturbed (isolated) conditions
sooner in an axial sweep than at Mach = 2.30.
These trends were previously revealed in the 3-D
scatter plots, color contour maps, and influence
plots in Figs. 19, 25, and 31, respectively.

Booster proximity aerodynamic
characteristics

Basic plots of the longitudinal proximity
aerodynamic coefficients of the booster model in
the belly-to-belly configuration at Mach = 3.0 and
Aa. = 0° are presented in Fig. 47. The nonlinear
proximity effects that persisted through the
experimental space at Mach = 2.3 in Fig. 45 are
also apparent in the data at Mach = 3.0 and are
consistent with the trends observed in the 3-D
scatter plots and contour maps in Figs. 20 and 26,
respectively.

Mach = 4.5, Aa= 0°

Orbiter proximity aerodynamic
characteristics

Basic plots of the longitudinal proximity
aerodynamic coefficients of the orbiter model in
the belly-to-belly configuration at Mach =4.5 and
Ao = 0° are presented in Fig. 48. The orbiter



proximity aerodynamic data show a decreasing
region of influence of the booster model as the
shock angles become shallower and are
positioned closer to the bodies at Mach = 4.5.
The orbiter longitudinal aerodynamic coefficients
return to isolated values at smaller values of Xsespr
with increasing Mach number. The qualitative
data visualization in Figs. 21, 27 and 31
corresponding to the 3-D scatter plots, color
contour maps, and influence plots, respectively,
reveal similar trends.

Booster proximity aerodynamic
characteristics

Basic plots of the longitudinal proximity
aerodynamic coefficients of the booster model in
the belly-to-belly configuration at Mach =4.5 and
Ao, = 0° are presented in Fig. 49. Nonlinear
proximity effects are manifested in the booster
normal force, axial force, and pitching moment
coefficients in Fig. 49. However, the shallow
angle of the orbiter bow shock promotes an
expanding region of interference-free conditions
along the forward and outer regions of the
experimental space, where the booster model is
positioned upstream of the orbiter bow shock.
This region is estimated from the distributions of
the booster aerodynamic coefficients beginning
at Xsepr = 3.281 in. for the normal force and
pitching moment coefficients and beginning at
Xsetpr = 1.969 in. for the axial force coefficient,
where the data exhibit a partial or full return to
isolated conditions. The test results indicate a
return to undisturbed flow at all test grid points
within the outer three relative vertical locations
corresponding to Zzsep: = 10.500, 11.810, and
13.130 in. The data presented in Fig. 49 are
consistent with the 3-D scatter plots and contour
maps in Figs. 22 and 28, respectively, and were
the basis for the influence plots previously
presented in Fig. 32.

Mach = 2.3, 3.0, and 4.5; Aa = 5°

Orbiter proximity aerodynamic
characteristics

For completeness, the longitudinal proximity
aerodynamic coefficients of the orbiter model in
the belly-to-belly configuration at Mach = 2.3,
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3.0, and 4.5 obtained with a relative angle of
attack, Aa, of 5° are shown in Figs. 50 to 52,
respectively, without detailed analysis. The
minimum Zsespt separation distance was 0.656 in.
at Aa = 5° that was a conservative test safety
measure to provide sufficient clearance between
the models. Note that test data were not obtained
at Zserpr = 11.81 in. and 13.13 in. at Mach = 2.3
and Aa = 5° in Fig. 50 because of an observed
UT-55 balance axial force dynamic response on
the BDDU that approached 100 percent of full-
scale output. All data trends that were described
with a relative angle of attack of 0° in Figs. 44,
46, and 48 at Mach = 2.3, 3.0, and 4.5,
respectively, are applicable to the data at Aa. = 5°.
The results presented in Figs. 50 to 52 were used
to estimate the regions of interference-free
conditions within the test grid matrix at each
Mach number. The estimates derived from the
data at Mach = 3.0 in Figs. 46 and 51 at
Mach = 3.0 were used to compare the zones of
influence associated with Ao = 0° and Aa. = 5° in
the qualitative influence plots previously shown
in Fig. 33. Increasing the relative angle of attack
to 5° was accomplished by a rotation of the
booster model on the main sting support system.
In general, the booster proximity data revealed an
increase in the local force and moment coefficient
peaks that occurred at smaller values of the
relative axial location. A return to isolated
conditions also occurred at smaller xsep: values.
The latter trend was demonstrated in the
qualitative influence plots at Mach = 3.0 in
Fig. 33. These results suggest the booster bow
shock strength and position relative to the orbiter
model were sensitive to the relative angle of
attack. Detailed comparisons of the orbiter
aerodynamic  proximity and interference
increments due to a change in the relative angle
of attack are presented in a later section.

Booster proximity aerodynamic
characteristics

The longitudinal proximity aerodynamic
coefficients of the booster model in the belly-to-
belly configuration at Mach = 2.3, 3.0, and 4.5
obtained with a relative angle of attack, Aa, of 5°
are shown in Figs. 53 to 55, respectively, without
detailed analysis. Test data were not obtained at



Zserpr = 11.81 in. and 13.13 in. at Mach = 2.3 and
Ao, = 5°in Fig. 53 because of an observed UT-55
balance axial force dynamic response on the
BDDU that approached 100 percent of full-scale
output. The booster proximity aerodynamic
coefficients that are plotted in Figs. 53 to 55, and
the data obtained on the isolated booster at
Ao, = 5° in Test 1745 were used to compute
booster aerodynamic interference increments at
Ao = 5°.  These results are compared to
corresponding interference increments that were
computed for the booster model at Ao, = 0° in a
later section.

Proximity and Isolated Aerodynamic
Characteristics on  Belly-to-Belly
Configuration, Aa = 0°

Mach =2.3

Orbiter aerodynamic characteristics

Comparisons of the longitudinal proximity
and isolated aerodynamic coefficients of the
orbiter model in the belly-to-belly configuration
at Mach = 2.3 and Aa = 0° are presented in
Fig. 56. The aerodynamic coefficients are plotted
as a function of the relative axial location, Xsespt,
at all values of the relative vertical location, Zsezpt.
The isolated orbiter coefficients correspond to the
values obtained with the booster translated to the
extreme aft location (Xsepr = 28 in.) at each
relative vertical location. These values are
represented as solid red lines spanning the
respective Xserp: ranges at each Zsep location. The
upper and lower bounds of the UT-39A balance
accuracies are also included in each plot. The
data comparisons show the significant nonlinear
interference effects encountered by the orbiter in
proximity to the booster. The interference effects
are confined to a relatively small subspace within
the test grid matrix, however, and the
convergence of the proximity data to the isolated
orbiter values is clearly illustrated in a pseudo
3-D manner by a rapid scan through the data plots
at all Zsepr locations.

Booster aerodynamic characteristics

Comparisons of the longitudinal proximity
and isolated aerodynamic coefficients of the
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booster model in the belly-to-belly configuration
at Mach = 2.3 and Aa = 0° are presented in
Fig. 57. The aerodynamic coefficients are plotted
as a function of the relative axial location, Xsezpt,
at all values of the relative vertical location, Zsezpt.
The isolated booster data were acquired in Test
1745 with the orbiter model and horizontal blade
strut support hardware removed from the test
section. Axial sweeps of the isolated booster
model were conducted at all relative vertical
locations. The upper and lower bounds of the
UT-55 balance accuracies are included in all
plots. A review of all data plots corresponding to
Zsetpt = 0 In. t0 Zserpr = 13.13 in. reveals highly

nonlinear interference effects that persist
throughout the experimental space. The
interference increments are generally

significantly greater than the UT-55 balance
accuracies and exhibit only a minor dissipation as
the booster model traverses through the test grid
matrix.

Mach =3.0

Orbiter aerodynamic characteristics

Comparisons of the longitudinal proximity
and isolated aerodynamic coefficients of the
orbiter model in the belly-to-belly configuration
at Mach = 3.0 at Ao, = 0° are presented in Fig. 58.
The plot format is the same as that used at
Mach = 2.3 in Fig. 56. The trends observed at
Mach = 3.0 are similar to those obtained at
Mach = 2.3. A progressive review of the data
plots at Zsempr = 0 in. to Zserpr = 13.13 in. indicates
the zone of influence of the booster on the orbiter
diminishes at the higher Mach number.

Booster aerodynamic characteristics

Comparisons of the longitudinal proximity
and isolated aerodynamic coefficients of the
booster model in the belly-to-belly configuration
at Mach = 3.0 and Ao = 0° are presented in
Fig. 59. The plot format is the same as that used
at Mach = 2.3 in Fig. 57. Increasing the Mach
number to 3.0 does not affect the aerodynamic
interference trends that were observed in Fig. 57
at Mach = 2.3. The test results suggest that the
booster model remains in the influence of the



orbiter model throughout the entire experimental
space.

Mach =4.5

Orbiter aerodynamic characteristics

Comparisons of the longitudinal proximity
and isolated aerodynamic coefficients of the
orbiter model at Mach = 4.5 and Aa = 0° are
presented in Fig. 60. The plot format is the same
as that used at Mach = 2.3 and 3.0 in Figs. 56 and
58, respectively. A progressive review of the data
plots at Zsespr = 0 in. t0 Zsepr = 13.13 in. indicates
the nonlinear interference effects are limited to a
small subset of the Xserprzserpr experimental space
where the booster and orbiter models are in close
proximity.

Booster aerodynamic characteristics

Comparisons of the longitudinal proximity
and isolated aerodynamic coefficients of the
booster model in the belly-to-belly configuration
at Mach = 4.5 and Aa = 0° are presented in
Fig. 61. The plot format is the same as that used
at Mach = 2.3 and 3.0 in Figs. 57 and 59,
respectively. The nonlinear interference effects
on the booster remain significant at Mach = 4.5.
However, there are several plots that reveal a
partial or full return to interference-free
conditions beginning in a narrow zone near the
forward edge of the experimental space at
Zserpt = 1.969 in. (for the axial force coefficient)
or Zsetpt = 3.281 in. (for normal force and pitching
moment coefficients) and expanding at increased
relative vertical spacing to include all test grid
points at Zsepr = 10.500, 11.810, and 13.130 in.
The return to isolated conditions is the result of
the booster model being situated upstream and
out of the zone of influence of the orbiter model
bow shock wave.

Relative Angle-of-Attack Effects on
Interference Aerodynamics, Mach =
3.0

Orbiter aerodynamic characteristics

Figure 62 compares the longitudinal
aerodynamic coefficients of the orbiter model in
the belly-to-belly configuration in axial sweeps at
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Mach = 3.0 and relative angles of attack, Ac., of
0° and 5°. The minimum vertical separation
distance was 0.656 in. (Zseppr = 0.656 in.) to
provide sufficient clearance between the orbiter
and booster models at Ao = 5°. A relative angle
of attack of 5° was obtained by changing the
attitude of the booster model mounted to the main
sting support system. Isolated orbiter coefficients
are shown as solid blue lines that allow a
comparison of the interference effects at the two
relative angles of attack. = This was a valid
approach, since the orbiter model location and
attitude were fixed throughout the testing. For
reference, the upper and lower limits of the
UT-39A balance accuracies are shown in each
plot. The peak normal force and pitching
moment coefficients are higher and occur sooner
in the axial sweeps at Zserpr = 0.656, 1.313, 1.969,
and 2.625 in. when the relative angle of attack is
increased from 0° to 5°. In addition, the data at
Ao = 5° return to undisturbed conditions slightly
sooner in comparison to the Aa. = 0° case. This
trend was previously illustrated in the qualitative
influence plot in Fig. 33 that showed a slight
expansion of the interference-free zone at a
relative angle of attack of 5°. These results
suggest there are changes to the booster model
bow shock strength and impingement location on
the orbiter model at Aa. = 5°. It is speculated that
an increase in the booster bow shock strength
promotes a corresponding increase in the
interference effects on the orbiter model. The
rotation of the booster causes a small aft
displacement of the bow shock impingement
location on the orbiter. As a result, the booster
bow shock will clear the orbiter model slightly
sooner in a given axial sweep.

Booster aerodynamic characteristics

An assessment of the interference effects on
the booster caused by a change to the relative
angle of attack required an account of the direct
effects of an angle-of-attack change on the
booster longitudinal aerodynamic coefficients.
Incremental aerodynamic coefficients were
computed by subtracting the isolated booster
coefficients obtained in Test 1745 in axial sweeps
at o = 0° and 5° from the corresponding booster
proximity coefficients obtained in Test 1741 in



axial sweeps at relative angles of attack of 0° and
5°. This approach provided improved estimates
of the interference effects on the booster caused
by a change to the relative angle of attack. The
incremental normal force, axial force, and
pitching moment coefficients, ACy, AC4, and
AC,, are plotted versus the relative axial location,
Xsept, in inches in Fig. 63 at Mach = 3.0 and
vertical spacing from Zzsepr = 0.656 in. to
zsept = 13.13 in. The delta coefficients were
obtained using a third-order polynomial fit to the
data, interpolating in each run to the nominal
values of the independent variable (Xsesr), and
computing the differences through the applicable
range of Xsepr in increments of one inch. The
delta coefficients shown in Fig. 63 indicate an
increase in the relative angle of attack generally
increases the peak normal force and pitching
moment interference increments, particularly
when the models are in close proximity. These
effects diminish somewhat with increased
vertical spacing between the models. Similarly,
the initial peaks in the incremental normal force
and pitching moment coefficients occur at
slightly smaller Xserpr values in a given axial
sweep. However, this trend is not universally
applicable to the additional maxima and minima
that occur in the aerodynamic responses at larger
separation distances between the models. The
booster model remains in the influence of the
orbiter model throughout the experimental space
at Ao = 0° and 5°. In addition, the overall trends
of the booster interference increments, including
the cyclic aerodynamic responses with multiple
maxima and minima, are not sensitive to the
relative angle of attack change at Mach = 3.0.

Mach Number Effects on Proximity
Aerodynamics, Aa = 0°

Orbiter aerodynamic characteristics

Figure 64 shows the effects of the Mach
number on the orbiter proximity aerodynamic
coefficients in axial sweeps at all values of the
relative vertical location, zsenpr, and a relative
angle of attack, Aa, of 0°. The overall levels of
the proximity aerodynamic coefficients typically
decrease as the Mach number increases.
Increasing the Mach number decreases the peak
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values of the proximity aecrodynamic coefficients
that occur when the orbiter and booster models
are in close proximity. In addition, the maximum
aerodynamic responses occur at smaller values of
the relative axial location as the Mach number
increases. Furthermore, the proximity
aerodynamic coefficients return sooner to
undisturbed conditions at the higher Mach
numbers. The latter effects were inferred from
the 3-D scatter plots (Figs. 17, 19, and 21), color
contour maps (Figs. 23, 25, and 27), and
influence plots (Fig. 31). The induced effects of
the booster bow shock wave on the orbiter
decrease with increased supersonic Mach
number. The shallower angle of the booster bow
shock changes the impingement location on the
orbiter at a given relative spacing such that the
shock-induced pressure rise on the orbiter strakes
and wings occurs sooner in a relative axial sweep.
The booster bow shock also traverses aft of the
orbiter model at smaller xserp: values because of
the more oblique shock angles at the higher Mach
numbers.

Booster aerodynamic characteristics

Figure 65 shows the effects of the Mach
number on the booster proximity aerodynamic
characteristics in axial sweeps at all values of the
relative vertical location, zserpr, and a relative
angle of attack, Aa, of 0°. The booster model
traverses a complex and varying flow field
throughout the test grid matrix arising from
multiple shock impingement, shock reflections,
and possible shock-induced flow separation. The
complex nature of the proximity flow field was
previously shown in the schlieren images
obtained in the MSFC TWT at Mach = 2.99 in
Fig. 2. It is speculated that the multiple sign
changes in the booster proximity normal force
and pitching moment coefficients are caused by
the successive passage across the booster wings,
strakes, and moment reference center (MRC) of a
varying combination of the orbiter bow shock, the
oblique shocks from the orbiter strakes and
wings, and reflected shocks. One trend that is
inferred from the data in Fig. 65 is analogous to a
phase shift effect, where the cyclic patterns of the
booster proximity aerodynamic coefficients at a
given vertical spacing exhibit axial displacements



as the Mach number increases. The booster
traverses the zone of influence of the orbiter in a
different manner, since the shock angles become
shallower at the higher Mach numbers. For
example, at small separation distances at
Mach = 4.5, more of the booster model is
upstream of the orbiter bow shock than at
Mach = 2.3. Larger axial displacements from the
mated position are required at the higher Mach
number to position the booster entirely within the
orbiter zone of influence and for impingement of
the complex system of shocks and reflected
shocks to traverse specific locations on the
booster. An extreme example is at the larger
vertical separation distances, where the entire
booster is in undisturbed conditions at
Mach = 4.5, but a major portion of the booster is
in the orbiter zone of influence at Mach = 2.3.

Interference Effects on Belly-to-Belly
and Back-to-Belly Configurations,
Mach = 3.0, Aa. = 0°

Orbiter aerodynamic characteristics

A back-to-belly configuration was simulated
by rolling the booster model -90 degrees. In this
orientation, the top side of the booster faced the
belly of the orbiter. The booster vertical tail was
removed and replaced with a tail-off block.
Figure 66 compares the longitudinal aerodynamic
coefficients of the orbiter model in the belly-to-
belly and back-to-belly configurations in axial
sweeps at Mach = 3.0 and a relative angle of
attack, Ao, of 0°. Isolated orbiter coefficients are
shown as solid blue lines that allow a comparison
of the interference effects on both configurations.
As previously stated, this was a valid approach,
since the orbiter model location and attitude were
fixed throughout the testing. For reference, the
upper and lower limits of the UT-39A balance
accuracies are shown in each plot.

The test results shown in Fig. 66 reveal
slightly higher peak aerodynamic responses, and
aft displacements where these peaks occur, with
the back-to-belly configuration. In addition,
there are typically minor differences in the axial
locations where the data return to undisturbed
conditions. A possible explanation for the small
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increments to the interference effects are
correspondingly small changes to the booster
bow shock strength and its position relative to the
orbiter. Specifically, a slight increase in the
shock strength and a forward displacement of the
shock impingement location on the orbiter may
be caused by rolling the drooped nose of the
booster model to a -90° orientation. The data
plots in Fig. 66 are limited to zses: locations of
0 in. to 6.563 in., since there were negligible
differences between the two configurations at all
other values of the vertical separation.

Booster aerodynamic characteristics

An assessment of the interference effects on
the booster caused by a change to the booster roll
angle orientation relative to the orbiter required a
modified analysis. This approach accounted for
isolated booster model runs conducted in Test
1745 at roll angle orientations of +90° and -90°.
Incremental aerodynamic coefficients were
computed by subtracting the isolated booster
coefficients in axial sweeps at & = 0° from the
corresponding booster proximity coefficients
obtained in axial sweeps of the belly-to-belly and
back-to-belly configurations at Aa = 0° in Tests
1741 and 1745. The incremental normal force,
axial force, and pitching moment coefficients,
ACy, ACy4, and AC,, are plotted versus the relative
axial location, Xseps, in inches in Fig. 67 at
Mach = 3.0 and vertical separation locations from
Zsetpt = 0 in. to Zsetpr = 13.13 in. The delta
coefficients were obtained using a third-order
polynomial fit to the data, interpolating in each
run to the nominal values of the independent
variable (Xsepr), and computing the differences
through the applicable range of Xsepr in
increments of one inch. Note that the sign of the
delta coefficients for the body-axis normal force
and pitching moment coefficients for the booster
in the back-to-belly configuration was reversed to
provide a direct comparison to the corresponding
delta  coefficients in the belly-to-belly
arrangement.

The booster interference effects in Fig. 67 are
measurably different for the belly-to-belly and
back-to-belly configurations. The low-wing
design of the LGBB configuration increases the



vertical separation of the strakes, wings, and body
flap relative to the orbiter in the back-to-belly
arrangement. The change in vertical spacing
promotes a downstream shift in the impingement
locations of the complex system of shock waves
on the booster. This causes corresponding shifts
in the booster interference coefficient curves in
Fig. 67 similar to that described in a previous
section on Mach number effects. This trend
persists throughout the entire experimental space
at Mach = 3.0.

Isolated Orbiter Surface Static

Pressure Measurements

Mach = 2.3, 3.0, and 4.5

A plot of the isolated orbiter static pressure
coefficients distributed along the centerline of the
body lower surface at Mach = 2.3, 3.0, and 4.5 is
shown in Fig. 68. Details of the pressure orifice
locations were previously shown in Fig. 8, Table
III, and Appendix A. The isolated pressure
distributions were obtained with the booster
model translated to the extreme aft location
(Xsetpr = 28 in.) in the test grid matrix at all Mach
numbers. The Mach number effect on the orbiter
pressure measurements is very small. These
results were repeatable within the 95 percent
confidence intervals of the Druck pressure
transducer measurement accuracy (repeatability
analysis not included in this discussion), and
these results are included for reference in the
majority of surface static pressure plots in the
following sections.

Static Pressure
Belly-to-Belly

Orbiter Surface
Distributions on
Configuration, Aa. = 0°

Mach =2.3

Plots of the orbiter lower surface centerline
pressure distributions at Mach = 2.3 obtained on
the belly-to-belly configuration with Ao = 0° are
shown in Fig. 69. The plot format features the
surface static pressure coefficient, Cp, versus the
model station (MS) location in inches of the eight
pressure orifices distributed along the belly of the
orbiter model. Each plot contains multiple color-
coded curves corresponding to specific relative
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axial locations, xsepr, at a fixed relative vertical
location, zserpr. There are two plots for each Zsesp:
location that partition the full range of Xsespr
locations for improved data visualization. For
reference, the isolated orbiter pressure
distribution is presented in each plot as a solid
black line. The upper and lower limits of the
Druck pressure transducer calibration accuracies
are also included in each plot.

The first pressure orifice location is
approximately 0.3 in. aft of the orbiter model
nose, and it is insensitive to changes in the
relative axial and vertical spacing of the models.
The Cp values at this discrete measurement
location are coincident with the isolated orbiter
value, which indicates this location near the
orbiter nose is in undisturbed flow conditions
everywhere within the experimental space. Two
features can be readily derived from the data,
within the resolution of the centerline pressure
distributions: (1) the approximate length along
the orbiter centerline, beginning from the nose,
where the surface pressures correspond to
interference-free  conditions and (2) the
approximate location of booster bow shock
impingement on the orbiter. A typical pressure
distribution is characterized by pressure
coefficient values tracking along the isolated
orbiter curve starting from the nose, followed by
a pressure rise to a local maximum that occurs
downstream of the booster bow shock
impingement. For example, at Xsespr = 2 in. and
Zsetpt = 0 in., the Cp values track along the isolated
orbiter curve along the first two inches of the
model. There is a subsequent rise in the surface
pressures to a local maximum at approximately
four inches aft of the model nose. A similar trend
occurs at Xseipr = 4 in., where undisturbed flow
conditions exist along the first four inches of the
model, followed by a maximum Cp value
approximately six inches aft of the model nose.
A rapid scan through the 2-D data plots from the
minimum vertical spacing (Zsepr = 0 in.) to the
maximum Zsespr location of 5.25 in. shown in
Fig. 69 illustrates the extent of the interference-
free zone and the traversal of the booster bow
shock pressure signature along the orbiter model.
The data shown in Fig. 69 in conjunction with the



Cp data obtained at Mach = 3.0 and 4.5 shown in
the next two sections of this report were used to

construct the influence plot previously shown in
Fig. 34.

Mach = 3.0

Plots of the orbiter lower surface centerline
pressure distributions at Mach = 3.0 obtained on
the belly-to-belly configuration are shown in
Fig. 70. The plot format is the same as that shown
in the previous section at Mach = 2.3.  Test
results are presented for relative vertical locations
ranging from Zsep: = 0 in. to Zsempt = 4.594 in. only,
since all pressure data at greater relative spacings
converge to undisturbed conditions. The data
trends at Mach = 3.0 are similar to those observed
at the lower supersonic Mach number and are
presented without additional discussion.

Mach =4.5

Plots of the orbiter lower surface centerline
pressure distributions at Mach = 4.5 obtained on
the belly-to-belly configuration are shown in
Fig. 71 using the same format as that used at

Mach = 2.3 and 3.0 in Figs. 69 and 70,
respectively.  Test results are presented for
relative  vertical locations ranging from

Zsetpt = 0 1n. to Zserpr = 3.281 inches only, since all
pressure data at greater relative spacings
converge to undisturbed conditions. The trends
in the surface pressure distributions observed at
Mach = 2.3 and 3.0 are unchanged at Mach =4.5.
The data clearly show the expanding region of
interference-free conditions at the highest test
Mach number.

Orbiter Individual Surface Static
Pressure Measurements, Aa = 0°

Mach =2.3

An alternate assessment of the orbiter lower
surface static pressure measurements obtained at
all 13 pressure orifice locations with the belly-to-
belly configuration and Ao = 0° is presented in
the following sections. The Cp values obtained at
each of the discrete pressure orifice locations on
the belly centerline and left and right wing lower
surfaces are plotted in axial (Xsepr) sweeps at
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selected values of the relative vertical location,
zserpt. There were eight equally-spaced orifices on
the orbiter centerline starting at MS 0.300 in.
(near the nose) and ending at MS 13.300 in.
(center of aft body flap). A total of four equally-
spaced orifices were located in a chordwise row
on the right wing midspan at butt line (BL) 1.632
in., and a single orifice was located on the left
wing midspan (BL -1.632 in.) at a location that
mirrored the second orifice location on the right
wing. For reference, the isolated orbiter Cp value
obtained at the selected pressure orifice location
featured in a given plot is shown as a solid black
line. The upper and lower limits corresponding
to the 95 percent confidence intervals from the
pressure transducer calibrations are included in
each plot.

Figure 72 presents plots of the eight individual
surface static pressure coefficients on the orbiter
lower surface centerline in axial sweeps at
relative vertical spacings from Zserpr = 0 in. to
Zsept = 4.594 in.  All pressure coefficient
responses were consistent with undisturbed flow
conditions at the larger wvertical separation
distances. The axial sweep range was limited to
one body length ranging from Xsep:r = 0 in. to
Xsetpr = 13.13 in., since the orbiter surface pressure
responses returned to interference-free conditions
at larger relative axial locations. The pressure
coefficients are distinguished by a number
designation ranging from 101 to 108 to denote
their order in the centerline distribution. The
corresponding model stations (in inches from the
orbiter nose) for pressure orifices 101 to 108 are
MS = 0.300, 2.157, 4.014, 5.871, 7.729, 9.586,
11.443, and 13.300, respectively. Interference
effects can be estimated by comparing the
proximity pressure coefficients to the reference
isolated orbiter pressure coefficient in each plot.

The data corresponding to the first pressure
orifice location in Fig. 72 reveal interference-free
conditions at all locations in the experimental
space, since the proximity pressure coefficients
are coincident with the isolated orbiter pressure
coefficient response. The first indication of an
induced effect of the booster bow shock on the
orbiter pressure coefficients occurs in the near-



docking position (Xseqpr = 0 in., Zsesp: = 0 in.) at the
second orifice location. Pressure responses at the
orifices downstream of this location also exhibit
interference effects, since they are all within the
zone of influence of the booster bow shock. The
pressure  coefficient quickly returns to
undisturbed conditions when the booster model is
translated aft to Xsepr = 2 in. at the minimum
vertical separation distance (Zsespr = 0 in.). At this
relative axial position, the pressure coefficient at
the third orifice location exhibits a positive peak
to denote the impingement of the booster shock
at/near this location on the orbiter. The pressure
coefficient at the third orifice location returns to
undisturbed conditions when the booster model
moves aft to Xserpr = 4 in. The aft progression of
the booster bow shock pressure signature in the
axial sweep at Zsepr = 0 in. is apparent at the
remaining five orifice locations in Fig. 72. In
each case, the peak pressure response is followed
by a rapid return to interference-free conditions
as the shock passes aft of the orifice location. At
a booster model aft translation distance
equivalent to one body length (Xsepr = 13.13 in.),
the pressure coefficient data at the last orifice
location marks the passage of the booster bow
shock aft of the orbiter model. The orbiter
pressure coefficient responses at orifice locations
104 to 108 reveal successive Cp maxima within
the axial sweep at Zserpr = 0 in. that may reflect the
additional induced effect of a reflected shock
wave at this minimum vertical separation
distance. The MSFC TWT schlieren image at
Mach = 2.99 corresponding to the near-docking
position previously shown in Fig. 2 clearly
showed a “shock train” within the region between
the orbiter and booster models. Within the
resolution of the current pressure measurements,
there is no evidence of similar successive Cp
maxima at increased vertical separation distances
from Zserpr = 0.656 in. t0 Zserpr = 4.597 in. As the
booster model moves away from the orbiter
model in the vertical direction, the location of the
booster bow shock impingement on the orbiter
shifts downstream. As a result, the peak
pressures marking the passage of the bow shock
and the return to interference-free conditions
occur sooner in the axial sweep. At the largest
relative vertical location shown in Fig. 72
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(Zsepr = 4.597 in.), only the pressure responses
from the last two orifices reveal interference
effects at the beginning of the axial sweep,
followed by a rapid return to undisturbed flow
conditions. In general, the magnitudes of the
peak pressure coefficients diminish at the larger
vertical separation distances, within the
resolution of the coarse distribution of pressure
measurement locations. This trend is consistent
with a reduction in booster model bow shock
strength at increased distances from the booster.

For completeness, the surface static pressure
measurements obtained on the right and left wing
lower surfaces are presented in Fig. 73. Four
orifices were distributed in a chordwise row at
midspan on the right wing corresponding to MS
10.717, 11.293, 11.869, and 12.444 in. The
pressure coefficients are distinguished by a
number designation ranging from 201 to 204 to
denote their order in the chordwise distribution.
A single orifice was located at midspan on the left
wing at MS 11.293 in., which mirrored the second
orifice location on the right wing, and the
corresponding number designation for this
pressure coefficient was 301. The trends in the
orbiter wing pressure coefficients as the booster
model navigates the Xsempt-Zsetpr experimental
space are similar to those exhibited by the orbiter
body centerline pressure coefficients.  The
surface pressure responses at the aft two pressure
orifice locations 203 and 204 capture successive
Cp maxima at the minimum vertical separation
distance (Zsespr = 0 in.) that are consistent with the
induced effects of the booster bow shock and a
reflected shock previously inferred from the
orbiter body centerline pressure coefficients in
Fig. 72. The pressure coefficients at the single
orifice location 301 on the left wing show good
agreement with the mirror orifice location 202 on
the right wing that demonstrates the symmetry of
the proximity flow field at Mach = 2.3.

Mach = 3.0

The Cp values obtained at each of the discrete
pressure orifice locations on the belly centerline
and left and right wing lower surfaces at
Mach = 3.0 are plotted in axial (Xsespr) sSweeps at
selected values of the relative vertical location,



Zsept, in Figs. 74 and 75. The trends observed at
Mach = 3.0 are similar to those described in the
previous section at Mach =2.3. Specifically, the
orbiter surface pressure response to the
progression of the booster bow shock along the
body and wings, the conjectured induced effects
of a reflected shock, and the return to
interference-free conditions as functions of the
relative axial and wvertical locations in the
experimental space are similar at the higher Mach
number.

Mach =4.5

The Cp values obtained at each of the discrete
pressure orifice locations on the belly centerline
and left and right wing lower surfaces at
Mach = 4.5 are plotted in axial (Xsespr) sweeps at
selected values of the relative vertical location,
Zsetpt, in Figs. 76 and 77. The shallower shock
angle at Mach = 4.5 expands the region of
interference-free conditions that is indicated by a
return of the orbiter pressure coefficients to
undisturbed conditions at smaller values of the
relative axial and vertical locations in Figs. 76
and 77. The induced effects of a reflected shock
are more subtle at the aft four orifice locations
along the body centerline (orifices 105, 106, 107,
and 108) and at the aft orifice location on the left
wing (orifice 204). In general, the maximum
shock-induced Cp values diminish at Mach = 4.5
compared to the results obtained at the lower
supersonic Mach numbers.

Relative Angle-of-Attack Effect on
Orbiter Surface Pressure
Distributions, Mach = 3.0

Plots of the orbiter lower surface centerline
pressure distributions obtained on the belly-to-
belly configuration at Mach = 3.0 and relative
angles of attack of 0° and 5° are shown in Fig. 78.
The plot format features the distribution of the
lower surface static pressure coefficient, Cp,
versus the model station (MS) location (in inches)
along the centerline of the orbiter model. Each
page contains three plots corresponding to
specified relative axial and wvertical locations,
Xsetpr and Zserpr. For example, Figs. 78(a) and
78(b) compare the centerline pressure
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distributions at Aaw = 0° and 5° at nominal Xsespr
values of 0, 2, 4, 6, 8 and 10 in. at a fixed Zsespr
value of 0.656 in. Similar pairs of plots are
presented for Zsemp: = 1.313, 1.969, 2.625, 3.281,
and 3.938 in. The isolated orbiter pressure
distribution obtained at Mach = 3.0 and the upper
and lower limits of the pressure transducer
calibration accuracies are included in each plot.

The test results indicate that changing the
relative angle of attack from 0° to 5° causes an aft
displacement of the booster bow shock-induced
pressure peaks at a given Xsep: location and, in
general, a small increase in the peak magnitudes.
In addition, a return of the entire centerline
pressure distribution to undisturbed flow
conditions occurs sooner in an axial sweep.
These trends were attributed in a previous section
to small changes to the strength and position of
the booster bow shock relative to the orbiter as a
result of a rotation of the booster in the pitch
plane.

Mach Number Effect on Orbiter
Surface Static Pressure Distributions,
Aa =0°

The effect of the Mach number on the orbiter
lower surface centerline proximity pressure
distributions obtained on the belly-to-belly
configuration at Aa. = 0° are shown in Fig. 79.
The plot format features the distribution of the
lower surface static pressure coefficient, Cp,
versus the model station (MS) location (in inches)
along the centerline of the orbiter model. Each
page contains three plots corresponding to
specified relative axial and vertical locations,
Xsetpt and Zserpr. For example, Figs. 79(a) and
79(b) compare the centerline pressure
distributions at Mach = 2.3, 3.0, and 4.5 at
nominal Xsepr values of 0, 2, 4, 6, 8 and 10 in. at
a fixed zsespr value of 0 in. Similar pairs of plots
are presented for Zsep: = 0.656, 1.313, 1.969,
2.625, 3.281, and 3.938 in. It was previously
shown in Fig. 68 that the isolated orbiter pressure
distributions exhibited only small changes at
Mach = 2.3, 3.0, and 4.5. Consequently, the
proximity results in Fig. 79 are representative of
the sensitivity of the surface pressure interference
effects to changes in the test Mach number.



The data in Fig. 79 typically show an aft shift
in the peak shock-induced C, values and a
reduction in peak magnitudes as the Mach
number increases from 2.3 to 4.5. These trends
are not universally applicable, because of
pressure distribution resolution limitations.
Increasing the Mach number also causes the
pressure coefficients to return to undisturbed
conditions at smaller values of the relative axial
and vertical locations within the experimental
space.  These trends are attributed to the
shallower shock angles and reduced shock
strength at the orbiter model surface at the higher
Mach numbers.

Mach Number and Relative Angle-of-
Attack Effects on Orbiter Surface
Pressure Distributions

The plots presented in this section provide a
combined assessment of the effects of the Mach
number and the relative angle of attack on the
orbiter lower surface centerline pressure
distributions obtained on the belly-to-belly
configuration. The plot format features the
distribution of the lower surface static pressure
coefficient, Cp, versus the model station (MS)
location (in inches) along the centerline of the
orbiter model. Each page contains three plots
comparing the pressure distributions at Aot = 0°
and 5°, and each plot is associated with a
corresponding Mach number. The data in all
three plots on a given page were obtained at a
fixed combination of the relative axial and
vertical locations, Xserpr and zserpr. For example,
Figs. 80(a) to 80(d) compare the centerline
pressure distributions for Ao = 0° and 5° at
Mach = 2.3, 3.0, and 4.5 at nominal Xses: values
of 0, 4, 8 and 12 in. and a fixed zsep: value of
0.656 in. The next four pages display similar
plots corresponding to Zsepr = 1.919 in.
(Figs. 80(e) to 80(h)). Data obtained at
Zsept = 3.281 in. are plotted in the final four pages
in Figs. 80(i) to 80(1). The isolated orbiter
pressure distributions and 95 percent confidence
intervals from the pressure transducer
calibrations are included for each Mach number.

The results presented in Fig. 80 indicate that
increases in the relative angle of attack and the
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Mach number typically promote aft shifts in the
location of the booster bow shock-induced
pressure peaks and a more rapid return to
undisturbed flow conditions at a given
combination of the relative axial and vertical
locations. An increase in the relative angle of
attack generally causes an increase in the
maximum Cp levels, whereas the opposite effect
occurs as the Mach number is increased. The
mechanisms affecting the booster bow shock
impingement location and strength at the orbiter
model include the rotation of the booster model
in the pitch plane and the shallower shock wave
angles at the higher Mach numbers.

Summary

A wind tunnel investigation was conducted of
the supersonic stage separation aerodynamic
characteristics of a generic bimese two-stage-to-
orbit reusable launch vehicle configuration.
Force and moment and surface static pressure
measurements were obtained on 0.0175-scale
models of the Langley Glide-Back Booster
concept in the NASA Langley Research Center
Unitary Plan Wind Tunnel at Mach numbers of
2.3, 3.0, and 4.5 and a unit Reynolds number of
2.0 million per foot. The test results supported a
larger effort to develop and validate experimental
and computational tools applicable to the design
and simulation of stage separation and abort
procedures for reusable launch vehicles
composed of multiple bodies, including winged
bodies. The UPWT stage separation testing
resulted in improvements to model and support
system hardware design and installation
processes, in-tunnel calibrations, testing
procedures and  capabilities, and data
visualization and analysis methods. An
exploratory test was conducted using
uninstrumented models to ensure operational
safety, evaluate qualitative proximity
aerodynamic responses, and verify new support
hardware and automated model positioning
techniques. Follow-on  testing  using
instrumented models provided an extensive
longitudinal force and moment and surface static
pressure database on the bimese LGBB concept
in belly-to-belly and back-to-belly configurations
at simulated supersonic separation and abort



conditions through large ranges of axial and
vertical separation distances and selected relative
angles of attack. The orbiter and booster models
exhibited  highly nonlinear  aerodynamic
responses as a result of a complex system of
shock waves, reflected shocks, and possibly
shock-induced flow separation. The zone of
influence of the booster on the orbiter was limited
to a relatively small region of the experimental
space, whereas the booster remained in the orbiter
zone of influence throughout the test grid matrix,
except at the highest test Mach number of 4.5.
The stage separation interference effects were
sensitive to the Mach number, relative angle of
attack, and roll angle orientation of the booster
relative to the orbiter. The UPWT data exhibited
good agreement with previous testing conducted
in the NASA Marshall Space Flight Center
14-Inch Trisonic Wind Tunnel and with
computational fluid dynamics methods using a
compressible,  three-dimensional  Reynolds-
averaged Navier-Stokes flow solver
OVERFLOW and an inviscid, unstructured
Cartesian Euler flow solver CART3D at
Mach = 3.0. The UPWT stage separation testing
of the LGBB models established a foundation for
more efficient and complex testing of advanced
launch vehicles in this facility, including
continuous-sweep data acquisition, booster
separation motor plume separation, and multi-
body stage separation and abort simulation at
supersonic speeds.
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Appendix A

Please follow the link to the detailed drawings of the 0.0175-scale LGBB booster and orbiter
models.
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Appendix B

Please follow the link to additional photographs showing the model, instrumentation, and support
system hardware build-up, calibration, and installation processes in UPWT Test Section 2.
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Appendix C

Please follow the link to the detailed drawings of the horizontal blade strut assembly for the
0.0175-scale LGBB orbiter model.

43



Appendix D

Please follow the link to the calibration procedures for the LGBB orbiter and booster relative
axial and vertical positions.
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Appendix E

Please follow the link to the UT-39A and UT-55 balance outline drawings and design loads.
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Table I. Axial and vertical setpoint locations in LGBB model stage separation test grid matrix.

Xsetpty ZTsetpty
inc;:es Xsenp/L inclI;es Zsep/L
0 0 0 0
1 .076 0.656 .05
2 152 1.313 .10
2.625 2 1.969 15
4 .305 2.625 .20
5.25 4 3.281 25
6 457 3.938 .30
7 533 4.594 .35
7.875 .6 5.250 .40
9 .686 6.563 .50
10 .762 7.875 .60
10.5 .8 9.188 .70
12 914 10.500 .80
13.13 1.00 11.810 .90
14 1.067 13.130 1.00

15 1.143
16 1.219
17 1.295
18 1.371
19 1.448
20 1.524
21 1.6

22 1.676
23 1.752
24 1.829
25 1.905
26 1.981
27 2.057
28 2.133

L (LGBB model reference length) = 13.125 inches

46



Table Il. Average freestream conditions in UPWT Test Section 2 for 0.0175-scale LGBB
model Tests 1739, 1741, and 1745. (Tunnel operating information and model
installation photograph are shown for reference.)

Condition Block | Power H, To q pinr | Dewpt
Wy | 200 | et ) e v | ai gan | @o | Y | | g | e
I 230 | I | 12658 | 28.94 | 1445 | 125 | 2.0x 10° | 427.9 | 115.55 | 27
2 3.00 | T | 178.13 | 27.93 | 2083 | 125 | 2.0 x 10° | 357.2 | 56.70 | -21
3 450 | IV | 21807 23.22 | 4666 | 150 | 2.0x 10° | 2282 | 16.12 | -6
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Table Ill.  Orbiter model surface static pressure measurement locations.

. Location
A?;:f;; (All orifices are on 2’45 (ZL)
lower surface.) | |
101 Body Centerline 0.300 0.000
102 Body Centerline 2.157 0.000
103 Body Centerline 4.014 0.000
104 Body Centerline 5.871 0.000
105 Body Centerline 7.729 0.000
106 Body Centerline 9.586 0.000
107 Body Centerline 11.443 0.000
108 Body Centerline 13.300 0.000
201 Right Wing Midspan 10.717 1.632
202 Right Wing Midspan 11.293 1.632
203 Right Wing Midspan 11.869 1.632
204 Right Wing Midspan 12.444 1.632
301 Left Wing Midspan 11.293 -1.632

Table 1V. UT-394 and UT-55 balance design loads and calibration accuracies.

UT-39A4 Balance

Accuracies Accuracies Expressed

. Accuracies Expressed .
Component  Design Loads (percent FS, in Balance Voltage in Forces and

95 percent CL) Moments
NF +150 Ibs +0.06 +4.9 uv +0.09 Ibs
AF +30 Ibs +0.19 +18.6 uv +0.057 lbs
PM +200 in-1bs +0.07 +5.0 uv +0.14 in-1bs
UT-55 Balance
Accuracies A 50 B Accuracies Expressed

Component  Design Loads (percent FS, in Forces and

in Balance Voltage

95 percent CL) Moments
NF +150 lbs +0.10 +6.7 v +0.15 lbs
AF +20 lbs +0.09 +4.7 uv +0.018 lbs
PM +200 in-1bs +0.05 +3.5 uv +0.10 in-lbs
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Table V. UT-394 and UT-55 balance calibration accuracies expressed as aerodynamic
coefficients. (Coefficients are based on test conditions at a unit Reynolds
number of 2.0 million per foot.)

UT-39A4 (Orbiter Model)

Mach N Cq Cm
2.30 +/-0.00158 +/-0.00100  +/-0.00019
3.00 +/-0.00189  +/-0.00120  +/-0.00022
4.50 +/-0.00296  +/-0.00187  +/-0.00035

UT-55 (Booster Model)

Mach Cn C4 Cm
2.30 +/-0.00263 +/-0.00032 +/-0.00013
3.00 +/-0.00315 +/-0.00038 +/-0.00016
4.50 +/-0.00493 +/-0.00059  +/-0.00025

Table VI. Orbiter model pressure measurement uncertainties expressed in terms of the
static pressure coefficient (95 percent confidence limits (CL) about the mean

response).
Mach q C, uncertainty, AC,
(psf) (95 percent CL)
2.30 427.9 +0.001682
3.00 357.2 +0.002017
4.50 228.2 +0.003151

ACpy = Ap/q = [0.001 * (5 psi) * 144 sq.in/sq.ft.]/q = 0.72 psfiq
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Table VII. Sting and strut deflection calibration constants with UT-55 and UT-394 balances.

UPWT 350-15B Sting with UT-55 Balance Deflection Constants
NFDEFL 0.019023 deg/lb
PMDEFL 0.004980 deg/in-1b
NFINCHI1 0.005066 in/1b
PMINCH1 0.004980 in/in-1b
Horizontal Blade Strut with UT-394 Balance Deflection Constants
NFDEFL2 0.001565 deg/lb
PMDEFL2 0.002759 deg/in-1b
NFINCH2 0.000437 in/lb
PMINCH2 0.000163 in/in-1b
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Table VIII. Final run log for UPWT Test 1741, Phase I, orbiter and booster force and moment measurements.
(a) Mach = 2.30, Aa = 0° and 5°

Mach = 2.30, Aa = 0°
1.00 [ 13.130 L ] | 1998 | 1997 | 1996 | 1995 1994
0.90 | 11.810 2011 2010 2009 2008 2007 2006 2005 2004 | 2003 2002 2001 2000 1999
0.80 | 10.500 2024 2023 | 2022 2021 2020 2019 2018 | 2017 2016 2015 2014 2013 2012
0.70 | 9.188 2041 2040 2039 2038 2037 2036 2035 2034 2033 2032 2031 2030 | 2029 2028 2027 2026 2025
0.60 | 7.875 2060 2059 2058 2057 2056 2055 2054 2053 2052 2051 2050 2049 2048 2047 2046 2045 2044 2043 2042
0.50 | 6.563 2081 | 2080 | 2079 2078 2077 2076 2075 2074 | 2073 2072 2071 2070 2069 2068 2067 2066 2065 2064 2063 2062 2061
0.40 | 5.250 2105 2104 2103 2102 2101 | 2100 2099 2098 2097 2096 | 2095 2094 2093 2092 2091 2090 2089 | 2088 | 2087 | 2086 2085 2084 | 2083 2082
035 | 4.594 2139 2138 2137 2136 2135 2134 2133 | 2132 2131 2130 2129 2128 2127 | 2126 | 2125 2124 2123 2122 2121 2120 2119 2118 2117 2116 2115 2114 2113
0.30 | 3.938 | 2168 2167 | 2166 2165 | 2164 2163 2162 2161 | 2160 2159 2158 2157 2156 2155 2154 | 2153 | 2152 2151 | 2150 2149 2148 2147 2146 2145 2144 2143 2142 2141 2140
025 | 3281 | 2197 | 2196 | 2195 2194 | 2193 | 2192 2191 2190 | 2189 2188 2187 2186 2185 2184 2183 | 2182 | 2181 2180 | 2179 2178 2177 2176 2175 2174 2173 2172 2171 2170 2169
020 | 2625 | 2226 | 2225 | 2224 2223 | 2222 2221 2220 2219 | 2218 2217 2216 2215 2214 2213 2212 2211|2210 2209 | 2208 2207 2206 2205 2204 2203 2202 2201 2200 2199 2198
0.15 | 1.969 | 2255 | 2254 | 2253 2252 | 2251 | 2250 2249 2248 | 2247 2246 2245 2244 2243 2242 2241 | 2240 | 2239 2238 | 2237 2236 2235 2234 2233 2232 2231 2230 2229 2228 2227
0.10 | 1313 | 2284 | 2283 | 2282 2281 | 2280 | 2279 2278 2277 | 2276 | 2275 2274 2273 2272 2271 2270 | 2269 | 2268 2267 | 2266 2265 2264 2263 | 2262 2261 2260 2259 | 2258 2257 2256
005 [ 0.656 | 2302 2301 2300 2209 2298 2297 2296 2295 2294 2293 2292 2291 2290 2289 2288 [ \ | | [ | | [ [ ] _
0.00 | 0.000 | 2331|2330 | 2320 2328 | 2327 | 2326 2325 2324 | 2323 2322 2321 2320 2319 2318 2317 2316 2315 2314 2313 2312 2311 2310 2309 2308 2307 2306 2305 2304 2303
N 0 | 1| 2 [2625] 4 [525] 6 | 7 |7875] o | 10 105 12 33| 14 ] 15] t6 ] 17] 18] 19] 20| 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28
N £ [000]008[015] 020 |030] 040|046 ] 053] 0.60 | 0.69] 076] 080 | 0.91 | 1.00 | 107 | 1.14 | 122 | 130 | 157 | 1.45 | 152 ] 160 | 1.68 | 1.75 | 1.83 | 1.90 | 1.98 | 2.06 | 213

X setpoint

Mach = 2.30, Ax =+5°
1.00 | 13.130 Pl x | x| x| x| x
0.90 | 11.810 X X X X X X X X X X X X X
0.80 | 10500 2345 2344 | 2343 2342 2341 2340 2339 2338 | 2337 2336 2335 2334 2333
0.70 | 9.188 2362 2361 2360 | 2359 | 2358 2357 | 2356 2355 2354 2353 2352 | 2351 | 2350 2349 | 2348 | 2347 2346
0.60 | 7.875 2381 2380 2379 | 2378 | 2377 2376 | 2375 2374 | 2373 | 2372 2371 2370 | 2369 | 2368 | 2367 2366 | 2365 | 2364 2363
0.50 | 6.563 » 2402 | 2401 | 2400 2399 2398 2397 2396 2395 | 2394 2393 2392 2391 2390 2380 2388 2387 | 2386 2385 2384 | 2383 2382
0.40 | 5.250 2426 2425 2424 | 2423 | 2422 2421 | 2420 2419 2418 2417 2416 | 2415 2414 2413 2412 2411 2410 2409 | 2408 | 2407 | 2406 2405 2404 2403
0.35 | 4.594 2453 2452 | 2451 2450 2449 2448 | 2447 | 2446 2445 | 2444 2443 2442 2441 | 2440 2439 2438 | 2437 2436 2435 2434 2433 | 2432 | 2431 | 2430 | 2429 | 2428 2427
0.30 | 3.938 | 2482 | 2481 | 2480 2479 | 2478 | 2477 2476 2475 | 2474 2473 | 2472 2471 2470 2469 2468 | 2467 | 2466 2465 | 2464 2463 2462 2461 | 2460 2459 | 2458 2457 | 2456 2455 2454
0.25 | 3.281 | 2511 2510 | 2509 | 2508 | 2507 | 2506 2505 2504 2503 | 2502 2501 2500 2499 2498 2497 | 2496 2495 2494 2493 2492 2491 2490 2489 2488 2487 2486 | 2485 2484 2483
020 | 2.625 | 2540 | 2539 | 2538 | 2537 | 2536 | 2535 2534 | 2533 2532 | 2531 2530 2529 2528 2527 | 2526 | 2525 2524 2523 2522 2521 2520 2519 2518 | 2517 2516 2515 | 2514 2513 2512
0.15 | 1.969 | 2569 | 2568 | 2567 2566 | 2565 2564 2563 2562 | 2561 2560 2559 2558 2557 2556 2555 | 2554 | 2553 2552 | 2551 2550 2549 2548 | 2547 2546 2545 2544 2543 2542 2541
0.10 | 1.313 | 2598 | 2597 | 2596 | 2595 | 2594 | 2593 2592 | 2591 | 2590 2589 2588 2587 2586 2585 2584 | 2583 2582 2581 2580 2579 2578 2577 2576 | 2575 2574 2573 | 2572 2571 2570
0.05 | 0.656 | 2613 | 2612 2611 | 2610 | 2609 | 2608 2607 | 2606 2605 2604 2603 2602 2601 2600 2599
0.00 | 0.000
N o | 1 | 2 [2625] 4 [525] 6 | 7 [7875] o | 10 [1os] 12 [33] 14 [ 15 t6 | 17 ] 18] 19] 20| 21t | 22 [ 23 [ 24 [ 25 [ 26 | 27 | 28
N £ [000]008[015] 020 |030] 040|046 ] 053] 0.60 | 0.69] 076 ] 080 | 0.91 | 1.00 | 107 | 1.14 | 122 | 130 | 157 | 1.45 | 152 ] 1.60 | 1.68 | 1.75 | 1.83 | 1.90 | 1.98 | 2.06 | 213

X setpoint

X - Not attainable due to axial limit breeches on the sting-mounted balance
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Run
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
inches
X/L

Run
N/A
N/A

73

74

75

76

77

78

79

80

81

82

83

84
N/A

inches
X/L



Table VIII. Continued.
(b) Mach = 3.00, Aa = 0° and 5°

Mach = 3.00, Aa = 0° Run
1.00 | 13.130 I L L 0L 1044 1043 1042 1041 1040 13
0.90 | 11.810 1058 | 1057 1056 105 1054 1053 1052 1051 1050 1049 1048 1047 1046| 14
0.80 | 10.500 1071 1070 1069 | 1068 1067 1066 1065 1064 1063 1062 1061 1060 1059| 15
0.70 | 9.188 1088 1087 1086 1085 1084 1083 1082 | 1081 1080 1079 1078 1077 1076 1075 1074 1073 1072| 16
0.60 | 7.875 1107 1106 1105 1104 1103 | 1102 1101 1100 1099 | 1098 1097 1096 1095 1094 1093 1092 1091 1090 1089| 17
0.50 | 6.563 1128 | 1127 | 1126 1125 1124 1123 1122 1121 1120 | 1119 1118 | 1117 1116 1115 1114 1113 | 1112 1111 1110 1109 1108 18
040 | 5250 L1152 1151 1150 1149 | 1148 1147 1146 1145 1144 1143 1142 1141 1140 1139 1138 1137 1136 1135 1134 1133 1132 1131 1130 1129] 19
035 | 4.594 1179 1178 | 1177 1176 1175 1174 1173 | 1172 1171 1170 1169 1168 1167 1166 1165 1164 1163 1162 1161 1160 1159 1158 1157 1156 1155 1154 1153 [ 20

0.30 | 3.938 | 1208 1207 | 1206 1205 | 1204 1203 1202 1201 1200 | 1199 | 1198 1197 | 1196 1195 1194 1193 1192 1191 1190 1189 1188 1187 1186 1185 1184 1183 1182 1181 1180| 21

0.25 | 3.281 | 1444 1443vl442 1441 vl440 1439 1438 | 1437 l436‘l435‘ 1434 1433‘1432 1431 1430 1429 1428‘1427 1426 | 1425 | 1424 | 1423 | 1422 1421 | 1420 1419 1418 1417 1416 31

0.20 | 2.625 | 1474 1473 | 1472 1471 | 1470 1469 1468 1467 | 1466 | 1465 | 1464 1463 1462 1461 1460 1459 1458 1457 1456 | 1455 1454 1453 1452 1451 | 1450 1449 1448 1447 1446| 32

0.15 [ 1.969 | 1503 1502 1501 1500 | 1499 1498 1497 1496 1495 1494 1493 1492 1491 1490 1489 1488 1487 1486 1485 1484 1483 1482 1481 1480 1479 1478 1477 1476 1475| 33

0.10 | 1.313 | 1532 1531 | 1530 1529 | 1528 1527 1526 1525 | 1524 | 1523 | 1522 1521 | 1520 1519 1518 | 1517 1516 1515 1514|1513 | 1512 1S11 | 1510 1509 | 1508 1507 1506 1505 1504| 34

0.05 [ 0.656 | 1547 1546 1545 1544 | 1543 1542 1541 1540 1539 1538 1537 1536 1535 1534 1533 LT 1T T T T 1T 1T 1 1 35

B e A 2 1 B

0.00 | 0.000 | 1576 1575 1574 1573 | 1572 1571 1570 | 1569 | 1568 | 1567 | 1566 1565 1564 1563 | 1562 1561‘1560 1559 | 1558 | 1557 | 1556 | 1555 1554.1553 1552 1551.1550 1549 | 1548 | 36

o < 0 | 1 | 2 |2625] 4 |3525] 6 ] 7 |7875] 9 | 10 |105] 12 [1303] 14 ] 15] 16 | 17| 18] 19] 20] 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | inches
N % [o000]008]015] 020 |030] 040 | 0.46 | 053 | 0.60 | 0.69 | 0.76 | 0.80 [ 0.91 | 1.00 | 107 | 114 | 122 130 | 137 ] 145 | 152 | 160 | 1.68] 1.75| 1.83 | 190 | 198 | 206 [ 213| x
X setpoint

Mach = 3.00, Aa = +5° Run
1.00 | 13.130 | L L1965 1964 1963 | 1962 1961 54
0.90 | 11.810 1978 | 1977 1976 1975 1974 1973 1972 1971 1970 1969 1968 1967 1966| 55
0.80 | 10.500 1991 | 1990 1989 | 1988 1987 1986 | 1985 1984 1983 1982 1981 1980 1979| 56
0.70 | 9.188 1626 1625 1624 1623 1622 1621 1620 | 1619 1618 1617 | 1616 1615 1614 1613 1612 | 1611 1610| 40
0.60 | 7.875 1645 1644 | 1643 1642 1641 | 1640 1639 | 1638 1637 | 1636 1635 1634 | 1633 1632 1631 1630 1629 1628 1627| 41
0.50 | 6.563 1666 | 1665 | 1664 1663 1662 1661 1660 1659 1658 | 1657 1656 | 1655 1654 1653 1652 1651 | 1650 1649 1648 1647 1646 | 42
0.40 | 5.250 1690 1689 | 1688 | 1687 | 1686 | 1685 1684 1683 1682 1681 1680 1679 | 1678 1677 1676 1675 1674 | 1673 1672 | 1671 1670 1669 1668 1667| 43
0.35 | 4.594 1717 1716 | 1715 1714 1713 1712 1711 1710 1709 1708 1707 1706 1705 1704 1703 1702 1701 1700 1699 1698 1697 1696 1695 1694 1693 1692 1691| 44

0.30 | 3.938 | 1746 | 1745 | 1744 | 1743 | 1742 1741 | 1740 | 1739 | 1738 | 1737 | 1736 1735 1734 1733 | 1732 1731 1730 | 1729 | 1728 | 1727 1726 | 1725 | 1724 | 1723 | 1722 | 1721 1720 | 1719 | 1718 | 45

0.25 | 3.281 [ 1855 1854 1853 1852 | 1851 1850 1849 1848 1847 1846 1845 1844 1843 1842 1841 1840 1839 1838 1837 1836 1835 1834 1833 1832 1831 1830 1829 1828 1827| 49

0.20 | 2.625 | 1884 1883 | 1882 1881 | 1880 1879 1878 1877 1876 | 1875 1874 1873 1872 1871 1870 1869 1868 | 1867 1866 1865 1864 1863 1862 1861 1860 1859 1858 1857 1856 50

0.15 | 1.969 [ 1916 1915 1914 1913 | 1912 1911 1910 1909 1908 | 1907 | 1906 1905 | 1904 1903 | 1902 1901 1900 1899 1898 | 1897 1896 1895 | 1894 1893 | 1892 1891 1890 1839 1888 | 5l

0.10 | 1.313 | 1945 1944'1943 1942'1941 1940 1939 ]938‘ l937‘l936'l935 1934 | 1933 1932 | 1931 | 1930 1929‘1928 1927‘l926 1925 | 1924 | 1923 | 1922 1921 | 1920 1919 1918 | 1917| 52

e eeeeeaeeeeee 7 SCIPOIRL e

0.05 | 0.656 | 1960 1959 | 1958 1957 | 1956 1955 1954 1953 1952 | 1951 1950 1949 | 1948 1947 1946 53
0.00 | 0.000 [ N/A

o S ol v T 2Taes] aTlsasT o] 7 Jasms o T wolws[ el wl sl v s w2l a2 2425227 28] inches
N £ [000]008]0.15] 020 | 030] 0.40 | 0.46 | 0.53 | 0.60 | 0.69 | 0.76 | 0.80 | 091 | 1.00 | 1.07 | 1.14 | 122 | 130 | 137 ] 145 | 152 | 1.60 | 1.68 | 1.75 | 183 | 1.90 | 1.98 | 206 | 2.13| XL

-X setpoint

52
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Table VIII. Concluded.
(c) Mach = 4.50, Aa = 0° and 5°

Mach = 4.50, Aa = 0°
1.00 | 13.130 L b bbb 2626 2625 | 2624 | 2623 | 2622
0.90 | 11.810 2639 2638 2637 2636 2635 2634 2633 2632 2631 | 2630 2629 2628 2627
0.80 | 10.500 2652 2651 2650 2649 2648 | 2647 2646 2645 | 2644 2643 | 2642 2641 2640
0.70 | 9.188 2669 2668 2667 2666 2665 2664 2663 2662 | 2661 | 2660 2659 | 2658 | 2657 | 2656 | 2655 2654 2653
0.60 | 7.875 2688 | 2687 2686 2685 2684 | 2683 | 2682 2681 2680 2679 2678 | 2677 2676 2675 | 2674 2673 | 2672 2671 2670
0.50 | 6.563 2709 2708 2707 | 2706 2705 2704 2703 2702 | 2701 2700 2699 2698 2697 2696 2695 2694 2693 | 2692 2691 2690 2689
0.40 | 5.250 2733 2732 2731 | 2730 2729 2728 | 2727 2726 2725 2724 2723 2722 2721 2720 | 2719 | 2718 | 2717 2716 2715 | 2714 2713 2712 2711 2710
0.35 | 4.594 2760 | 2759 | 2758 | 2757 2756 | 2755 | 2754 | 2753 | 2752 | 2751 | 2750 | 2749 | 2748 | 2747| 2746 2745 | 2744 | 2743| 2742 | 2741 | 2740 | 2739 | 2738 | 2737 | 2736 2735 | 2734
0.30 | 3.938 | 2795 2794 2793 | 2792 | 2791 2790 2789 | 2788 | 2787 2786 | 2785 2784 2783 | 2782 2781 2780|2779 2778 2777 2776 2775 | 2774 2773 2772|2771 2770 | 2769 2768 2767
025 | 3281 | 2824 2823 2822 2821 2820 2819 2818 | 2817 2816 2815 2814 2813 2812 2811 2810 2809 2808 2807 2806 2805 2804 2803 2802 2801 2800 2799 | 2798 2797 2796
020 | 2.625 | 2853 2852 2851 | 2850 2849 2848 2847 2846 2845 2844 2843 2842 | 2841 | 2840 2839 2838 2837 2836 2835 2834 2833 2832 2831 2830 2829 2828 2827 2826 2825
0.15 | 1.969 | 2882 2881 2880 2879 | 2878 2877 2876 | 2875 | 2874 2873 2872 2871 | 2870 2869 2868 2867 | 2866 2865 2864 2863 | 2862 | 2861 2860 2859 2858 | 2857 | 2856 2855 2854
0.10 | 1.313 [ 2911 2910 2909 2908 | 2907 2906 2905 | 2904 2903 2902 2901 2900 2899 2898 2897 2896 2895 2894 2893 2892 2891 2890 2889 2888 | 2887 2886 | 2885 2884 2883
005 [ 0.656 | 2026 2925 2024 2023 2022 2021 2920 2919 2918 2917 2916 2015 2914 2013 202 || =]
0.00 | 0.000 | 2955 2954 2953 | 2952 | 2051 2950 2949 2948 | 2947 2946 2945 2944 | 2043 | 2942 2041 2940 | 2939 2938 2937 2936 2935 | 2934 2933 2932 2931 2930 2929 2928 2927
. 3 0 | 1] 2 |2625] 4 [525] 6 | 7 |7875] 9 | 10 |105] 12 [13.43] 14 | 15] 16 | 17] 18] 19] 20 | 21 ] 22 | 23 | 24 | 25 | 26 | 27 | 28
N £ [000]008]015] 020 | 030] 040 | 0.46 | 0.53 | 0.60 | 0.69] 0.76 | 0.80 | 0.91 | 1.00 | 1.07 | 1.14 | 122 | 130 | 137 | 145 1.52| 1.60 | 1.68 | 1.75 | 1.83 | 1.90 | 1.98 | 2.06 | 2.13

X setpoint

Mach = 4.50, Aa = +5°
1.00 | 13.130 I L L L 2960|2959 | 2958 2957 2956
0.90 | 11.810 2073 2072 2071 2970 2969 2968 2967 2966 | 2965 2964 2963 2962 2961
0.80 | 10.500 13067 3066 3065 3064 3063 3062 3061 3060 3059 3058 3057 3056 3055
0.70 | 9.188 3084 3083 3082 3081 3080 3079 3078 3077 3076 | 3075 3074 3073 3072 | 3071|3070 3069 3068
0.60 | 7.875 3103 3102 3101 3100 3099 3098 | 3097 3096 3095 3094 3093 3092 3091 3090 3089 3088 3087 3086 3085
0.50 | 6.563 3124 3123 3122|3121 3120 3119 3118 3117 3116 3115 3114 3113 3112 3111 3110 3109 3108 3107 3106 3105 3104
0.40 | 5250 3148 3147 | 3146 | 3145 3144 | 3143 | 3142 3141 3140 3139 3138 3137 3136 3135 3134 3133 3132 3131 3130 | 3129 3128 3127 3126 3125
0.35 | 4.594 3175 3174 3173 3172 3171|3170 | 3169 3168 3167 | 3166 | 3165 | 3164 3163 3162 | 3161 3160 3159 3158 3157 | 3156 3155 3154 3153 | 3152 | 3151 3150 3149
030 [ 3.938 | 3204 3203 3202 3201 3200 3199 3198 3197 3196 3195 3194 3193 3192 3191 3190 3189 3188 3187 3186 3185 3184 3183 3182 3181 3180 3179 3178 3177 3176
025 | 3281 | 3236 3235 3234 3233 | 3232 3231 3230 3229 | 3228 3227 3226 3225 3224 3223 3222 3221|3220 3219 3218 3217 | 3216 | 3215 3214 3213 3212 3211 3210 3209 3208
020 | 2.625 | 3265 3264 3263 3262 | 3261 3260 3259 | 3258 | 3257 3256 3255 3254 3253 | 3252 3251 3250 | 3249 3248 3247 3246 | 3245 | 3244 3243 3242 3241 | 3240 | 3239 3238 3237
0.15 | 1.969 | 3204 3203 3202 3201 | 3290 3289 3288 | 3287 | 3286 3285 3284 3283 | 3282 | 3281 3280 3279|3278 3277 3276 3275 | 3274 | 3273 3272 3271 3270 3269 | 3268 3267 3266
0.10 | 1313 | 3323 3322 3321 3320 3319 3318 3317|3316 3315 3314 3313 3312 3311 | 3310 3309 3308 3307 3306 3305 3304 3303 | 3302 3301 3300 3299 | 3298 | 3297 3296 3295
0.05 | 0.656 | 3338 3337 | 3336 | 3335 | 3334 3333 3332 3331 3330 3329 3328 | 3327 3326 3325 3324
0.00 | 0.000
s 4 o | 1 | 2 [2625] 4 [s525] 6 | 7 |7875] o | 10 |105] 12 [13.03] 14 ] 15] 16 ] 17| 18] 19 20 | 21 | 22| 23 | 24 | 25 | 26 | 27 | 28
N £ [000]008]015] 020 | 030 040 | 0.46 ] 0.53 | 0.60 | 0.69 ] 0.76 | 0.80 | 0.91 | 1.00 | 107 | 1.14 | 122 | 130 | 137 | 145 ] 1.52 | 1.60 | 1.68 | 1.75 | 1.83 | 1.90 | 1.98 | 2.06 | 2.13

X setpoint

53

Run
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
inches
X/L

Run
100
101
107
108
109
110
111
112
113
114
115
116
117
118

inches
X/L



Z setpoint

Z setpoint

Table IX. Final run log for UPWT Test 1741, Phase 11, orbiter surface static pressure measurements.
(a) Mach = 2.30, A = 0° and 5°

Mach = 2.30, Aa = 0°
1.00 | 13.130
0.90 | 11.810
0.80 | 10.500
0.70 | 9.188 4350 4349
0.60 | 7.875 4354 | 4353 4352 4351
0.50 | 6.563 4360 4359 | 4358 | 4357 4356 4355
0.40 | 5.250 4369 4368 4367 4366 4365 | 4364 4363 4362 4361
0.35 | 4.594 4381 4380 4379 | 4378 4377 4376 4375 4374 4373 | 4372 4371 4370
0.30 | 3.938 | 4395 | 4394 | 4393 4392 4391 4390 4389 4388 4387 | 4386 4385 4384 4383 4382
0.25 | 3.281 | 4409 | 4408 | 4407 = 4406 4405 4404 4403 4402 | 4401 @ 4400 4399 4398 4397 4396
0.20 | 2.625 | 4423 4422 4421 4420 4419 4418 4417 4416 4415 4414 4413 4412 4411 4410
0.15 | 1.969 | 4437 | 4436 | 4435 4434 4433 | 4432 4431 4430 | 4429 4428 4427 4426 4425 4424
0.10 | 1.313 | 4451 4450 4449 4448 4447 4446 4445 4444 4443 4442 4441 4440 4439 4438
0.05 | 0.656 | 4465 4464 | 4463 4462 4461 4460 4459 4458 | 4457 4456 4455 | 4454 | 4453 4452
0.00 | 0.000 | 4479 4478 | 4477 4476 4475 4474 4473 4472 4471 4470 4469 4468 4467 4466
= E 0 1 2 2.625 4 5.25 6 7 7.875 9 10 | 105 12 | 13.13| 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
N § 0.00 | 0.08 ] 0.15] 0.20 | 0.30 | 0.40 | 0.46 | 0.53 | 0.60 | 0.69 | 0.76 | 0.80 | 0.91 | 1.00 | 1.07 | 1.14 | 1.22 ] 1.30 | 1.37 | 1.45 | 1.52 | 1.60 | 1.68 | 1.75 | 1.83 | 1.90 | 1.98 | 2.06 | 2.13
-X setpoint
Mach = 2.30, Aa =+5°
1.00 | 13.130
0.90 | 11.810
0.80 | 10.500
0.70 | 9.188 4487 4486
0.60 | 7.875 4491 | 4490 4489 4488
0.50 | 6.563 4497 4496 | 4495 | 4494 4493 4492
0.40 | 5.250 4506 4505 4504 | 4503 | 4502 | 4501 4500 4499 4498
0.35 | 4.594 4518 4517 4516 | 4515 4514 4513 4512 4511 | 4510 | 4509 4508 4507
0.30 | 3.938 | 4532 | 4531 | 4530 4529 4528 | 4527 4526 4525 | 4524 | 4523 4522 4521 4520 4519
0.25 | 3.281 | 4546 | 4545 | 4544 4543 4542 4541 4540 4539 | 4538 | 4537 4536 | 4535 4534 4533
0.20 | 2.625 | 4567 4566 | 4565 4564 4563 4562 4561 4560 | 4559 4558 4557 | 4556 4555 4554
0.15 | 1.969 | 4581 | 4580 | 4579 4578 4577 | 4576 4575 4574 | 4573 | 4572 4571 4570 4569 4568
0.10 | 1.313 | 4595 4594 | 4593 4592 4591 4590 4589 4588 | 4587 4586 4585 | 4584 4583 4582
0.05 | 0.656 | 4609 4608 4607 4606 4605 4604 4603 4602 4601 4600 4599 4598 4597 4596
0.00 | 0.000
<) % 0 1 2 2.625 4 5.25 6 7 | 7875 9 10 | 105 12 | 13.13| 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
N 5 0.00 | 0.08 ] 0.15] 0.20 | 0.30 | 0.40 | 0.46 | 0.53 | 0.60 | 0.69 | 0.76 | 0.80 | 0.91 | 1.00 | 1.07 | 1.14 | 1.22 ] 1.30 | 1.37 | 1.45 ]| 1.52 | 1.60 | 1.68 | 1.75 | 1.83 | 1.90 | 1.98 | 2.06 | 2.13
X setpoint

54

N/A
N/A
N/A
195
196
197
198
199
200
201
202
203
204
205
206
inches
X/L

N/A
N/A
N/A
207
208
209
210
211

212
213

214
215
216
217
N/A

inches
X/L



Z setpoint

Z setpoint

(b) Mach = 3.00, Aax = 0° and 5°

Table IX. Continued.

Mach = 3.00, Aa = 0°
1.00 | 13.130
0.90 | 11.810
0.80 | 10.500
0.70 | 9.188 4068 = 4067
0.60 | 7.875 4072 | 4071 | 4070 4069
0.50 | 6.563 4078 | 4077 | 4076 | 4075 4074 4073
0.40 | 5.250 4087 | 4086 4085 4084 4083 4082 4081 4080 4079
0.35 | 4.594 4099 | 4098 | 4097 4096 4095 4094 4093 4092 4091 4090 4089 4088
030 | 3.938 | 4113 4112 4111 | 4110 | 4109 4108 4107 4106 4105 4104 | 4103 4102 4101 4100
0.25 | 3.281 | 4127 4126 4125 4124 | 4123 4122 4121 4120 4119 4118 | 4117 4116 4115 4114
0.20 | 2.625 | 4141 4140 4139 | 4138 | 4137 | 4136 4135 4134 4133 | 4132 | 4131 | 4130 | 4129 4128
0.15 | 1.969 | 4169 | 4168 4167 | 4166 | 4165 4164 4163 4162 4161 4160 | 4159 | 4158 4157 @ 4156
0.10 | 1.313 | 4189 4188 4187 | 4186 | 4185 4184 4183 4182 4181 4180 | 4179 4178 4177 4176
0.05 | 0.656 | 4203 | 4202 4201 | 4200 | 4199 4198 4197 4196 4195 4194 | 4193 4192 4191 4190
0.00 | 0.000 | 4217 4216 4215 | 4214 | 4213 | 4212 | 4211 4210 4209 | 4208 | 4207 | 4206 4205 4204
= E 0 1 2 2.625 4 3.25 6 7 17875 9 10 | 105) 12 | 13.13| 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
N g 0.00 | 0.08 | 0.15] 0.20 | 0.30 | 0.40 | 0.46 | 0.53 | 0.60 | 0.69 | 0.76 | 0.80 | 0.91 | 1.00 | 1.07 | 1.14 | 1.22 | 1.30 | 1.37 | 1.45| 1.52 | 1.60 | 1.68 | 1.75 | 1.83 | 1.90 | 1.98 | 2.06 | 2.13
X setpoint
Mach = 3.00, Ao = +5°
1.00 | 13.130
0.90 | 11.810
0.80 | 10.500
0.70 | 9.188 4219 4218
0.60 | 7.875 4223 | 4222 | 4221 4220
0.50 | 6.563 4229 4228 | 4227 | 4226 | 4225 4224
0.40 | 5.250 4238 | 4237 4236 4235 4234 | 4233 | 4232 4231 4230
0.35 | 4.594 4256 | 4255 | 4254 | 4253 | 4252 4251 4250 4249 4248 4247 4246 4245
0.30 | 3.938 | 4270 | 4269 4268 | 4267 | 4266 4265 | 4264 4263 4262 4261 | 4260 | 4259 4258 4257
0.25 | 3.281 | 4284 | 4283 4282 | 4281 | 4280 | 4279 4278 4277 4276 | 4275 | 4274 | 4273 | 4272 | 4271
0.20 | 2.625 | 4298 | 4297 | 4296 = 4295 | 4294 | 4293 | 4292 4291 4290 4289 | 4288 | 4287 4286 4285
0.15 | 1.969 | 4312 4311 4310 4309 | 4308 4307 4306 4305 4304 4303 | 4302 | 4301 4300 4299
0.10 | 1.313 | 4326 4325 4324 | 4323 | 4322 4321 4320 4319 4318 4317 | 4316 4315 4314 4313
0.05 | 0.656 | 4340 | 4339 | 4338 | 4337 | 4336 | 4335 | 4334 4333 4332 4331 | 4330 | 4329 | 4328 4327
0.00 | 0.000
< _g 0 1 2 2.625 4 5.25 6 7 178751 9 10 | 105 12 | 13.13 ] 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
N S 0.00 { 0.08 ] 0.15| 0.20 | 0.30 | 0.40 | 0.46 | 0.53 | 0.60 | 0.69 | 0.76 | 0.80 | 0.91 | 1.00 | 1.07 | 1.14 | 1.22 | 1.30 | 1.37 | 1.45] 1.52| 1.60 | 1.68 | 1.75 | 1.83 | 1.90 | 1.98 | 2.06 | 2.13
-X setpoint
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Run
N/A
N/A
N/A
171
172
173
174
175
176
177
178
180
181
182
183
inches
X/L

Run
N/A
N/A
N/A
184
185
186
187
188
189
190
191

192
193
194
N/A

inches
XL



Z setpoint

Z setpoint

Table IX. Concluded.

(c) Mach = 4.50, Ao = 0° and 5°

Mach = 4.50, Aa = 0°
1.00 | 13.130
0.90 | 11.810
0.80 | 10.500
0.70 | 9.188
0.60 | 7.875
0.50 | 6.563
0.40 | 5.250
0.35 | 4.594
0.30 | 3.938 | 4629 4628 4627 4626 | 4625 4624 4623 | 4622 | 4621 4620 4619 4618 4617 4616
0.25 | 3.281 | 4643 4642 4641 4640 4639 4638 4637 4636 4635 4634 4633 4632 4631 | 4630
0.20 | 2.625 | 4657 4656 4655 4654 4653 4652 4651 4650 4649 4648 4647 4646 4645 4644
0.15 | 1.969 | 4671 4670 4669 4668 @ 4667 4666 4665 4664 4663 4662 4661 4660 4659 4658
0.10 | 1.313 | 4685 | 4684 4683 4682 4681 | 4680 4679 4678 | 4677 4676 | 4675 | 4674 4673 | 4672
0.05 | 0.656 | 4699 4698 4697 4696 4695 4694 4693 4692 4691 4690 4689 4688 4687 = 4686
0.00 | 0.000 | 4713 4712 4711 4710 4709 4708 4707 4706 4705 4704 4703 4702 4701 | 4700
= _§ 0 1 2 2.625 4 525 6 7 17875 9 10 [ 105] 12 | 13.13| 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
N § 0.00 ] 0.08 ] 0.15] 0.20 | 0.30 | 0.40 | 0.46 | 0.53 | 0.60 | 0.69 | 0.76 | 0.80 | 0.91 | 1.00 | 1.07 | 1.14 | 1.22| 1.30 | 1.37 | 1.45 | 1.52 | 1.60 | 1.68 | 1.75 | 1.83 | 1.90 | 1.98 | 2.06 | 2.13
-X setpoint
Mach = 4.50, Ao = +5°
1.00 | 13.130
0.90 | 11.810
0.80 | 10.500
0.70 | 9.188
0.60 | 7.875
0.50 | 6.563
0.40 | 5.250
0.35 | 4.594
0.30 | 3.938 | 4727 4726 4725 4724 4723 | 4722 4721 4720 4719 4718 4717 4716 | 4715 4714
0.25 | 3.281 | 4741 4740 4739 4738 | 4737 | 4736 4735 4734 | 4733 4732 | 4731 | 4730 | 4729 4728
0.20 | 2.625 | 4755 4754 4753 4752 | 4751 4750 4749 | 4748 | 4747 4746 4745 | 4744 | 4743 | 4742
0.15 | 1.969 | 4769 4768 4767 4766 @ 4765 4764 4763 4762 4761 4760 4759 4758 4757 4756
0.10 | 1.313 | 4783 4782 4781 4780 4779 4778 4777 4776 4775 4774 | 4773 | 4772 | 4771 4770
0.05 | 0.656 | 4797 4796 4795 4794 4793 4792 4791 4790 4789 4788 4787 4786 | 4785 4784
0.00 | 0.000
- _g 0 1 2 2.625 4 5.25 6 7 17875 9 10 | 105 12 | 13.13| 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
N B 0.00 | 0.08 ] 0.15] 020 | 0.30 | 0.40 | 0.46 | 0.53 | 0.60 | 0.69 | 0.76 | 0.80 | 0.91 | 1.00 | 1.07 | 1.14 | 1.22 ] 1.30 | 1.37 | 1.45 | 1.52 | 1.60 | 1.68 | 1.75 | 1.83 | 1.90 | 1.98 | 2.06 | 2.13
X setpoint

56

Run
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
218
219
220
221
222
223
224
inches
X/L

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
225
226
227
228
229
230
N/A
inches
XL
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Table X. Final run log for UPWT Test 1745, isolated booster force and moment measurements.

(a) Mach = 3.00, a = 0° and 5°

Mach = 3.00, a = 0°
1.00 | 13.130 | 190 | 189 | 188 | 187 186
0.90 | 11.810 203 202 201 200 199 | 198 197 196 195 194 193 | 192 191
0.80 | 10.500 216 | 215 | 214 213 | 212 | 211 210 | 209 208 207 | 206 205 204
0.70 | 9.188 233 232 | 231 | 230 229 228 227 226 | 225 | 224 223 222 | 221 220 | 219 | 218 217
0.60 | 7.875 252 | 251 250 | 249 | 248 | 247 | 246 | 245 | 244 243 | 242 | 241 240 239 | 238 | 237 | 236 | 235 234
0.50 | 6.563 273 272 271 | 270 269 267 | 267 | 266 | 265 264 263 262 | 261 | 260 | 259 258 257 | 256 | 255 | 254 | 253
040 | 5.250 207 | 296 | 295 294 293 | 292 | 291 290 289 | 288 | 287 | 286 285 284 283 282 | 281 280 279 278 277 276 275 274
035 | 459 324 323 | 322 321 320 319 318 317 316 315 314 313 312 311 310 309 308 307 306 | 305 304 303 302 301 300 299 298
030 | 3938 | 353 352 351 | 350 | 349 | 348 | 347 | 346 345 344 | 3432 342 341 | 340 | 339 | 338 | 337 | 336 | 335 334 | 333 | 332 331 | 330 | 329 | 328 327 | 326 325
025 | 3281 | 382 | 381 | 380 | 379 | 378 | 377 | 376 | 375 374 373 | 372 | 371 370 369 | 368 | 367 | 366 365 364 363 | 362 | 361 360 | 359 358 357 | 356 | 355 354
020 | 2.625 | 411 410 409 | 408 | 407 @ 406 | 405 | 404 403 402 | 401 | 400 399 398 | 397 | 396 395 304 393 392 391 | 390 389 388 | 387 | 386 385 | 384 383
0.15 | 1.969 | 440 439 | 438 | 437 | 436 | 435 | 434 | 433 | 432 431 430 | 429 428 427 | 426 | 425 | 424 | 423 | 422 421 | 420 | 419 418 417 416 | 415 414 | 413 412
0.10 | 1313 | 469 468 467 @ 466 | 465 | 464 | 463 462 | 461 460 | 459 458 457 456 | 455 | 454 453 452 451 450 | 449 | 448 447 446 445 | 444 | 443 | 442 441
0.05 | 0.656 | 487 486 485 | 484 | 483 | 482 | 481 | 480 479 478 | 477 | 476 475 474 | 473 ' ' |47 ' ' 471 | 470 |
0.00 | 0000 | 516 515 514 | 513 | 512 511 | 510 509 508 507 | 506 | 505 504 | 503 | 502 | 501 | 500 | 499 | 498 497 | 496 | 495 494 | 493 | 492 | 491 490 | 489 488
o S |ofr[oToeesalsas[ 6 7TowsToTwoos[lms[wlsTwlvlis[wlaolarla]s]2alos]2][2]ox
N £ [o00[o008|015] 020 [030] 040 [ 046 | 053 | 0.60 | 0.69 [ 0.76 [ 0.80 [ 0.01 | 100 | 107 | 114 [ 122 130 | 137 | 145 1.52] 160 | 1.68 | 1.75 | 1.83 | 1.90 | 1.98 | 2.06 | 2.13

X setpoint

Mach = 3.00, o =+5°
100 [ 13.130 | 1342 | 1341 1340 1339 1338
0.90 | 11.810 e 1355 1354 1353 1352 1351 1350 1349 1348 1347 1346 1345 1344 1343
0.80 | 10.500 1368 | 1367 1366 1365 1364 | 1363 1362 1361 1360 | 1359 1358 | 1357 1356
0.70 | 9.188 1385 1384 | 1383 | 1382 1381 1380 1379 1378 1377 | 1376 1375 1374 1373 1372 1371 | 1370 1369
0.60 | 7.875 1404 | 1403 1402 1401 | 1400 1399 1398 1397 1396 1395 1394 1393 1392 1391 1390 1389 1388 1387 1386
0.50 | 6.563 1425 1424 1423 1422 1421 1420 | 1419 1418 1417 1416 1415 1414 1413 | 1412 1411 1410 1409 | 1408 1407 1406 1405
0.40 | 5.250 1449 | 1448 | 1447 1446 1445 1444 | 1443 1442 1441 1440 1439 1438 1437 1436 1435 1434 | 1433 1432 1431 1430 1429 1428 1427 1426
035 | 459 A 1487 | 1486 | 1485 | 1484 | 1483 | 1482 1481 1480 1479 | 1478 1477 1476 | 1475 | 1474 1473 1472 1471 1470 1469 | 1468 1467 1466 1465 1464 | 1463 | 1462 1461
030 | 3.938 | 1516 1515 1514 | 1513 | 1512 1511 | 1510 1509 1508 1507 | 1506 1505 1504 1503 | 1502 | 1501 1500 1499 | 1498 1497 | 1496 | 1495 1494 1493 | 1492 | 1491 1490 | 1489 1488
025 | 3.281 | 1545 1544 1543 1542 | 1541 1540 1539 1538 | 1537 1536 1535 | 1534 1533 1532 | 1531 1530 1529 1528 1527 1526 1525 1524 1523 1522 1521 | 1520 1519 1518 1517
020 | 2.625 | 1574 1573 1572 1571 | 1570 1569 | 1568 1567 1566 1565 1564 1563 1562 1561 | 1560 | 1559 | 1558 | 1557 1556 1555 1554 | 1553 1552 1551 1550 | 1549 1548 | 1547 1546
0.15 [ 1969 | 1603 1602 1601 1600 | 1599 1598 | 1597 1596 1595 1594 1593 1592 1591 1590 | 1589 1588 1587 1586 1585 1584 1583 1582 1581 1580 1579 1578 1577 1576 1575
0.10 | 1313 | 1632 1631 1630 1629 | 1628 1627 | 1626 1625 1624 1623 1622 1621 1620 1619 | 1618 | 1617 1616 1615 1614 1613 1612 1611 1610 1609 1608 1607 1606 1605 1604
0.05 | 0.656 | 1662 1661 1660 | 1659 | 1658 1657 | 1656 1655 1654 1653 | 1652 1651 1650 1649 | 1648 | 1647 | 1646 | 1645 1644 1643 | 1642 | 1641 1640 1639 1638 1637 1636 1635 1634
0.00 | 0.000
w & ol v 2aTeeas] asas[ 6 7 [rsrs[ o [oJuos] 2wl s e[ m[ s o202 222324 2s[26]27]028
N £ [000]008]015| 020 | 030 040 |046] 0.53| 0.60 | 0.69] 0.76 | 0.80 | 0.91 | 1.00 | 107 | 1.14 | 122 | 130 | 1.37] 145 | 152 | 1.60 | 168 | 1.75 | 1.83 | 1.90 | 1.98 | 2.06 | 2.13

X setpoint

57

Run

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23
inches

X/L

Run

60

61

62

63

64

65

66

67

68

69

70

71

72

73
N/A

inches
X/L
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Table X. Continued.

(b) Mach = 3.00, a = 0°, first and second repeat sets

Mach = 3.00, a = 0°, first repeat set

1.00 | 13.130 [ [ | | 10111010 | 1009 | 1008 | 1007
0.90 | 11.810 1024 1023 | 1022 1021 1020 1019 1018 1017 1016 1015 1014 1013 | 1012
0.80 | 10.500 1037 1036 | 1035 1034 1033 1032 1031 1030 1029 1028 1027 1026 1025
0.70 | 9.188 1054 1053 | 1052 1051 | 1050 1049 | 1048 1047 1046 1045 1044 1043 | 1042 1041 1040 1039 | 1038
0.60 | 7.875 1073 | 1072 1071 1070 | 1069 1068 1067 1066 1065 1064 1063 1062 1061 1060 1059 1058 1057 1056 1055
0.50 | 6.563 1094 | 1093 | 1092 | 1091 1090 1089 | 1088 1087 1086 1085 1084 1083 1082 1081 1080 1079 1078 1077 1076 1075 1074
0.40 | 5.250 1118 | 1117 1116 1115 | 1114 1113 1112 1111 1110 | 1109 1108 1107 1106 1105 1104 1103 1102 1101 1100 1099 1098 1097 1096 | 1095
035 | 4.594 1145 1144 1143 1142 | 1141 1140 1139 | 1138 1137 1136 1135 1134 | 1133 1132] 1131 1130 | 1129 1128 1127 | 1126 1125 | 1124 | 1123 1122 1121 1120 | 1119
030 | 3.938 | 1174 1173 1172 1171 | 1170 1169 | 1168 1167 1166 1165 1164 1163 1162 1161 1160 1159 | 1158 1157 | 1156 1155 1154 1153 1152] 1151 1150 1149 1148 1147 | 1146
0.25 | 3281 | 1203 | 1202 1201 1200 1199 1198 1197 1196 1195 | 1194 1193 1192 1191 1190 1189 1188 | 1187 1186 1185 1184 1183 1182 1181 1180 1179 1178 1177 1176 | 1175
020 [ 2625 [ 1232 1231 1230 1220 | 1228 1227 | 1226 1225 1224 | 1223 1222 1221 1220 1219 | 1218 1217 1216 1215 1214 1213 1212 1211 1210 1209 1208 1207 1206 1205 1204
0.15 | 1969 | 1261 | 1260 1259 1258 | 1257 1256 1255 1254 1253 | 1252 1251 1250 1249 | 1248 1247 1246 | 1245 1244 1243 1242 1241 1240 1239 | 1238 | 1237 1236 1235 1234 1233
0.10 | 1313 | 1290 | 1289 1288 | 1287 | 1286 1285 | 1284 1283 1282 | 1281 1280 1279 1278 | 1277 1276 1275 1274 1273 1272 1271 1270 1269 1268 1267 1266 1265 1264 1263 1262
0.05 | 0.656 | 1308 | 1307 1306 1305 | 1304 1303 1302 1301 1300 | 1299 1298 1297 1296 1295 1294 1293 1292 | ‘ 1291 | ‘

0.00 | 0.000 | 1337 1336 1335 1334 | 1333 1332 | 1331 1330 1329 | 1328 1327 1326 1325 1324 1323 1322 1321 1320 1319 1318 1317 1316 1315 1314 1313 1312 1311 1310 1309
- & 0o | 1| 2 265 4 [525] 6 | 7 |7875] o | 10 [105] 12 343 14 | 15] t6 | 17 ] 18] 19] 20 ] 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28
N £ [000[008]015] 020 | 030 040|046 053] 060 | 0.69] 0.76 | 0.80 | 091 | 1.00 | 1.07| 1.14 | 122 | 130 | 137 ] 145 | 152 | 1.60 | 1.68 | 1.75 | 1.83 | 1.90 | 1.98 | 2.06 | 2.13

X setpoint
Mach = 3.00, o =0°, second repeat set

1.00 [ 13.130 [ || 2151 2150 2149 2148 | 2147
0.90 | 11.810 2164 2163 2162 2161 2160 2159 2158 2157 2156 2155 2154 | 2153 | 2152
0.80 | 10.500 2177 2176 | 2175 2174 2173 2172 2171 2170 | 2169 2168 2167 | 2166 | 2165
0.70 | 9.188 2200 2199 | 2198 2197 | 2196 2195 | 2194 2193 2192 2191 2190 2189 2188 2187 2186 2185 2184
0.60 | 7.875 2219 2218 2217 2216 2215 2214 2213 2212 | 2211 2210 2209 2208 2207 2206 2205 2204 2203 2202 | 2201
0.50 | 6.563 2240 | 2239 2238 | 2237 2236 | 2235 2234 | 2233 | 2232 2231|2230 2229 | 2228 | 2227 | 2226 | 2225 | 2224 2223 | 2222 | 2221 2220
0.40 | 5.250 2264 | 2263 2262 2261 | 2260 2259 2258 2257 | 2256 2255 2254 | 2253 2252 | 2251 2250 2249 2248 2247 | 2246 2245 2244 2243 | 2242 | 2241
035 | 4.594 2291 | 2290 | 2289 2288 | 2287 2286 2285 | 2284 2283 | 2282 2281 | 2280 | 2279 | 2278|2277 | 2276 | 2275 | 2274 2273 | 2272 2271 | 2270 | 2269 2268 | 2267 | 2266 | 2265
030 | 3938 | 2320 2319 2318 2317 2316 2315 2314 2313 2312 | 2311 2310 2309 2308 2307 2306 2305 | 2304 2303 2302 2301 2300 2299 2298 | 2297 | 2296 2295 2294 | 2293 | 2292
025 | 3281 | 2349 | 2348 | 2347 2346 | 2345 2344 | 2343 2342 2341 | 2340 2339 2338 2337 2336 | 2335 2334 | 2333 2332 | 2331 2330 2329 2328 | 2327 2326 | 2325 2324 2323 2322 2321
020 | 2.625 | 2378 | 2377 2376 | 2375 | 2374 2373 | 2372 2371 2370 | 2369 2368 2367 2366 2365 2364 2363 | 2362 2361 | 2360 | 2359 2358 2357 | 2356 | 2355 | 2354 2353 2352 | 2351 | 2350
0.15 | 1.969 | 2407 | 2406 2405 2404 | 2403 2402 2401 2400 2399 2398 2397 2396 2395 2394 2303 2392 2391 2390 | 2380 2388 2387 2386 2385 2384 | 2383 2382 2381 | 2380 | 2379
0.10 | 1313 | 2444 2443 2442 2441 2440 2439 2438 2437 2436 2435 2434 2433 2432 2431 2430 2420 2428 2427 2426 2425 2424 2423 2422 2421 2420 2419 2418 2417 2416
005 [ 0656 [ 2462 2461 2460 2459 | 2458 2457 2456 2455 2454 2453 2452 2451 2450 2449 2448 2447 2446 7 2445

0.00 | 0.000 | 2491 | 2490 2480 2488 | 2487 2486 2485 2484 2483 | 2482 2481 2480 2479 | 2478 2477 2476 | 2475 2474 2473 2472 2471 2470 | 2469 | 2468 | 2467 2466 2465 2464 2463
N 0 | 1 | 2 J2625] 4 |525] 6 | 7 |7875] 9 | 10 J105] 12 |13.3] 14 ] 15] 16 | 17| 18] 19] 20| 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28
N 2 [000[008]015] 020 | 030 040 | 046 ] 053 | 0.60 | 0.69 | 0.76 | 0.80 | 0.91 | 1.00 | 1.07 | 1.1 | 122 | 1.30 | 137 ] 145 | 152 | 1.60 | 1.68 | 1.75 | 1.83 | 1.90 | 1.98 | 2.06 | 2.13

X setpoint

58

Run
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
inches
X/L

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111

inches
X/L



R A 1/ 1/ 1 B

e AT )] B

Table X. Continued.
(c) Mach = 2.30 and 4.50, ot = 0°

Mach = 2.30, a = 0°
1.00 | 13.130 2920 2919 | 2918 | 2917 | 2916
0.90 | 11.810 2033 2932 2931 2930 2929 2928 | 2927 2926 2925 2924 2923 2922 2921
0.80 | 10.500 2046 2945 2944 2943 | 2042 2941 | 2940 | 2939 2938 2937 2936 2935 2934
0.70 | 9.188 2063 2962 | 2961 2960 | 2959 2958 2957 2956 2955 2954 2953 | 2052 2051 2950 2049 2048 2947
0.60 | 7.875 2082 2981 | 2980 2979 | 2078 | 2977 2976 2975 2974 2973 | 2972 2971 | 2970 2969 2968 2967 2966 | 2965 2964
0.50 | 6.563 3003 3002 3001 3000 | 2999 2998 | 2997 2996 2995 2994 2993 2992 | 2991 2990 2989 | 2988 2987 2986 2985 2984 2983
0.40 | 5.250 3037 | 3036 | 3035 | 3034 | 3033 3032 3031 3030 3029 | 3028 3027 3026 3025 3024 3023|3022 3021|3020 3019 3018 3017 3016 3015 3014
0.35 | 4.59 3064 3063 3062 3061 3060 3059 3058 3057 3056 3055 3054 3053 3052 3051 3050 3049 3048 3047 3046 3045 3044 3043 3042 3041 3040 3039 3038
0.30 | 3.938 | 3093 | 3092 3091 3090 3089 | 3088 3087 3086 3085 3084 3083 3082 3081 3080 3079 3078 | 3077 3076 3075 3074 3073 3072 3071 3070 3069 3068 3067 3066 3065
025 | 3281 | 3122 3121 3120 3119 | 3118 | 3117 3116 3115 3114 3113 3112 3111 3110 3109 | 3108 3107 3106 3105 3104 3103 3102 3101 3100 3099 3098 3097 3096 3095 3094
020 | 2.625 | 3151 | 3150 3149 3148 | 3147 | 3146 3145 3144 3143 3142 3141 3140 3139 3138 3137 3136 | 3135 3134 3133 3132 3131 3130 3129 3128 3127 3126 3125 3124 3123
0.15 | 1.969 | 3180 | 3179 3178 | 3177 | 3176 | 3175 3174 3173 | 3172 3171 3170 3169 3168 3167 3166 3165 3164 3163 3162 3161 3160 3159 3158 3157 3156 3155 3154 3153 3152
0.10 | 1313 | 3209 | 3208 3207 3206 | 3205 | 3204 3203 | 3202 | 3201 | 3200 3199 3198 3197 3196 | 3195 3194 | 3193 3192 3191 3190 3189 3188 | 3187 3186 3185 3184 3183 3182 3181
0.05 | 0.656 | 3238 | 3237 3236 3235 | 3234 | 3233 3232 3231 3230 3229 3228 3227 3226 3225 | 3224 3223 | 3222 3221 3220 3219 3218 3217 3216 | 3215 3214 3213 3212 3211 3210
0.00 | 0.000 | 3267 | 3266 3265 3264 | 3263 | 3262 | 3261 | 3260 3259 | 3258 3257 3256 3255 3254 | 3253 | 3252 | 3251 3250 3249 3248 3247 3246 3245 3244 3243 3242 3241 3240 3239
o £ ol v T 2Tees] aJsasT 6] 7 [zss] o wolwos[ ool el sTwl[ s w]2o]2ar] 223242522772
N £ [000[008[015] 020 | 030 040 | 046 | 053 | 060 | 069 | 0.76 | 0.80 | 091 | 1.00 | 107 | 1.14 | 122 | 130 | 137 | 145 | 152 ] 1.60 | 168 | 1.75 | 1.83 | 1.90 | 1.98 | 2.06 | 2.13

X setpoint

Mach = 4.50, a=0°
1.00 | 13.130 3329 | 3328 | 3327 | 3326 3325
0.90 | 11.810 3342 3341 | 3340 | 3339 | 3338 | 3337 | 3336 | 3335 3334 3333 | 3332 3331 | 3330
0.80 | 10.500 3355 | 3354 3353 | 3352 3351 | 3350 | 3349 | 3348 3347 | 3346 3345 | 3344 3343
0.70 | 9.188 3372 3371 | 3370 3369 | 3368 3367 | 3366 3365 3364 3363 | 3362 | 3361 3360 3359 3358 | 3357 3356
0.60 | 7.875 3391 | 3390 | 3380 | 3388 | 3387 | 3386 | 3385 3384 3383 | 3382 | 3381 | 3380 | 3379 | 3378 3377 | 3376 | 3375 | 3374 | 3373
0.50 | 6.563 3412 3411 3410 3409 | 3408 | 3407 | 3406 3405 3404 3403 3402 3401 3400 3399 | 3398 | 3397 3396 | 3395 3394 | 3393 3392
0.40 | 5.250 3436 | 3435 | 3434 | 3433 | 3432 3431 3430 | 3420 3428 | 3427 3426 3425 3424 3423 3422 | 3421 3420 | 3419 3418 3417 3416 3415 3414 | 3413
0.35 | 4.59 3463 3462 | 3461 | 3460 | 3459 | 3458 | 3457 3456 3455 3454 | 3453 | 3452 | 3451 3450 3449 3448 3447 3446 | 3445 3444 | 3443 | 3442 3441 | 3440 3439 | 3438 3437
0.30 | 3.938 | 3492 | 3491 3490 3489 | 3488 | 3487 | 3486 | 3485 | 3484 | 3483 3482 3481 3480 3479 | 3478 | 3477 | 3476 3475 3474 3473 | 3472 3471 | 3470 | 3469 3468 3467 3466 | 3465 3464
025 | 3281 | 3734|3733 3732 3731 | 3730 | 3729 | 3728 | 3727 | 3726 | 3725 3724 3723 | 3722 3721 | 3720 | 3719 | 3718 3717 3716 3715 3714 3713 | 3712 | 3711 3710 3709 3708 | 3707 3706
0.20 | 2.625 | 3521 | 3520 3519 3518 | 3517 | 3516 | 3515 3514 3513 3512 3511 3510 3509 3508 3507 3506 | 3505 3504 3503 3502 3501 3500 3499 3498 3497 3496 3495 | 3494 3493
0.15 | 1.969 | 3550 | 3549 3548 | 3547 | 3546 | 3545 3544 3543 | 3542 3541 3540 3539 3538 3537 3536 3535 | 3534 3533 3532 3531 3530 3529 3528 3527 3526 3525 3524 | 3523 3522
0.10 | 1313 | 3579 | 3578 3577 3576 | 3575 | 3574 3573 | 3572 3571 | 3570 3569 3568 | 3567 3566 | 3565 3564 | 3563 3562 3561 3560 3559 3558 3557 | 3556 3555 3554 3553 | 3552 3551
0.05 | 0.656 | 3608 3607 3606 3605 3604 3603 3602 3601 3600 3599 3598 3597 3596 3595 3594 3593 3592 3591 3500 3589 3588 3587 3586 3585 3584 3583 3582 3581 3580
0.00 | 0.000 | 3637 | 3636 3635 3634 | 3633 | 3632 | 3631 3630 3629 3628 3627 3626 3625 3624 | 3623 3622 3621 3620 3619 3618 3617 3616 3615 3614 3613 3612 3611 3610 3609
< & | o[ v [ 2Taeos[ & [sas[ 6 [ 7 [787s] o [ 10 [nos[ 12 [i3a3] 14 [ 15 [ 16 [ 17 [ 18 [ 10 [20 [ 21 [ 22 [ 23 [ 24 [ 25 [ 26 | 27 | 28
N £ [000[008[015] 020 | 030 040 | 046 | 053 | 060 | 069 | 0.76 | 0.80 | 091 | 1.00 | 107 | 1.14 | 1.22 | 130 | 137 ] 145 | 152 ] 1.60 | 168 | 1.75 | 1.83 | 1.90 | 1.98 | 2.06 | 2.13

X setpoint

59

130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
inches
X/L

Run
149
150
151
152
153
154
155
156
157
166
158
159
160
161
162
inches
X/L



B A1/ 1 B

R e A L B

(d) Mach = 3.00, orbiter and booster in back-to-belly configuration; isolated booster rolled -90°

Mach = 3.00, Booster in Back-to-Belly Confi

Table X. Concluded.

guration, Aa = 0°

1.00 | 13.130 ] 3781 | 3780 | 3779 | 3778 | 3777
0.90 | 11.810 3794 | 3793 | 3792 3791 3790 3789 3788 3787 3786 | 3785 3784 3783 | 3782
0.80 | 10.500 3807 | 3806 | 3805 3804 3803 3802 3801 3800 3799 3798 3797 | 3796 3795
0.70 | 9.188 3824 3823 | 3822 3821 | 3820 3819 3818 | 3817 3816 | 3815 3814 3813 3812 3811 3810 3809 3808
0.60 | 7.875 3843 3842 | 3841 3840 | 3839 3838 3837 3836 3835 3834 3833 3832 3831 | 3830 3829 3828 3827 | 3826 | 3825
0.50 | 6.563 3864 | 3863 3862 3861 3860 3859 | 3858 3857 | 3856 3855 3854 3853 | 3852 3851 3850 | 3849 3848 | 3847 3846 3845 3844
040 | 5.250 3895 3804 3893 3892 3891 3890 3880 3888 3887 | 3886 3885 3884 3883 3882 3881 3880 3879 3878 3877 3876 | 3875 3874 3873 | 3872
035 | 4.594 3922 3921 3920 3919 3918 3917 3916 3915 3914 3913 | 3912 3911 | 3910 3909 | 3908 3907 | 3906 3905 3904 3903 3902 | 3901 3900 3899 3898 3897 3896
030 | 3.938 | 3951 | 3950 3949 | 3948 | 3947 3946 | 3945 3944 3943 3942 3941 3940 3939 3938 3937 3936 3935 3934 3933 3932 3931 3930 3929 | 3928 3927 | 3926 3925 | 3924 3923
025 | 3281 | 3980 | 3979 3978 | 3977 | 3976 | 3975 3974 | 3973 | 3972 3971 3970 3969 3968 3967 | 3966 3965 3964 3963 3962 3961 3960 3959 3958 3957 3956 | 3955 3954 3953 | 3952
0.20 | 2.625 | 4009 | 4008 4007 | 4006 | 4005 4004 4003 4002 4001 4000 3999 3998 3997 3996 | 3995 3994 3993 3992 | 3991 3990 3989 3988 3987 | 3986 3985 | 3984 3983 3982 | 3981
0.15 | 1.969 | 4038 | 4037 4036 | 4035 | 4034 4033 4032 | 4031 4030 4029 4028 4027 4026 4025 | 4024 4023 4022 4021 4020 4019 4018 4017 4016 | 4015 4014 4013 4012 4011 4010
0.10 | 1.313 | 4067 | 4066 4065 4064 | 4063 4062 4061 | 4060 4059 4058 4057 4056 4055 4054 4053 4052 | 4051 4050 4049 4048 4047 | 4046 4045 4044 4043 | 4042 4041 | 4040 | 4039
0.05 | 0.656 | 4085 | 4084 4083 | 4082 | 4081 4080 4079 4078 4077 4076 4075 4074 4073 4072 | 4071 4070 ‘ 4069 | 4068 '

0.00 | 0.000 | 4114 | 4113 4112 4111 | 4110 4109 | 4108 | 4107 4106 4105 4104 4103 4102 4101 4100 4099 4098 4097 4096 4095 4094 | 4093 4092 4091 4090 | 4089 4088 | 4087 | 4086
o < 0 | 1 | 2 J2625] 4 [525] 6] 7 |7875] o | 10 J1os] 12 |1313] 14| 15| 16 ] 17] 18] 19] 20 21 | 22] 23] 24| 25 | 26 | 27 | 28
N £ [000]008]015] 020 |030] 040 | 046 0.53 | 0.60 | 0.69| 0.76 | 0.80 | 0.91 | 1.00 | 1.07| 114 | 122 | 130 | 137 | 145 152 | 1.60 | 1.68 | 1.75 | 1.83 | 1.90 | 1.98 | 2.06 | 2.13

X setpoint
Mach = 3.00, Isolated Booster Rolled -90 Degrees, a = 0°

1.00 | 13.130 } [ [ 4616 4615 4614 4613 | 4612
0.90 | 11.810 ] 4629 4628 4627 4626 4625 4624 4623 4622 4621 4620 4619 4618 4617
0.80 | 10.500 1 4642 4641 | 4640 4639 | 4638 | 4637 4636 | 4635 4634 | 4633 4632 | 4631 | 4630
0.70 | 9.188 4659 4658 | 4657 4656 | 4655 4654 | 4653 4652 4651 | 4650 4649 | 4648 4647 | 4646 4645 | 4644 | 4643
0.60 | 7.875 4678 4677 4676 4675 | 4674 4673 | 4672 4671 | 4670 4669 4668 4667 4666 4665 4664 4663 4662 4661 | 4660
0.50 | 6563 | 4699 4698 4697 4696 4695 4694 | 4693 4692 4691 4690 4689 4688 4687 4686 4685 4684 4683 4682 4681 4680 4679
040 | 5.250 4723 4722 4721 4720 4719 4718 4717 4716 4715 | 4714 4713 | 4712 4711 4710 4700 4708 | 4707 4706 | 4705 4704 4703 4702 | 4701 | 4700
035 | 4.594 4750 | 4749 | 4748 | 4747 | 4746 | 4745 | 4744 | 4743 4742 4741 4740 4739 | 4738 4737 | 4736 | 4735 | 4734 4733 | 4732 | 4731 4730 | 4720 4728 | 4727 4726 | 4725 | 4724
030 | 3.938 | 4779 | 4778 4777| 4776 | 4775 | 4774 | 4773 | 4772 | 4771 | 4770 4769 | 4768 | 4767 4766 | 4765 | 4764 | 4763 | 4762 | 4761 4760 | 4759 | 4758 4757 | 4756 4755 | 4754 4753 | 4752 | 4751
025 | 3281 | 4808 | 4807 4806 | 4805 | 4804 4803 4802 4801 4800 4799 4798 4797 | 4796 4795 4794 4793 4792 4791 | 4790 4789 | 4788 | 4787 4786 | 4785 4784 4783 4782 | 4781 4780
020 [ 2625 | 4837 4836 4835 | 4834 4833 4832 4831 4830 4820 4828 4827 4826 4825 4824 4823 4822 4821 4820 4819 4818 4817 4816 4815 4814 4813 4812 4811 4810 4809
0.15 | 1969 | 4866 4865 4864 4863 | 4862 4861 4860 4859 4858 4857 4856 4855 4854 4853 4852 4851 4850 4840 4848 4847 4846 4845 4844 4843 4842 4841 4840 4839 4838
0.10 | 1313 | 4805 | 4894 4893 | 4892 | 4801 4890 4889 | 4888 | 4887 4886 4885 4884 4883 4882 | 4881 4880 4879 4878 | 4877 4876 4875 4874 4873 | 4872 4871 | 4870 4869 4868 | 4867
0.05 | 0.656 | 4913 | 4912 4911 4910 | 4909 4908 | 4907 | 4906 4905 4904 4903 4902 4901 4900 4899 ' ’ | 4898 ’ ‘ 4897 | ‘ 4896 | '

0.00 | 0.000 | 4942 | 4941 4940 4930 | 4938 4937 4936 4935 4934 4933 4932 4931 4930 4929 | 4928 4927 4926 4925 4924 4923 4922 | 4921 4920 | 4919 4918 | 4917 4916 4915 4914
E 0 | 1 | 2 J2625] 4 [525] 6 ] 7 |7875] o | 10 J105] 12 |1313] 14 | 15| t6 | 17 ] 18] 19] 20 | 21 | 22| 23] 24 | 25 | 26 | 27 | 28
N £ [000]008]015] 020 | 030] 0.40 | 0.46 | 0.53 | 0.60 | 0.69 | 0.76 | 0.80 | 0.91 | 1.00 | 1.07| 114 | 122 | 130 | 137 | 145 152 | 1.60 | 1.68 | 1.75 | 1.83 | 1.90 | 1.98 | 2.06 | 2.13

X setpoint

60

Run
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183

inches
X/L

Run
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
inches
X/L



Figure 1. Langley Glide-Back Booster (LGBB) concept in a belly-to-belly configuration.
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Booster model

Orbiter model

(¢) Xsewp/L = 0.4, Zserpi/L = 0.25, Acx = 5° (d) Xsepi/L = 0.8, Zsei/L = 0.36, Axx = 10°

Figure 2. Schlieren images from NASA MSFC ARF TWT testing of 0.01-scale LGBB models at Mach = 2.99 [18].

62



Zsetp

p .

14

12

10

Zerpp UN-

13.130

A O A O
? PO 00000 9 010500

P 0
Ld b d b hdd b bgg

(@
O—

80op [o] g

B‘oos‘ter

E

q%%O

Orbiter

\

-8
10 -8 -6 -4

8 10 12 14 16 18 20 22 24 26 28

Xserpp 1.

(a) Belly-to-belly configuration, Aa = 0°

Figure 3. Test grid matrices for the LGBB orbiter and booster models in UPWT Tests 1741 and 1745.
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(a) Overall view of orbiter and booster model installation

Figure 4. Uninstrumented 0.0175-scale LGBB orbiter and booster models installed in UPWT Test Section 2 during Test 1739.
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(b) Close-up view of orbiter and booster models

Figure 4. Continued.
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(c) Front view of orbiter and booster models

Figure 4. Continued.
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(d) Head-on view of orbiter and booster models

Figure 4. Continued.
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(e) Rear view of orbiter and booster models

Figure 4. Continued.
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() Three-quarter rear view of orbiter and booster models

Figure 4. Concluded.
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Figure 5. Virtual diagnostics [23] rendering of orbiter and booster models at Mach = 3.0 (Test grid is shown in the background.).
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Figure 6. Sketch of LGBB model with reference dimensions (All dimensions in illustration are in inches.).
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(a) Overall view of orbiter and booster model installation

Figure 7. Instrumented 0.0175-scale LGBB orbiter and booster models installed in UPWT Test Section 2 during Tests 1741 and 1745.
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(b) Multiple exposure photographs of booster model moving away from orbiter model

Figure 7. Continued.
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(c) Multiple exposure photographs of booster model moving away from orbiter model (alternate view)

Figure 7. Continued.
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(d) Close-up view of orbiter and booster models

Figure 7. Continued.
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(e) Front view of orbiter and booster models

Figure 7. Continued.
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(f) Front view of booster model moving away from orbiter model

Figure 7. Concluded.

79



Orifice MS BL
Number (in.) (in.)
101 0.300 0.000
102 2.157 0.000
103 4.014 0.000
104 5.871 0.000
105 7.729 0.000
106 9.586 0.000
107 11.443 0.000 MS 13.125
108 13.300 0.000 |
201 10.717 1.632
202 11.293 1.632 |
203 11.869 1.632
204 12.444 1.632 |
301 11.293 -1.632 301 |
— 4 —o—— — —+—+4——BL-1.632
MS 0.000
[
103 104 105 106 107 108
- - - - - - - - - BL 0.000
|
|
201 202 203 204
—\¢ —0— & —ot — — 1 — BL 1.632
MS 13.617

Figure 8. Sketch of 0.0175-scale LGBB orbiter model surface static pressure orifice locations; model shown in inverted position.

(All dimensions are in inches.)
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]

Figure 9. Boundary layer transition grit patterns on the 0.0175-scale LGBB models during UPWT Tests 1741 and 1745.

(Orbiter model does not include vertical tail.)
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Figure 10. lllustration of overall test setup showing major support system components in the NASA LaRC UPWT Test Section 2.
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Figure 11. Test grid matrix superimposed on overall test setup for UPWT Test 1739, 1741, and 1745.
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Booster model

Orbiter model

Figure 12. Definition of test parameters Xsept, Zseipt, A and orbiter and booster model aerodynamic coefficients.

&4



MS MS
5.2880 6.4380

Jw:\jjyiiiioﬁ
[uT-55 '

MRC, M.S. 8.925

otz —7 ™
= — =3 0.0000

iiiiiiiiii %

| |
~—1.4000—~—

Figure 13. Installation of UT-39A4 and UT-55 balances in orbiter and booster models with balance moment center (BMC)
and moment reference center (MRC) locations and transfer distances.
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Figure 14. Comparison of LGBB booster longitudinal aerodynamic coefficients obtained in the NASA
LaRC UPWT (Mach = 3.00) and NASA MSFC ARF TWT (Mach = 2.99).
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Figure 15. Comparison of experimental and CFD proximity aerodynamic coefficients for the
LGBB booster and orbiter models at Mach = 3.0 [20].
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Figure 17. 3-D scatter plots of the orbiter proximity aerodynamic coefficients at Mach
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(b) Orbiter normal force coefficient (view from upper right quadrant of XseprZsep: experimental space).

Figure 17. Continued.
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(c) Orbiter axial force coefficient (view from lower right quadrant of XseiprZseii experimental space)

Figure 17. Continued.
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(d) Orbiter axial force coefficient (view from upper right quadrant of XseprZsen: €xperimental space)

Figure 17. Continued.
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(e) Orbiter pitching moment coefficient (view from lower right quadrant of XseprZsep: €xperimental space)

Figure 17. Continued.
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(f) Orbiter pitching moment coefficient (view from upper right quadrant of XseyprZsep: €xperimental space)

Figure 17. Concluded.
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(a) Booster normal force coefficient (view from lower right quadrant of Xsempr-Zsei: €xperimental space)

2.3, Ada = 0°.

Figure 18. 3-D scatter plots of the booster proximity aerodynamic coefficients at Mach
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(b) Booster normal force coefficient (view from upper right quadrant of XseiprZseyr experimental space

96



0.084+

0.0821

A\

°\

.xsetpt, n.

—10.08

+0.078

0.076

(c) Booster axial force coefficient (view from lower right quadrant of XseprZsen: €xperimental space)

Figure 18. Continued.
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(d) Booster axial force coefficient (view from upper right quadrant of Xsep-Zsen: €xperimental space)

Figure 18. Continued.

98



-
0.008; 0.008

0.0061 0.006

0.0041 0.004

0.0021 L0.002

Cmbooster 0+

-0.0021 ~.0.002

Rl -0.004

-0.0061 r-0.006

-0008‘ ‘-0008

-0.011 r-0.01

Zsetpt, ll’l

(e) Booster pitching moment coefficient (view from lower right quadrant of Xsew-Zse: experimental space)

Figure 18. Continued.
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(f) Booster pitching moment coefficient (view from upper right quadrant of Xseipr-Zser: experimental space)

Figure 18. Concluded.
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(a) Orbiter normal force coefficient (view from lower right quadrant of Xseipr-Zser experimental space)

3.0, Ada = 0°.

Figure 19. 3-D scatter plots of the orbiter proximity aerodynamic coefficients at Mach
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(b) Orbiter normal force coefficient (view from upper right quadrant of XseiprZsey: experimental space)

Figure 19. Continued.
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(¢) Orbiter axial force coefficient (view from lower right quadrant of XseiprZsei: experimental space)

Figure 19. Continued.
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(d) Orbiter axial force coefficient (view from upper right quadrant of XseprZseip: experimental space)

Figure 19. Continued.

104



Conorpiter SRRt cectre V0. 0o, -0.004

-0.01 3 . ee e
// / ! : . : -0.006
-0.012 : -
/ / / 10.008
[ N L

el

0.016t7—
(N

Zsetpt, ll’l
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Figure 19. Continued.
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(f) Orbiter pitching moment coefficient (view from upper right quadrant of XseyprZsep: €xperimental space)

Figure 19. Concluded.
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(a) Booster normal force coefficient (view from lower right quadrant of XseprZsen: €xperimental space)

Figure 20. 3-D scatterplots of the booster proximity aerodynamic coefficients at Mach = 3.0, A = 0°.
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(b) Booster normal force coefficient (view from upper right quadrant of Xsemprzsent €xperimental space)

Figure 20. Continued.
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(c) Booster axial force coefficient (view from lower right quadrant of XseprZsen: €xperimental space)

Figure 20. Continued.
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(d) Booster axial force coefficient (view from upper right quadrant of Xsep-Zsen: €xperimental space)

Figure 20. Continued.
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(e) Booster pitching moment coefficient (view from lower right quadrant of Xsew-Zse: experimental space)

Figure 20. Continued.
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(f) Booster pitching moment coefficient (view from upper right quadrant of Xseipr-Zser: experimental space)

Figure 20. Concluded.
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(a) Orbiter normal force coefficient (view from lower right quadrant of Xsewi-Zser €xperimental space)

Figure 21. 3-D scatter plots of the orbiter proximity aerodynamic coefficients at Mach = 4.5, Aot = 0°.
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(b) Orbiter normal force coefficient (view from upper right quadrant of Xseipr-Zser: experimental space)

Figure 21. Continued.
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(¢) Orbiter axial force coefficient (view from lower right quadrant of XseiprZsei: experimental space)

Figure 21. Continued.
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(f) Orbiter pitching moment coefficient (view from upper right quadrant of XseyprZsep: €xperimental space)

Figure 21. Concluded.
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(a) Booster normal force coefficient (view from lower right quadrant of XseprZsen: €xperimental space)
Figure 22. 3-D scatter plots of the booster proximity aerodynamic coefficients at Mach
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(b) Booster normal force coefficient (view from upper right quadrant of Xsemprzsen €xperimental space)

Figure 22. Continued.
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(c) Booster axial force coefficient (view from lower right quadrant of XseprZsen: €xperimental space)

Figure 22. Continued.
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(d) Booster axial force coefficient (view from upper right quadrant of Xsepi-Zsen: €xperimental space)

Figure 22. Continued.
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(e) Booster pitching moment coefficient (view from lower right quadrant of Xseipi-Zse: experimental space)

Figure 22. Continued.
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(f) Booster pitching moment coefficient (view from upper right quadrant of Xseipr-Zser: experimental space)

Figure 22. Concluded.
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(a) Orbiter normal force coefficient

Figure 23. Contour plots of the orbiter proximity aerodynamic coefficients at Mach = 2.3, Aa = 0°.
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(b) Orbiter axial force coefficient

Figure 23. Continued.
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(c) Orbiter pitching moment coefficient

Figure 23. Concluded.
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(a) Booster normal force coefficient

Figure 24. Contour plots of the booster proximity aerodynamic coefficients at Mach = 2.3, Aa = 0°.
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(b) Booster axial force coefficient

Figure 24. Continued.
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(c) Booster pitching moment coefficient

Figure 24. Concluded.
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(a) Orbiter normal force coefficient

Figure 25. Contour plots of the orbiter proximity aerodynamic coefficients at Mach = 3.0, Aa = 0°.

131

Chw,

mm <= 0.000

rbiter

mm <= 0.010
<=10.020
<=0.030
<=0.040

mm <= 0.050

mm > 0.050



Zselpt, in.

-

o

10

12 14 16 18 20 22 24

xSetpt, n.

26

28

ol

(b) Orbiter axial force coefficient

Figure 25. Continued.
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(c) Orbiter pitching moment coefficient

Figure 25. Concluded.
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(a) Booster normal force coefficient

Figure 26. Contour plots of the booster proximity aerodynamic coefficients at Mach = 3.0, Aa = 0°.
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Figure 27. Contour plots of the orbiter proximity aerodynamic coefficients at Mach = 4.5, Aa = 0°.
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Figure 28. Contour plots of the booster proximity aerodynamic coefficients at Mach = 4.5, Aa = 0°.
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Figure 29. Contour plots of the orbiter proximity aerodynamic coefficients at Mach = 3.0, Aa = 0° and 5°.
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(a) Booster incremental normal force coefficient, Aa = 0°

Contour plots of the booster aerodynamic interference increments at Mach = 3.0, Aa = 0° and 5°.
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Figure 33. Influence of the booster on the orbiter aerodynamic characteristics at Mach = 3.0 and Aa = 0° and 5°.
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Figure 40. Data repeatability of the isolated orbiter at Mach = 4.5, booster at Xsep: = 24 to 28 inches.
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(b) Orbiter axial force coefficient

Figure 40. Continued.
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Figure 40. Concluded.
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Figure 41. Data repeatability of the isolated booster at Mach = 3.0; repeat runs at fixed Zsetpt.
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Figure 42. Data repeatability of the isolated booster at Mach = 3.0 across the range of Zsetpt.
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Figure 43. Data repeatability of the isolated booster at Mach = 3.0 and selected zsetpt locations.
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(a) Orbiter normal force coefficient, part 1

Figure 44. Orbiter proximity aerodynamic characteristics at Mach = 2.3 and Aa = 0°.
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Figure 45. Booster proximity aerodynamic characteristics at Mach = 2.3 and Aa = 0°.
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Figure 46. Orbiter proximity aerodynamic characteristics at Mach = 3.0 and Aot = 0°.
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Figure 46. Continued.

216



Ca

.062

061

.060

.059

orbiter

.058

.057

056

.055

Run  Zgepp in.
- ® 20 4595
- 1 19 5250
- © 18 6563 || | | E---- G-
- A 17 7874
N DN 16 9188
_ B 15 10.500 UT-39A balance accuracy
- A 14 11811
B (O 13 13.130
S R e N N L
B I | I I L1 I I I
0 10 12 14 16 18 20 22 24 26 28
Xsetpp in.

(d) Orbiter axial force coefficient, part 2

Figure 46. Continued.
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(a) Booster normal force coefficient, part 1

Figure 47. Booster proximity aerodynamic characteristics at Mach = 3.0 and Ao = 0°.
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223



Run  zgepyp in.
® 36  0.000
020 1 35 0656
- ®© 34 1315
- A 33 1969
015 + DN 32 262
- ﬁ)\ D 31 3281
B A 21 3.938
010 : (: @ 20 4595
005 - [ : {1\— £>\ /l 5‘A /t§ - Fol
. __t} \X - /V\O
Mpooster [3 } <
0 — 2 —
. - .
005 < = £ 2O
. 0] NO— ’ ~—Vv
—.010[: UT-55 balance accuracy fpe==== 31’1:-_-.-_--
'.0157\\ I I [ [ I L1 | [ [ L1 [ I
0 2 4 6 8 10 12 14 16 18 20 24 26 28
Xsetpo in.

(e) Booster pitching moment coefficient, part 1

Figure 47. Continued.

224



.020

015

.010

.005

Mpooster

-.005

-.010

-.015

Run Zsetpy in.

® 20 4595

] 19 5.250
N © 18 6563
- A 17 7874
- DN 16 9.188
- D 15 10500
- A 14 11811
- (O 13 13.130
B ,\\ m /A
- )/O \
i - —{1
: A ))O:E{E, 0. -,
- -~
- T ¢ g B
- 0“0@: C L
B UT-55 balance accuracy %ﬁ
0 4 8 10 12 14 16 18 20 22 24 26

Xsetpp M-

(f) Booster pitching moment coefficient, part 2

Figure 47. Concluded.

225



.08

.06

.04

.02
Cy

orbiter

0

-.02

-.04

-.06

Run  Zgepp in.

® 9 0.000
i ] 98 0.656
- © 97 1314
i A 96 1969
- DN 95 2626
- D 94 3282
A 93 3938
- @ 92 459
A <>\<>\
e T Lo
- UT-39A balance accuracy | | ]
7\\\\\\ \\\\\\\\\\\\'\\\'\\\\\\T\\\
2 4 12 14 16 20 22 24 26 28
Xsetpo in.

(a) Orbiter normal force coefficient, part 1

Figure 48. Orbiter proximity aerodynamic characteristics at Mach = 4.5 and Aot = 0°.
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231



.08

.06

.04

.02

N booster

0

-.02

-.04

-.06

Xgetpp .
(a) Booster normal force coefficient, part 1

Figure 49. Booster proximity aerodynamic characteristics at Mach = 4.5 and Aa = 0°.
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(a) Orbiter normal force coefficient, part 1

Figure 50. Orbiter proximity aerodynamic characteristics at Mach = 2.3 and Aa = 5°.
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(b) Orbiter normal force coefficient, part 2

Figure 50. Continued.
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Figure 51. Orbiter proximity aerodynamic characteristics at Mach = 3.0 and Aa = 5°.
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Figure 52. Orbiter proximity aerodynamic characteristics at Mach = 4.5 and Aa = 5°.
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(a) Booster normal force coefficient, part 1

Figure 53. Booster proximity aerodynamic characteristics at Mach = 2.3 and Ao = 5°.

256



24

22

20

18 -

N booster

16 -

14

12

.10

Run  zgopyp in.

O] 78 4.591
] 77 5.248
X 76 6.560

75 7.875 I
B 74 9.187 UT-55 balance accuracy _-_-_-_-_-_-_-_-_-_-_'
D 73 10497 5

f“: | | {\ A &,t r:'\
A '_'l ! P 'j M --\A.—r}‘
\ N / ;3

10 12 14 16 18
Xsetpp in.
(b) Booster normal force coefficient, part 2

Figure 53. Continued.

257



Run  Zgopyp in.
® 84  0.656
83 1.314
.082 82  1.968 ]
B 81  2.626
- DN 80 3281
080 = D 79 3938 [
i f‘ : P \ A 78 4591
078 I : A <
AL /Atx LR By 5 4 '
076 - : :
Abooster . : . \? /
0740 A - = . 12 BRAN A )
i O« 1 KA
072
N |
070 UT-55 balance accuracy -::::_-:__::_
- T
.068 7\ | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Xsetpp in.

(c) Booster axial force coefficient, part 1

Figure 53. Continued.

258



.082

.080

078

076

Abooster

074 |-

072

.070

.068

Run  Zgepp in.

78 4.591
77 5.248
76 6.560
75 7.875
74 9.187

UT-55 balance accuracy

(d) Booster axial force coefficient, part 2

Figure 53. Continued.



-.005

-.010

-015 ,

Run  zgppyp in.

® 84 0.656 —
B 83 1.314
- /( \ 82  1.968
81  2.626 ]
- =~ DN 80 3281
- C - D 79 3938
@A 78 4591 L
o ‘c:\n
SA . i
-
_: . \ ’B/FL/B/
\A7m g > =
- \,\/ UT-55 balance accurac ——— \L- ——
y e e
- T
0 4 8 10 12 14 16 18 20 22 24 26

Xserpp M.
(e) Booster pitching moment coefficient, part 1

Figure 53. Continued.

260



Run  Zgepy in.
0 ® 78 4591
- 77 5.248
- 76 6.560
-.005 75 7.875
- DN 74 9187
-.010 |
B N~
) ~1 VAN

oD

-.015 O E S
Cmbooster { % - <
-.020 > \ i

-.025

-.030 UT-55 balance accuracy e *.—.—.—.—

‘.035 I — I — I I — I — I — I I I — I — I I I — I —
14 16 18 20 22 24 26 28

Xsetpp .

)
e
N
(@)
oo
>
ro

(f) Booster pitching moment coefficient, part 2

Figure 53. Concluded.

261



Run  Zgepp in.
® 53 0655
22 a 52 1.313 -
i X 51 1.968
- 50  2.624
20 —~Q DN 49 3277 [
- - D 45  3.940
18 ! Q @A 4 4595 | |
(O 43 5.248
G
Npoost . : K[B(C UT-55 balance accuracy | | |
ooster )>Rv-<> ______ /F----
14 (,>\< o : _\C A |
VOGS NN K o
12 DY-=EAS ' : SRR
R PR
.10 i - : A /’ ' V
| ol BN
.08 | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0 2 4 6 I@ 10 12 14 16 18 20 22 24 26 28

Xsetpp 1N

(a) Booster normal force coefficient, part 1

Figure 54. Booster proximity aerodynamic characteristics at Mach = 3.0 and Aa = 5°.
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Figure 54. Continued.
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Figure 55. Booster proximity aerodynamic characteristics at Mach = 4.5 and Ao = 5°.
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Figure 56. Orbiter proximity and isolated aerodynamic characteristics at Mach = 2.3 and Ao = 0°.
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Figure 56. Continued.
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Figure 56. Continued.
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Figure 56. Continued.
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Figure 57. Booster proximity and isolated aerodynamic characteristics at Mach = 2.3 and Aot = 0°.
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Figure 57. Continued.
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Figure 57. Concluded.
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Figure 58. Orbiter proximity and isolated aerodynamic characteristics at Mach = 3.0 and Aa = 0°.
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Figure 59. Booster proximity and isolated aerodynamic characteristics at Mach = 3.0 and Aot = 0°.
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Figure 62. Orbiter proximity aerodynamic characteristics at Aa = 0° and 5°; Mach = 3.0.
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Figure 64. Orbiter proximity aerodynamic characteristics at Mach = 2.3, 3.0, and 4.5; Ao = 0°.
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Figure 66. Orbiter proximity aerodynamic characteristics in belly-to-belly and back-to-belly
configurations at Mach = 3.0 and Aa = 0°.
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Figure 67. Booster proximity aerodynamic characteristics in belly-to-belly and back-to-belly
configurations at Mach = 3.0 and Aa = 0°.
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Figure 67. Continued.
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(0) zsepr = 13.130 in.
Figure 67. Concluded.

® Belly-to-Belly

[ O] Back-to-Belly

L I I

E UT-55 balance accuracy '-::::'JT::::'
0 6 8§ 10 12 14 16 18 20 22 24 26 28
E v

r UT-55 balance accuracy [~ "7[""°~

u i

C )/o—()
c m Iny|
- PN
0 6 8§ 10 12 14 16 18 20 22 24 26 28
g UT-55 balance accuracy — ==== %: ===

; Be
0 6 8§ 10 12 14 16 18 20 22 24 26 28



4 Mach

® 230

3
- O 450
2+
1*&
sz \k
0 —_— -/ \—
- < 24 <
-1 b
2 F
‘.3%1\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
0 1 2 12 13

Model Station (MS), in.

Figure 68. Isolated orbiter fuselage centerline lower surface static pressure distributions at Mach = 2.3, 3.0, and 4.5.
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Figure 69. Orbiter proximity surface static pressure distributions on fuselage centerline lower surface at Mach = 2.3 and Aa = 0°.
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Figure 70. Orbiter proximity surface static pressure distributions on fuselage centerline lower surface at Mach = 3.0 and Aa = 0°.
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Figure 74. Orbiter individual surface static pressure coefficients on fuselage lower surface
centerline at Mach = 3.0 and Aa = 0°.
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Figure 75. Orbiter individual surface static pressure coefficients on wing lower
surfaces at Mach = 3.0 and Ac = 0°.
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(a) fuselage centerline orifices 101, 102, and 103

Figure 76. Orbiter individual surface static pressure coefficients on fuselage lower surface

centerline at Mach = 4.5 and Ao = 0°.
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Figure 76. Continued.
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(c) fuselage centerline orifices 107 and 108
Figure 76. Concluded.
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Figure 77. Orbiter individual surface static pressure coefficients on wing lower
surfaces at Mach = 4.5 and Aa = 0°.
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Figure 78. Continued.
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Figure 78. Continued.
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Figure 78. Continued.
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Figure 78. Continued.
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Figure 78. Continued.
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Figure 78. Continued.
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Figure 79. Continued.
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Figure 79. Continued.
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(d) Zsetpt = 0.656 in., Xsetpt = 6, 8,and 10 in.
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Figure 79. Continued.
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Figure 79. Continued.
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Figure 79. Continued.
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Appendix A

DETAILED DRAWINGS OF THE 0.0175-SCALE LGBB WIND TUNNEL MODELS

Detailed drawings of the 0.0175-scale LGBB wind tunnel models are provided on the following pages.
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(a) Overall assembly drawing of LGBB model with canards, vertical tail, and six-component strain-gauge balance installation

Figure A-1. Detailed drawings of the 0.0175-scale LGBB booster wind tunnel model.
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Figure A-1. Continued.
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(c) Wing-body assembly

Figure A-1. Continued.
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(d) Vertical tail assembly

Figure A-1. Continued.
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OECTHALS, ANGULAR HARPTON. VIRGINIA 2358 1-0001
s ey TASK 09RBO -
0o wor scue pwng | APPROVALS | DATE GLIDEBACK BOOSTER MODEL
TR TN PR
- v CANARD COVER
32
1SO VIEW FOR REF. = TEITS -
A fevisiol 1 =L [ 11620 $tin orwewise [TSTOTDTVSE T TeReE Ton ‘m W
SCALE 2/1 G Y o L R R T R gy 6 25305 1162078 | A
SHEET A001TIoNAL aPpRovALs | oate | to. | BTY JER AprLIcATION 5 575 YA P o T

(h) Canard cover

Figure A-1. Continued.
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NOTES

B

2)

3)
4)

5)
6]

7

INTERPRET THIS DRAWING PER
DOD-D-1000 AND DOD-STD-100

INTERPRET DIMENSIONS AND TOLERANCES
PER ANS| YI14.5M-1982

REMOVE ALL BURRS AND SHARP EDGES.

SURFACE ROUGHNESS OF 32 MICROINCHES
UNLESS OTHERWISE SPECIFIED

NO F10S REQUIRED.

NO CHANGES OR DEVIATIONS FROM TH\S
DRAWING SHALL BE MADE WITHOUT TH
PRIOR APPROVAL OF THE LaRC
TECHNICAL PROJECT ENGINEER

BALANCE BORE D\AMETER (D. 7500 NOMINAL) 1S
TO HAVE NO MORE THAN .0002" TAPER THROUGH
THE EXPANDER CONTACT LENGTH OF THE BORE.

OUT OF ROUNDNESS IS NOT TO EXCEED .0002".

¢ \25 NOM INAL FOR DOWEL

NOSE

(\\62075)

+.0005
@ . 15007 0000

SEE NOTE 7

SECTION B-B

WITH NOSE (1162075) ‘ -1 WING BODY ‘ 15-5ph SST HT 1025 ‘
e loace cong| "o | TRERCC AT [ VATERTAL / SPECIFICATION F
PARTS L1ST
UNLESS OTHERWISE SPECIFIED [COTTTACT TO- NATIONAL AERONAUTICS 8 SPACE ADMINISTRATION
-1 _WING BODY ol 085 S A1 ks NAS1-96014 DARBLECS o SERRCE CBTER &
o KTl e Tk oohde | HRFTON. VISR IA 23681 G001
Ko hos
30 o seate omnng | APPROVALS | DATE GLIDEBACK BOOSTER MODEL
Tty T PR VA,
Ry
[T 7603 | 5 v fresTETIST e oo
ISO VIEW FOR REF. FEVIS My sraryd oy LI RExT ASST | 500 00 feesg——erae eacor D | 29305 ‘ 1162079
SCALE /1 OF SHEETS| LOCKHEED MARTIN DASH | g1y regD TE
SHEET ADDITIONAL APPROVALS | oATE | o | 8Hf S5 ApLICAT 04 5 575 EARFYEN| e or

[ REVISIONS
[zoNE[LTRT DESCRIPTION [ DATE [APPROVED
8.717
T
I
I
I
1
i
CONTOUR PER FILE
°
2><ng 425, NOMINAL FOR DOWEL
— 1,000 —f Upben W\NG oDy 2988
(1162080
.538
3.261
gzs 1875 NOMINAL HOLE
TO BORE - SIZE TO FIT
BALANCE B 1N
A
595
5.125 1190
@ .25 HOLE INTO BORE ° 6223
FOR BALANCE EXPANDER ACCESS 250
4X $256UNC THREAD o
.250 TO M
I.250 UPPER W\NG BODY (1162080 ° C <)T
R.030
M.S.
| 13.125
! (REF. )
R.500 1
T

+.0000
@1 0999 " 5002
TO BE CLOSE SLIP FIT

5 } 4

3 l 2

(i) Wing-body

Figure A-1. Continued.
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REVISIONS
[zoNE[LTRT DESCRIPTION [ DATE [APPROVED

SECTION A-A

R.720

6X #0-80UNF THREAD THRU
TO MATCH ELEVON BRACKETS
(1162083).

1.750

4XR. 188

(%.7500)

o e —
‘ |
5.39° r —fL — ‘/ ¥ 250
1 f— 625+
— fe—— 1.250 —=|
———
D
D |
| R.469" 000
2.812 !
| SECTION D-D
|
§ SYMETRY
view C-C
‘xb[ s " 1162079 1°
| [T e T
8 7 6 5 ! 4 3 2 l \

(j) Wing-body

Figure A-1. Continued.
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| Foas = 1162080[1]D]

NOTES

1) INTERPRET THIS DRAWING PER
DOD-D-1000 AND DOD-STD-100

2

INTERPRET DIMENSIONS AND TOLERANCES
PER ANSI YI4.5M-1982

REMOVE ALL BURRS AND SHARP EDGES.

SURFACE ROUGHNESS OF 32 MICROINCHES
UNLESS OTHERWISE SPECIFIED

NO F10S REQUIRED.
NO CHANGES OR DEVIATIONS FROM THIS

DRAWING SHALL BE MADE WITHOUT THE
PRIOR APPROVAL OF T

3)
0

5)
6)

L OF THE LaRC
TECHNICAL PROJECT ENGINEER

SEETERY nBiBnaL
FOR DOWEL
TO MATCH VERTICAL
TAIL (1162084) . SECTION A-A
.375
I.441 |
]’Q {9 - 2%@ . 063_THRU
82° \/ 10 @140
< TO MATCH VERTICAL
TAIL (1162084)
o # & <+
500 — ooo—-)
2X DRILL AND TAP THRU @ ‘ - UPPER WING BODY I5-5ph SST - HT \025‘\
FOR #6-32UNC THREAD - | UPPER WING BODY 3
@.145 LJ FROM FAR SIDE o con] LB e [ e s secimicanon [y
TO ¥ SHOWN [N LEFT END VIEW PARTS LI1ST
FOR USE WITH JACK OFF SCREWS. eSS OIERISE Srec eIy [T o
DIENSIONS AE K NASI-96014 R T é?ﬂ‘r?r‘:““”“"@
oec e e HANPTONR: VIRGTNIA 23661 0001
O Tld N TASK 09RBO -
00 0T SeaLE pRawiNG APPROVALS | DATE GLIDEBACK BOOSTER MODEL
22 fNG [ 290 UPPER WING BODY
1SO VIEW FOR REF. Sl LT 111162090 RN UL T
Pr— > Fevrsro S iiesor3 [ S s ‘m T
ﬁ VeRT [FIvA] WExT Asst | w0 o fererearo 55305
(07 SWEeTS| LOCKHEED MARTIN [ LR N 0 1162080 |D
SHEET ADDITIONAL APPROVALS | DATE | 0. | PEi £587 APPLICAT 10N 0322 T o] P 1 or

REVISIONS
M.S. 5.125 [ZONE[LTR DESCRIPTION DATE [APPROVED
ke @ 125 NOMINAL THRU 2.988 5060 A [ADDED LI RELIEF FOR JACKING SCREW 2-21-01
FOR DOWEL - TO MATCH 344 B _[ADDED PART REQUIREMENT FOR 1162090 ASSEMBLY.[3-27-01
505 375 WING BODY (1162079). N 125 BLICH C_[ADDED THREADED HOLES FOR USE WITH JACK OFF SCREWS.|4-17-01
: | 150 R.063 {~—=— 250 [5C| D [ADDED #4-40UNC HOLE FOR AMS WOUNTING PLATE.|4-23-01
\ 4% 089 THRU
5% & i) ‘r?fTéT‘ wx\ NE SOHSW
4 v / ~— + (1162079).
| mj 750 250 —=—] 4X DRILL AND TAP THRU DRILL AND TAP
FOR #4-40UNC THREAD FOR #4-40UNC_THREAD
TO MATCH FACILITY AMS TO MATCH UPPER WING
.250 == PACKAGE/MTG PLATE BODY COVER (1162081).
J @ 2% . 125 NOMINAL THRU
@144 L1 X 007V 625 2.250 FOR DOWEL - TO MATCH
TO PROVIDE RELIEF FOR FACILITY MODEL LEVELING
JACKING SCREW ON UNTT.
MATING PART. 3125 SBERT = 00F 063
VERT I CAL .125 TO BE CLOSE SLIP
5.975 (1162084). FIT WITH VERTICAL TAIL
(1162084)
3.300 { .50°
798+ ‘ N
WL [ W
0.900 ram il
(REFY Ty Tg@'
I
*************** b .847)
900 W.L. | 4X.250
0.000 1=
(REF . ) i
ii
i
t
R.500

6

5

3

2 l \

(k) Upper wing-body

Figure A-1. Continued.
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REVISIONS
[ZONE[LTR DESCRIPTION DATE [APPROVED|
NOTES: 3300 34-1A_ A [ADDED PART REQUIREMENT FOR I 162030 ASSEWBLY]3-27-01
D INTERPRET TS DRAVING PER sz | g [RBRRRme Fhe oo ok e 1o | e,
-D- -STD-100. ACCOMODATE CHANGES TO PART LIST
—~{ 250
2) INTERPRET DIMENSIONS AND TOLERANCES " © ADDED SHEET 2
PER ANS| Y14 5M- 1982 50 | C |CORRECTED 300 DIMENSION T0 .250. 42001
3) REMOVE ALL BURRS AND SHARP EDGES. ‘
4) SURFACE ROUGHNESS OF 32 MICROINCHES
UNLESS OTHERWISE SPECTFIED.
.930)
5) NO F10S REGUIRED
6) NO CHANGES OR DEVIATIONS FROM THIS 4 - -
DRAWING SHALL BE MADE WITHOUT THE
PRIOR APPROVAL OF THE LaRC
TECHNICAL PROJECT ENGINEER.
2X $.089 THRU
$.260 L1 X .046 ¥
82° \/ T0 @ 260 M. S
TO MATCH UPPER WING BODY lg{ém})
R.720 TO MATCH t1162080). .
UPPER WING BODY
CONTOUR ‘ ‘
(1162080)
| ‘
T it N
[ [l o Npao
b L i L 5
125
2x
STEPPED BALANCE PIN
—— 625 2.250 ! o3 UT-39/B 1O 1162087-1 ALUMINUM ALLOY "
s 2 Sl ﬁ?gg%g %U\w\‘ggogww BERILLIUM COPPER |13
’ , STEPPED BALANCE PIN
I 1 STERLED BaLANCE PuN, ALUMINUM ALLOY |12
STEPPED BALANCE PIN
2 1o STECRED BALANCE BN, BERILLIUM COPPER |11
| -9 §EZZE$OB"*‘L§%§7?}N ALUMINUM ALLOY 10
: -8 STELRED BALANCE PN BERILLIUM COPPER |9
A STEPPED BALANCE PIN
1 T I -7 STECRED BALANCE PN, ALUMINUM COPPER |8
, STEPPED BALANCE PIN
2 6 STERCED BaLANcE PaN, BERILLIUM COPPER |17
STEPPED BALANCE PIN
! S UT-39/A TO 1162079-1 ALUMINUM ALLOY s
STEPPED BALANCE PIN
H -4 STECRED BALANCE BN, BERILLIUM COPPER |5
. STEPPED BALANCE PIN
I 3 STERDED BALANCE P! ALUMINUM ALLOY 4
DRILL AND TAP THRU FOR 2 -2 STEREED DAL ANCEST N BERILLIUM COPPER |3
UT-55 TO 1162079~
#6-32UND THREAD FOR USE T TR
WITH JACKING SCREW, 2|2 @125 CNOMINAL) DOWEL X .250 LONG o LEwer 2
® -1 UPPER WING BODY COVER — I
ixgj\’e‘szﬁngg;eNééwu -1 UPPER WING BODY COVER P 7 TR TR 7 srecirieon[up
- PARTS LIST
CITEM 2. -
0 NOT DR ILL THRU. B P I 1
TO MATCH UPPER WING BODY @ DECIMALS AGULAR TASK 0GRBO HAMPTON, VIRGINIA 23681-0001
(1162080 . XA %005 e
eyl lOT SEALE DA | APPROVALS | DATE GLIDEBACK BOOSTER MODEL
BD KING|2-12-01
10 VIEW FOR REF. - UPPER WING BODY COVER
T esen R
BN —— e venise [TesUETTIE TR TeT— T v
SCALE 2/1 ClCpevision g 1 e X FTAL RExT Assr [ R TI — Rl D | 25305 ‘ 1162081 |C
OF SHEETS| LOCKHEED MARTIN BAS orv eron e
2 SHEET ADDITIONAL APPROVALS | DATE | do. | By A597 APPLICAT 10K ) 575 YA P or 2

8 7 l 6 5 } 4 3 l 2 l \

(1) Upper wing-body cover

Figure A-1. Continued.
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REVISIONS
[ZONE[LTR] DESCRIPTION [ DATE [APPROVED
— | B [ADDED THIS SHEET [3-29-01]
STEPPED BALANCE PIN DIMENSIONS — [ CINO CHANGES TO THIS SHEET Lez0-01]
PINS DIAMETER DIAMETER LENGTH LENGTH
‘A’ K c’ ‘D’
UT-55 BALANCE DOWEL HOLE .0002
2 a0 -3 |G B00a PP REEREncE P | - 1073 0000|259 1600
UT-39/A BALANCE DOWEL HOLE L0002
4 AND -5 1y iTH 0002" INTERFERENCE F\? 1973 1 Go00| -39 690
a7 TSR oo ST | e
UT-55 BALANCE DOWEL HOLE .0002
-8 aND -9 |BT 25 BALANCE DONEL IOEE £y [ 1sss 0000|299 -600
o a1 [uT TSR RICE BOMEL HOLE T 105y T 0001 o0 | so
2w 3 (AT BB GE BMEE BT oy 0002 o | eso
LENGTH ‘D
015 X 45 45 1
\ / ‘ DRILL AND TAP FOR
| #6-32UNC THREAD
X ¥ 300
T P i T
DIAMETER N | B - [l ___  DIAMETER [ 1A Y ) | I
‘I R T
AT 0001 @ . 0001]A
—| LENGTH ‘C — L015 X 457 !
-2 STEPPED BALANCE PIN (SHOWN AND TABLED)
-3 STEPPED BALANCE PIN (TABLED)
-4 STEPPED BALANCE PIN (TABLED)
-5 STEPPED BALANCE PIN (TABLED)
-6 STFPPED BAIANCE PIN (TABLED)
-] STEPPED BALANCE PIN (TABLED)
-8 STEPPED BALANCE PIN (TABLED)
-9 STEPPED BALANCE PIN (TABLED)
-10 STEPPED BALANCE PIN (TABLED)
-1 1 STEPPED BALANCE PIN (TABLED)
-12 STEPPED BALANCE PIN (TABLED)
-13 STEPPED BALANCE PIN (TABLED)
S o T T T
[B]7%5%0s 1162081 |C
BT ] T e

7 6 5 | 4 3 2 \ \

(m) Balance pins

Figure A-1. Continued.
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2. INTERPRET DIMENSIONS AND TOLERANCES RH LH
PER ANSI Y14 .5M-1982
3. REMOVE ALL BURRS AND SHARP EDGES _ &= 0625 PRESS FIT
4. SURFACE ROUGHNESS OF 32 MICROINCHES _@ WITH 1/8 DOWEL PIN
UNLESS OTHERWISE SPECIFIED
SCALE 171
3X #0-80 UNF THRU ALL
5. NO FI10S REQUIRED SCALE ‘/
6. NO DEVIATIONS WITHOUT APPROVAL OF TPE 075
1SO VIEW FOR REF i | i
. 125 T
T .250 Fs
{12 644
(REF
.250 =
ke 563+
f—— . 875~
e 1.500——=|
SAME AS -1 (OPP. HAND) 1780
.075
l N “25 UT PART
(+—+—F = —F—F ToFie
1 [
 E— giiEEI:ZEEEEEE.
CUT PART SCALE  2/1
TO FILE
S 1 wL
— ¢
(REF.),
SCALE 271
-2 ELEVON RH 15-5ph SST - HT 1025|2
-1 ELEVON, LH 15-5ph SST - HT 1025
B e TR AT WATERIAL / SPECIFICATION N
PARTS LIST
CoRTRRCT G-
B I I L T
DEC MALS,  ANBULAR TASK RBO2 HANPTON, VIRGINIA 23681-0001
oreles T e
TREATHEg UL SCALE DRAWLNG MATPROVALS DATE GLIDEBACK BOOSTER MODEL
S.BUCCELLATO[4-Feb-0 ELEVONS LH AND RH
IS
32
1162073 - - V“"sﬁh omwenwise [TSSTEDTHSE TIE [CAGE COBE WG, W0 REV
REVIs 1o et
ﬁ L[ WExT AssT (SR — 25305
(07 SWEeTS| LOCKHEED MARTIN A oy nras AT R D 1162082
SHEET ADDITIONAL APPROVALS | Date | Wo. | BH RS3F APPLICAT 0N 0045 T ] P 1 or 1

INTERPRET THIS DRAWING PER
DOD-D-1000 AND DOD-STD-100

[ZONE[LTR]

REVISIONS
DESCRIPTION [ DATE [APPROVED

8 7 l 6 5

3

2 l \

(n) Left and right elevons

Figure A-1. Continued.
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: - ° 5 i 7 3 [Er

REVISIONS
-0625 (+.001-.002) ZONE[LTR DESCRIPTION DATE [APPROVED
BRSBTS BT TEE | o
1/8 DOWEL PIN IN L |
2. INTERPRET DIMENSIONS AND TOLERANCES ELEVON (1162082)
PER ANSI Y14.5M-1982
L0625 (+.001-.002)
3. REMOVE ALL BURRS AND SHARP EDGES X R.188 o50 R T AN,
[*-350+ 1/8 DOWEL PIN IN
4. SURFACE ROUGHNESS OF 32 MICROINCHES
UNLESS OTHERWISE SPECIFIED A_BRACKET 075 WING BODY (1162079) A_8RACKET D
5
6

2

NO F10S REQUIRED [ @ @ @
NO DEVIATIONS WITHOUT APPROVAL OF TPE 1750
.500 — o
1187
.875
o

4| 563
see 7 ol
%AJ 44
DRILL & COUNTERS INK FOR -
#0-80 UNF THRU ALL T

-20° ELEVON BRACKET LH
REQ

R
T
quﬂ{ JF% %% LN @@ i>®

0° ELEVON BRACKET LH 10.0°
REO B

" 20.0 10.0° 20.0°
-3 20° ELEVON BRACKET LH -10° ELEVON BRACKET LH
I REQ TR0, — -

SECTION A_BRACKET-A_BRACKET
SCALE 2/

14 -30° ELEVON BRACKET RH (NOT SHOWN) 15-5 1 1025 14
13 -20° ELEVON BRACKET RH (NOT SHOWN) 155 H 1025 13
-12 -10° ELEVON BRACKET RH (NOT SHOWN) 15-5 1 1025 12
-1l 30" ELEVON BRACKET RH (NOT SHOWN) 15-5 H 1025 |
-10 20° ELEVON BRACKET RH (NOT SHOWN) 155 H 1025 ol B
-9 10° ELEVON BRACKET RH (NOT SHOWN) 15-5 1 1025 9
-8 0° ELEVON BRACKET RH (NOT SHOMN) 15-5 H 1025 8
-1 -30° ELEVON BRACKET LH 15-5 1 1025 1
-6 -20° ELEVON BRACKET LH 155 H 1025 6
-5 -10° ELEVON BRACKET LH 15-5 H 1025 5
-4 307 ELEVON BRACKET L 15-5 1 1025 4
-3 20° ELEVON BRACKET LH 155 H 1025 3
-2 10° ELEVON BRACKET LH 15-5 1 1025 2
1SO VIEW FOR REF o
e -1 0° ELEVON BRACKET LH 15-5 H 1025 |
-30 FLEVON BRACKET (SHOWN) e T e e e e e e e PrrrrET eI s
SCALE 3/ ) <on AL TONECL AT WATER AL 7 SPECIFICATION "
PARTS LIST
EEI] T - 9 1 - T umiess oTuERMISE SPECIFIED [COTTTACT O NATIONAL AERONAUTICS & SPACE ADMINISTRATION A
3T 7 - -8 7 - ToLERANCES, ARE NAS|-96014 LANGLEY RESEARCH CENTER
BHN] 7 - 7 7 — et TASK RBO2 HANPTON. VIRGINIA 23681-0001
T 7 - - 7 - RS e
I T 7 - - - ; e MATPROVALS DATE GLIDEBACK BOOSTER MODEL
papy [MEAT[PINALL NEXT ASS ustoon |- T 7 — S BUCCELLATO|4-Feb-0 ELEVON BRACKETS
| ery Reoo sppLicATION - TTe50T R L
B 6707 —— {/ "0 averue R e v
Fevisioly oo SERT e 55w en i D | 25305 1162083 |-
OF SHEETS| LOCKHEED MARTIN A [orv reon | e e
4 SHEET B6r | ey gea APPLICAT 0N i A7 P or

5 } 4 3 l 2 l \

(o) Elevon brackets

Figure A-1. Continued.
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3 | Boaa 11620841 [A]

REVISIONS
[ZONE[LTR] DESCRIPTION [ DATE [APPROVED
I, INTERPRET THIS DRAWING PER A-4] A [CORRECTION TO HOLE CALL OUT [2/27701] sB
DOD-D- 1000 AND DOD-STD-100 5] A |CORRECTION TO HOLE CALL OUT (2727701 5B
2. INTERPRET DIMENSIONS AND TOLERANCES
PER ANSI Y14.5M-1982
3. REMOVE ALL BURRS AND SHARP EDGES
4. SURFACE ROUGHNESS OF 32 MICROINCHES CUT PART
UNLESS OTHERWISE SPECIFIED %0625 THRU ALL T0 FILE B.L
PRESS FIT WITH 0.000
5. NO FI0S REQUIRED 1716 DOWEL PIN (REF.)
6. NO DEVIATIONS WITHOUT APPROVAL OF TPE
} r
i
|
I
|
(2X) #0-80 UNF '
THRU ALL
o
|
i
L |
1182 L
(REF
R.0I6
063
.590 125
SLIDING
SLOT IN
BODY (11
! REO. SCALE  3/1
@.0625 X V115
PRESS FIT WITH
| 269 1/16 DOWEL PIN
Laa [ TO MATCH UPPER WING BODY
X R.063
—_— = .
_H J
(2X) #0-80 UNF X T.125— | 3. 500 -]
HRTEWDEPER "W TG ' ’ 02
BODY (1162080) . 9370 —+ - VERTICAL TAIL 15-5 H1025
e R I A TR ATEE [ e/ srecimcman [P
I PARTS LIST
UNLESS OTHERMISE SPECIFIED - NATIONAL AERONAUTICS & SPACE ADMINISTRATION
RN TaNs RAE" R TdheS
1S0_VIEW FOR REF. il TR e ]
SCALE 1/1 s APPROVALS | DATE |
S S0 EE 7T .l GLIDEBACK BOOSTER MODEL
STBUCCELLATO(3-Feb-0 VERTICAL TAIL
s
T [ T162074] — - S e ey
A fevision WAL ExT assr e on 25305
SHEET (57 K| cocwueeo 'W ADDITIONAL APPROVALS | DATE E»?om o R APPLICAT 10N T R s v 162084 A
PER ASST 0.022 FAE 2 T PP oF 1

6

5 } 4

3

(p) Vertical tail

Figure A-1. Continued.
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I'. INTERPRET THIS DRAWING PER
DOD-D-1000 AND DOD-STD-100

2. INTERPRET DIMENS|ONS AND TOLERANCES
PER ANSI| YI4.5M-1982

3. REMOVE ALL BURRS AND SHARP EDGES

4. SURFACE ROUGHNESS OF 32 MICROINCHES
UNLESS OTHERWISE SPECIFIED

5. NO FIOS REQUIRED
6. NO DEVIATIONS WITHOUT APPROVAL OF TPE

L0625 (+.001-.002
THRU ALL SLIDING F\T WITH

DOWEL PIN TN VERTICAL TAIL
H arerke (1162084)
125 —
075 —
¥ : (1.623)
| 750F
525
315
iT®
\25/
2X R.063
R.015 5.0
CHAMFER
EDGE
cut PART ¥
- ors 70 FILE
-2 5° RUDDER
o
-1 0 RUDDER (SIMILAR TO 0°)
T REG 1" REQ.

1SO VIEW FOR REF.
SCALE 1/1

o
10
(SIMILAR TO 0°)
1"REQ.

-3

REVISIONS

[ZONE[LTR]

DESCRIPTION [ DATE [APPROVED

REVIS 1o
REV STATUS]
OF SHEETS
SHEET

SCALE  2/1
RUDDER _ 5° 0° °
RUDDER RUDDER -6 30 RUDDER
:swwwz T0 0°) S\M\LAR T0 0 (SINILAR 70 0°)
I REQ REO.
I REO.
-5 30° RUDDER 15-5 H-1025 6
-5 20° RUDDER 15-5 H-1025 5
-4 15" RUDDER 15-5 H-1025 4
-3 10° RUDDER 15-5 H-1025 3
-2 5 RUDDER 15-5 H-1025 2
-1 0° RUDDER 15-5 H-1025 |
e o Cone| PR TR ATEE WATERIAL / SPECiTCATIon [
PARTS LIST
o T
BRSOk A TS NAS |- 96014 NATIONAL AERONAUTICS 8 SPACE ggmg;srkﬂw@
et TASK RBO2 HANPTON. VIRGINIA 256810001
- 1 — s APPROVALS | DATE |
- ; — TREATHE LT SCALE DRANING T CELLATo 2 Fen 0 GLIDEBACK BOOSTER MODEL
= 7 — : ¢ RUDDE
= 7 v,
NN - T —— {880 aveene [resemee R e
_ﬁ, g T T T A ey Ty I Al D %5305 1162085 .
LOCKHEED MARTIN DASH o1y rean TR
ADDITIONAL APPROVALS | DATE | %o | B} f557 APPLICATION SR 0] FFET 1 o 1

Q0
—

6

5

3

l

2 l \

(q) Rudders

Figure A-1. Continued.
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8 7 6 5 i 4 3 [ 505 1162086[ [ | \
REVIS IONS
R.125 NE[LTR DESCRIPTION DATE [APPROVED)
NOTES . (TOOL RADIUS) 1 } } ‘
1) INTERPRET THIS DRAWING PER Yy — .
DOD-D- 1000 AND DOD-STD-100 45 45
2) INTERPRET DIMENSIONS AND TOLERANCES
PER ANSI Y14.5M-1982
3) REMOVE ALL BURRS AND SHARP EDGES.
4) SURFACE ROUGHNESS OF 32 MICROINCHES
UNLESS OTHERWISE SPECIFIED.
5) NO FI0S REQUIRED.
6) NO CHANGES OR DEVIATIONS FROM THIS
DRAWING SHALL BE MADE WITHOUT THE CONTOUR PER FILE
PRIOR APPROVAL OF THE LaRC
TECHNICAL PROJECT ENGINEER.
\45° X 015
B.L.
0.000
(REF.
252
- 237 |
- —— o715
@.063 NOMINAL | )
THRU FOR DOWEL i (55.47)

TO MATCH VERTICAL
TAIL (1162084)

&
J

500 s

125

4%{9%9}4

]

L 041
.083 !
]
0 | 448
2XR.063/
»
|
|

(HINGEL INE)

a8 450
221
2X @063 THRU N
125 —f—v] 82° \/ TO @. 140 074
Q8 TO MATCH VERTICAL
TAIL (1162084).
-1 SPEED BRAKE
-1l SPEED BRAKE I5-5ph SST - HT \025‘ |
e e R I R T T Y
PARTS LIST
UNLESS OTHERWISE SPECIFIED. TR TS NATIONAL AERONAUTICS & SPACE ADMINISTRATION
DIMENSIONS dEces ane "ES NASI-96014 LANGLEY RESEARCH CENTER @
e T WABETON VIRGINIA 23681 0001
s ey TASK 09RBO -
00wt scuLE oIl APPROVALS | DATE GLIDEBACK BOOSTER MODEL
i Ve FRTSEY SPEED BRAKE
i
ISO VIEW FOR REF. — - TT52072 VA, — e, ™
kev sTatug [0 NN ASST |6 O o Trer v o] 25305 ‘
SCALE 471 5 S Lockures wiFTIR B 1162086
SheeT o0 TionaL aperovaLs | oate | %o | B0 19 ApeLICTION 0. 022 Y| o

6

5 ? 4 3

(r) Speed brake

Figure A-1. Continued.
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(a) Wing-body

Figure A-2. Detailed drawings of the 0.0175-scale LGBB orbiter wind tunnel model.
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Figure A-2. Continued.
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Figure A-2. Continued.
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(e) Model assembly

Figure A-2. Concluded.
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Appendix B
ADDITIONAL PHOTOGRAPHS OF THE 0.0175-SCALE LGBB MODEL, INSTRUMENTATION, AND
HARDWARE BUILD-UP, CALIBRATION, AND INSTALLATION

Working photographs of the 0.0175-scale LGBB orbiter and booster wind tunnel models, the UT-39A
and UT-55 balances, and horizontal blade strut and UPWT 350-15B sting during the pre-test build-up, in-
tunnel calibrations, and final installation in UPWT Test Section 2 are provided on the following pages.
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(a) UT-39A4 balance installed on the horizontal blade strut

Figure B-1. Model, instrumentation, and support system hardware build-up prior to UPWT testing.
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1/23/2002

(b) UT-55 balance installed on UPWT 350-15B sting

Figure B-1. Continued.
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(¢) Orbiter model installed on UT-39A balance and horizontal blade strut assembly

Figure B-1. Continued.
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(d) Booster model installed on UT-55 balance and UPWT 350-15B sting assembly

Figure B-1. Continued.
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(e) Clearance between orbiter model and horizontal blade strut

Figure B-1. Continued.
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() Rear view of orbiter model showing stainless steel pressure tubing and horizontal blade strut instrumentation trench

Figure B-1. Concluded.
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(a) Removal of test section sidewall door

Figure B-2. Installation and calibration activities in UPWT Test Section 2 for Tests 1739, 1741, and 1745.
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(b) Installation of horizontal blade strut and base plate to steel floor outside test section for deflection calibrations

Figure B-2. Continued.
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(c) Installation of UT-55 balance to UPWT 350-15B sting and main support system (fouling strip installed on sting)

Figure B-2. Continued.
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(d) Angle measurement system packages installed on LGBB orbiter and booster models

Figure B-2. Continued.





(e) Close-up view of metal conduit containing UT-39A4 balance wiring and cavity pressure tubing mounted to the strut base plate

Figure B-2. Continued.
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(f) UT-394 balance wiring bundle passage through the test section sidewall and connection to external facility wiring

Figure B-2. Continued.
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(g) Miniature video camera installation on main tunnel support system

Figure B-2. Continued.





(h) Preliminary installation of orbiter and booster models (orbiter model pressure orifices covered with yellow tape)

Figure B-2. Continued.





(i) Close-up rear view of booster model showing sting clearance and installed fouling strip and cavity pressure tubes

Figure B-2. Continued.






(j) Close-up rear view of orbiter model showing sting clearance and pressure tubes with fused jumpers

Figure B-2. Continued.
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(k) Initial installation of the LGBB orbiter model on the sidewall-mounted horizontal blade strut

Figure B-2. Continued.





(D) Initial installation of the LGBB booster model on the main sting support system

Figure B-2. Continued.
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(m) Overall view of initial installation of the LGBB orbiter and booster models

Figure B-2. Concluded.
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(a) LGBB orbiter and booster models ready for wind-on testing

Figure B-3. Installation of the 0.0175-scale LGBB orbiter and booster models in UPWT Test Section 2 for force and moment testing.

B-21





=
=
=
=
=
-

(b) Overall front view of the LGBB orbiter and booster models

Figure B-3. Continued.
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(c) Head-on view of the LGBB orbiter and booster models

Figure B-3. Continued.
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(d) Close-up view of the strut-mounted orbiter model

Figure B-3. Continued.
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(e) Close-up rear view of the strut-mounted orbiter model

Figure B-3. Continued.
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(f) Close-up view of the sting-mounted booster model

Figure B-3. Continued.
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(g) Close-up rear view of the sting-mounted booster model

Figure B-3. Concluded.
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(a) Close-up view of orbiter model pressure tubing exiting the model and entering the blade strut instrumentation trench

Figure B-4. Installation of the 0.0175-scale LGBB orbiter and booster models in UPWT Test Section 2 for surface pressure testing.
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(b) Stainless steel pressure tubing bundle routed along the blade strut base plate

Figure B-4. Concluded.
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(a) Rear view of the sting-mounted booster model with the strut-mounted orbiter model removed from the test section

Figure B-5. Installation of the isolated 0.0175-scale LGBB booster model in UPWT Test Section 2 for force and moment testing.
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(b) Front view of the isolated booster model

Figure B-5. Continued.
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(c) Overall front view of the isolated booster model

Figure B-5. Concluded.
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Appendix C

DETAILED DRAWINGS OF THE HORIZONTAL BLADE STRUT ASSEMBLY

Detailed drawings of the horizontal blade strut used to mount the LGBB orbiter model to the UPWT test
section sidewall are provided on the following pages.

C-1





[

8 ‘ 7 6 5 4 1156692
REV TS TON ATSTORY
R BESCRIPTION oaTE [ APPROVED
GENERAL NOTES A (40D 1TEMS 1014 01/08/20
I INTERPRET THIS DRAWING IN ACCORDANCE WITH MIL-T-31000. B [CHANGE 1/4 PULL PIN TO 5/16 PULL PIN 01708731
2. INTERPRET DIMENSIONS AND TOLERANCES IN ACCORDANCE | C [CHANGED WO-BOUNF SHCS TO 42-SOUNC sHes. |01/09713
WITH ANST Y14.5. o |58 GERe T 0" ERo ERE RN o1r09/28
3. NO CHANGE OR DEVIATION FROM THE REQUIREMENTS OF THIS € |REPRINT TO SHOW 1158694-1 PART REVISION. |01/12/11
DRAWING SHALL BE MADE WITHOUT PRIOR APPROVAL OF THE
DRAMING SHALL BE MADE WiTHOUT 2 © [ 75 was 1 00, 150 Was 245, 600 Was 1200 |osernez
4. SOME HIDDEN LINES MAY BE OMITTED FOR CLARITY.
5. THIS MODEL 15 DESIGNATED AS RBH-01-0171.
AG THE STRUT SHALL HAVE NO TWIST GREATER THAN 0.2 DEGREES
OR WARP GREATER THAN 0.010 INCHES.
7 A\ND\CATES INSPECTION DOCUMENTATION REQUIRED.
18.003+.005
- | ®
AIVAN y il

>

z=
HET

FP
&
]
o
il
-
4
b Ol @ .315 DOWEL PIN, 1.0 LG | 16550 LB SINGLE SHEAR| 14
g /@ O B 125 DOWEL PIN, 1.5 LG 840 LB SINGLE SHEAR| 13
TORQUE TO 4 O 164-32UNC-3A | SHCS, 1.0 LG [I80 KSI MIN TENSILE[ 12
= T.T4IN-LB Ol 1158696-2 RH PLATE - "
= o0 o \@ Ol 1158696~ 1 LH PLATE - 10
= 00 = 00| , N
980099 xp) 3 _313-18UNC-3A | SLHCS, .75 L6 [160 KSI MIN TENSILE| 9
N lbooood ®) B3 .3125 PULL PIN, 1.00 LG | 11500 LB SINGLE SHEAR | 8
™ 0000 0G|
®/ 59 g 2 B 500 DOWEL PIN, 1.00 LG |29450 LB SINGLE SHEAR| 7
B @© 18 L086-56UNC-3A | SHCS, 1875 L6 |I80 KSI MIN TENSILE| 6
@\\ \ O .500-13UNC-3A | SLHCS, 1.25 LG |60 KSI MIN TENSILE| 5
1 ’
— | 1158695~ 1 COVER PLATE - 4
O
O oV ToROTE T0 ] 11586941 STRUT 3
( @ 150 IN-LBS I 1158693- 1 BASE PLATE p
- ASSEMBLY |
2X orvam | i | ekecae | earror o wo [P —— [ p—— o vo
SECTION A-A PARTS LIST
e AT IOVAL_ AEROVAUTICS & SPACE ADNINISTRAT IO
o e, | NASI-9T030-L290R |iagrer eggeascy covre
-1 ASSEMBLY sTé)DR(ﬂUNE—LTB% B AT T TR o ADJUSTABLE POSITION SUPOORT STRUT
—_— WADE MAY 01/08/07
SCALE 0,500 T R ) ASSEMBLY
— ADVANCED APPLICATION WADE MAY 01/08/07
|:| Tﬁggggégﬁ%%g FroECTon I :nsﬁ;\v/s‘rgng;‘mn;BL 170810 T [E e e W
= Dlsrsross| | 158692
SUSAN 0. PALMER |01/09/07[**F NQTED[™ ™ ™™ rypwmn [ i 18 [**7 | OF 1|
6 | 5 | 4 | 3 2 |

8 | 7

(a) Adjustable position support strut assembly

Figure C-1. Detailed drawings of the horizontal blade strut used to mount the LGBB orbiter model to the UPWT test section sidewall.
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(b) Base plate
Figure C-1. Continued.






8 ‘ 7 5 4 3 ‘ 1158694 T
REVTS ToN FIsToRY
RV SESCR PTIoN D
A | ADDED KEYWAYS AND @18 HOLES. ADDED DETAIL A AND 01708731
SRERRONT SECT 00" ke ek T s 7o'
GENERAL NOTES . | [MIL-STD 2154. CHANGED I/4 HOLE TO 5/16 HOLE
TTITERPRET THTS DRAING TN Bl s
| INTERPRET THIS DRAWING IN ACCORDANCE WITH MIL-T-31000 " | b e
o INTERPRET DIMENSIONS AND TOLERANCES IN ACCORDANCE -0.069 o[ SHORTENED BALAYCE WTERFACE D REWOVED 1OLES o707z
: 14.5. [ CHANGED KETWAY ORIENTAT ION & RECREATED HOLES Qs

WITH ANST Y

w

NO CHANGE OR DEVIATION FROM THE REQUIREMENTS OF THIS
DRAWING SHALL BE MADE WITHOUT PRIOR APPROVAL OF THE
LaRC TECHNICAL PROJECT ENGINEER

. BREAK ALL SHARP EDGES AND REMOVE ALL BURRS.

. SURFACE ROUGHNESS TO BE 32 MICROINCHES UNLESS
OTHERWISE SPECIFIED.

. STAMP PART NO
7. A\ND\CATES INSPECTION DOCUMENTATION REQUIRED

AUT INSPECTION PER MIL-STD 2154 CLASS "AA". @
9. NO F.1.0.S. REQUIRED.

/N [TO>MATERIAL CERTIFICATION REQUIRED.
I1. SOME HIDDEN LINES MAY BE OMITTED FOR CLARITY

IN AREA INDICATED.

12. THIS MODEL IS DESIGNATED AS RBH-01-0171.

. THE STRUT SHALL HAVE NO TWIST GREATER THAN
0.2 DEGREES OR WARP GREATER THAN 0.010 INCHES.

s—3.000 —=|

L (E)se DETAIL A i 1500
L ysoo 060 \4 2620 ()

.815)

2X @125 (NOM) T THRU
FOR SLIP FIT WITH DOWEL PIN
LOCATE AT ASSEMBLY WITH

1158696-1 AND -2
020 LEADING EDGE RADIUS

2-56 UNC-2b TAP ¥ 0.12%
#50 DRILL (0.070) ¥ 0.183 -(8)HOLE

/\\
4% 20.0°

CONTOUR PER:
ENGINEERING DATA

3.500

9.000

e

@315

I
f |.880
Qe
.06 CHAMFER

>

]

HEB o"/K

—=
/\\3)( 4.0°

2% 3.000
31X @313 (NOM) T THRU —~
FOR SLIP FIT WITH

DOWEL PULL PIN

oo o)
2% 495 b0 f1s0 5¢ 500 00 ¥ 00l
457 X .030 000000
P33 000000
; 6875-20UNEF -2A $ 00066060
LEFT HAND THREAD 56060600,
Hr——30 g 631 1315 'T ©
2% 1.270 ?
2X @180
! 28] ———= fp— 250 <
3 ©.500 ——= [=— 5% 500 —
? 17.000 (5.75)
SCALE 0500
] I I - I STRUT [ 15-5PH 55 HID2s | |
PARTS LIST
B R NATIONAL AERONAUTICS & SPACE ADMINISTRATION
s | NASI-OTO30-L290R |uaware neseanc cewren
DETAIL A T TTseese [RERDIOITI [ w ADJUSTABLE POSITION SUPPORT STRUT
—— “SCALE 2,000 [ ] v | _woor | WADE VAY 01/08/07
—, |:| Iﬁggg?égﬁ%%g nomrmAPPUC”mN I ﬁ’:sl?[nxi‘: T 01708707 T E e e W
e () £ mmsan oo osunl'D [s761 055 | | 58694
SUSAN 0. PALMER |01 /09/07[**® NOTED ™™ Py BT A T
8 [ 7 [ [ 5 [ 4 [ 3 2 [ |

(c) Strut

Figure C-1. Continued.
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Figure C-1. Continued.
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Figure C-1. Concluded.
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Appendix D

MODEL SPATIAL LOCATION COMPUTATIONS

This document describes the equations to compute the spatial location of the sting-mounted model with
respect to the strut-mounted model during wind-off and wind-on conditions. The basic test matrix of Test
1741 consists of an envelope of 328 points. The strut-mounted LGBB orbiter model was fixed, and the
sting-mounted LGBB booster model was translated to each one of these points in a move-pause model. A
general arrangement of the test section (top view) is shown in the sketch below.

N

Moment Reference
Center of Booster Roll Coupling

350-15B Sting

; _ Forward and
. o Zsetpt = 0 Axial Strut J Aft Traverse
Xsetpt Screws
Moment Reference
Center of Orbiter Adjustable Position g B
Support Strut

Figure D-1. General arrangement of UPWT test section for LGBB stage separation testing.

X-Location Determination

The separation distance in the axial (x)-direction in inches was defined by the variable Xserpr. When the
model moment reference center (MRC) of the sting-mounted booster model was aligned with the MRC of
the strut-mounted orbiter model in the x-direction, the value of Xserpr Was zero. In order to determine the
sting-mounted booster model x position at any time, a calibration of the axial support mechanism was
performed to find a slope that characterized its linear movement. An offset was then obtained to align the
calibration with the proper coordinate system. However, as the sting-mounted model was pitched to a given
angle-of-attack, the MRC would gradually move aft in the test section. This was accounted for by
experimentally finding the traverse mechanism point of rotation and trigonometrically computing the
difference in x location between the model at some pitch angle and at zero degrees angle of attack. Since
sting deflections would have a very small impact on the location of the model in the x-direction, they were
not accounted for in the computations. The final equation used to calculate the x-location of the booster
model MRC with respect to the orbiter MRC is shown below.

Xsetpt = Xslope *Strut2 + Xoffser + [Sting - Sting*cos(c)]

where:
Xslope = slope obtained from axial support strut calibration, inches/count

Xoffset = offset obtained from axial support strut calibration, inches

Strut2 = axial strut encoder output, counts

Sting = distance between booster MRC and support system point of rotation, inches
a = booster angle of attack, degrees
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Z-Location Determination
The separation distance in the vertical (z) direction was defined by the variable Zsespr. When MRC of
the booster model was aligned with the MRC of the orbiter model in the Xsezp: direction and there was 0.41

inches between the surfaces of the two models, the value of Zsespr was zero.

The wind-off position of the booster model was defined as Ziniria. A slope and offset were obtained
from a calibration of the traverse support system. The distance between the booster model MRC and the
midpoint between the two traverse screws was measured in order to trigonometrically compute the
difference in vertical distance at a given booster model pitch angle. Using this information and the
calibration data obtained earlier, the spatial location of the booster model could then be computed under

wind-off conditions with the use of the Zinitial equation shown below.

Zinitial = Zslope *Traverse + Zofser + Sting2*sin[0.00884206 *(Betfwd - Betaft)]
I T
Element 1 Element 2

where:
Zslope = slope obtained from traverse calibration, inches/count

Zoffset = offset obtained from traverse calibration, inches
Sting2 = distance between booster model MRC and midpoint between forward and aft
traverse screws, inches
Betfwd = forward traverse screw encoder output, counts
Betaft = aft traverse screw encoder output, counts
Traverse = traverse location, computed by taking the average of the Betfwd and
Betaft encoder output, counts

Forward and

MRC of Booster é\ft Traverse
crews

Zinitial

Element 2 ‘ =
__________________________________________________________________ ‘ e —
Element!l v o - —
Tt initial —

MRC of Orbiter

Figure D-2. Determination of LGBB model vertical separation distance (Zinitial).

The sketch above graphically depicts how Zinitial is computed. Element 1 accounts for the location of
the traverse with respect to the booster model, and element 2 accounts for the vertical displacement due to
angular deviations. It must be noted that when the booster model is at zero degrees angle of attack, the
value of element 2 will be zero. However, both the model/balance/support systems will deflect under
aerodynamic loading, so sting and sidewall strut deflection calibrations were performed before the test to
account for this effect. A sketch of the general arrangement of a deflection calibration is shown on the next
page to assist in the following discussion.
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Figure D-3. Sketch of the general arrangement of a sting deflection calibration.

During the sting deflection calibrations, calibrated loads were applied to each balance with the
appropriate calibration fixture attached. After each load was applied, the angular deviation, 6, was
measured using an AMS package mounted to the calibration fixture. Angular deflection constants due to
applied normal force and pitching moment were determined for the UT-39A and UT-55 balance
installations that would be used in the data processing to compute the angular deflection at any combination
of wind-on aerodynamic loads. Unfortunately, the rotation points of the sting and strut are unknown, so
trigonometry could not be used to compute the translational deflection of the model moment reference
centers. As a result, additional calibrations were performed to determine the translational deflections at any
applied normal force and pitching moment. This was accomplished by measuring the deflection of the
lower front edge of the calibration fixture, /4,-h, at each applied load. These calibrations allowed the
determination of translational deflection constants due to applied normal force and pitching moment for
both balance arrangements. However, this would only compute the deflection at the lower front edge of
the calibration fixture, not at the model MRC. Therefore, another computation was required to translate
that deflection back to the location of the MRC. This adjustment is shown in the drawing above as the
equation:

MRC ADJUSTMENT = (x — 0.75 tan 6) sin 0

where:
x = x translation distance between the front of the calibration fixture and the MRC
6= angular deflection due to loading

For the UT-39A and UT-55 balances, x is equal to 5.050 and 4.237 inches, respectively. The wind-on
angular deflection, &, can be calculated for each model using the following equations.

6, = (NFDEFL*NF1.2) + (PMDEFL*PM].2)
6, = (NF2DEFL*NF2.2) + (PM2DEFL*PM2.2)
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where:

NFDEFL = normal force deflection coefficient (angular) for the booster model

PMDEFL = pitching moment deflection coefficient (angular) for the model

NF2DEFL = normal force deflection coefficient (angular) for the orbitermodel

PM2DEFL = pitching moment deflection coefficient (angular) for the orbiter model

NF1.2 = normal force of the booster model after balance interaction and wind-off zero
computations

PM]1.2 = pitching moment of the booster model after balance interactions and wind-off
zero computations

NF2.2 =normal force of the orbiter model after balance interactions and wind-off zero
computations

PM?2.2 = pitching moment of the orbiter model after balance interactions and wind-off

zero computations

The translational deflection, or (%,-4), of each model under load can be calculated as follows:

(ho-h); = (NFINCHI*NF1.2) + (PMINCHI*PM].2)
(ho-h); = (NFINCH2*NF2.2) + (PMINCH2*PM2.2)

where:
NFINCH1 = normal force deflection coefficient (translational) for the booster model
PMINCH|1 = pitching moment deflection coefficient (translational) for the booster model
NFINCH?2 = normal force deflection coefficient (translational) for the orbiter model
PMINCH?2 = pitching moment deflection coefficient (translational) for the orbiter model

Therefore, the wind-on contribution to Zsespr is represented by Zgero and is shown below:

Zaero = [(hg-h)] - (X1 —0.75 tan (91) sin 191]+[(h0-h)2 - (XQ —0.75 tan 92) sin 192]

Finally, the equation to calculate the separation distance between the booster and orbiter models in the
vertical direction, Zsespr, can be computed by:

Zsetpt — Zinitial + Zaero
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Appendix E

UT-39A AND UT-55 S1X-COMPONENT STRAIN GAUGE BALANCES

Outline drawings and design loads of the NASA Langley Research Center UT-39A and UT-55 six-
component strain gauge balances are shown below. The UT-39A balance was selected for use with the
0.0175-scale LGBB orbiter model installed on the horizontal blade strut on the test section sidewall. The
UT-55 balance was installed in the 0.0175-scale LGBB booster model that was sting-mounted to the main
tunnel support system. The UT-39B balance was designated as back-up to the UT-39A and UT-55 balances.
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