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LAUNCH VEHICLE AND SPACECRAFT DEVELOPMENT

Stanley R. Cote.* Donald F. Keller.” and David J. Piatak®
Aercelasticity Branch
NASA Langley Research Center
Hampton. VA 23681

ABSTRACT

The NASA Langley Transonic Dynamics Tunnel
(TDTY) has provided wind-tunnel experimental validation
and rescarch data for numerous launch vehicles and
spacecralt throughout its forty year history. Most of these
tests have dealt with some aspect of acroclastic or
unsteady-response testing. which is the primary purposc
of the TDT Tlacility. However. some space-related test
programs that have not involved aeroelasticity have used
the TDT 1o take advantage of specific characteristics of
the wind-tunnel facility. In general. the heavy gas test
medium, variable pressure, relatively high Reynolds
number and large size of the TDT test section have made
it the preferred facility for these tests. The space-related
tests conducted in the TDT have been divided into five
categories.  These categories are ground wind loads.
taunch vehicle dynamics. atmospheric flight of space
vehicles, atmospheric reentry, and planctary-probe
testing.  All known TDT tests of launch vehicles and
spacecrafl are discussed in this report.  An attempt has
been made to succinctly summartze each wind-tunnel test.
or in the case of multiple. related tests. cach wind-tunnel
program. Most summaries iaclude model program
discusston, description of the physical wind-tunnel model,
and some typical or significant test results. When
available. references are presented (o assist the reader in
further pursuing information on the tests.

INTRODUCTION

The NASA Langiey Transonic Dynamics Tunnel
{TDT). which became operational in late 1959, has long
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been  dedicated to  aeroclasticity  research  and
development. The TDT has many features that make it
particularly suitable for acroclastic testing including
subsonic to transonic Mach number capability. variable
density, very low operating pressures. and the capability
of rapidly reducing aerodynamic loads during testing.
The TDT also has the ability to use either air or a heavy
gas as its test mediom.  The heavy gas is particularly
suilable for acroelastic scaling of wind-tunnel models. In
addition to providing for extensive contributions to
aircraft-related testing. these leatures have altowed the
TDT te support many significant research and
development activities tor launch vehicles and spacecraft.

The TDT has been used many times throughout its
history to support aeroelastic research and development of
space vehicles 1o simulale the transition through the
carth’s atmosphere for launch vehicles and “flying”
spacecraft, The facility has also been used to study
similar atmospheric transitions lor spacecraft on other
planets.  Additionally, ground-wind studies have been
carried out in the TDT simulating launch vehicles on the
launch pad and for a Viking lander on the Martian
surface. Figure 1 illustrates the relative amount of space-
related testing conducted in the TDT over the past 40
years compared 1o all tests conducted in the tacility. As
shown in the figure. approximatcly 17 percent of all
testing in the TDT has been in support of space-related
activitics.

The TDT space-related tests have been grouped in this
paper inte five categories: launch vehicle ground-wind
loads, launch vehicle dynamics, atmospheric flight of
space vehicles. atmospheric reentry, and planetary-probe
model tests. Although launch vehicles transition through
Earth's atmosphere. TDT Jlaunch vehicle swudies
(i.e. Saturn V) have been calegorized in this paper
separately from more conventional lifting-surfuce space
vehicles (i.¢. Space Shuule) that rely substantially on
Muid-dynamic lift for vehtele Might control.  Figure 2
illustrates the distribution of TDT space-related testing
based on the test categories used in this paper. Figure 2
also breaks down the test distribution for cach decade of
TDT operation.
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A significant amount of launch vehicle ground-wind
loads testing has taken place in the TDT. Ground-wind
loads testing deals with the steady and unsteady loads that
a launch vehicle experiences while erected on the launch
pad due to the natural wind environment. These loads can
result in dynamic response of a launch vehicle that can
cause structural damage if the launch system is not
properly designed.  Ground-wind loads studies in the
TDT have invoilved vehicles such as Apollo-Saturn, the
Titan TIL the Space Shuttle. and the Atlas-Centaur launch
vehicle. Figure 2 shows that approximately one quarter of
all TDT space-related testing has involved assessment of
ground-wind loads.
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Fig. 1- Portion of TDT testing related (o space activities.

Launch vehicle studies in the TDT have generally
centered on buffel measurements, although a few (ests in
the 1960's are thought to have been conducted primarily
o measure stalic pressures. Over the years, buffet and
general dynamic response studies have been carried out
for vehicles such as the Apollo-Saturn, Atlas-Centaur, and
Delta-series launch vehicles. The models used for these
tests have ranged from partial-vehicle rigid models used
for making unsteady pressurc measurements (o full-
vehicle. aeroclastic models that provide scaled dynamic
response measurements, Figure 2 shows that 14 percent
of TDT tests associated with space vehicles have involved
launch vehicle dynamic response measurements.

Atmospheric space-vehicle-flight studies conducted in
the TDT have generally involved flutter clearance and

2

(¢)2000 American Institute of Aeronautics & Astronautics or published with permission of author(s) and/for author(s)' sponsoring organization.

flutter research activities. However, other studies for
acrodynamic performance. buffet, buzz, and panel {lutter
have also been performed for space vehicles with lifting
surfaces, such as the Space Shuttle.  Of the five space-
related test categories, the atmospheric-flight category is
most typical of TDT testing in that atmospheric-1light
studies closely match typical TDT aircraft tests.  In
recent years. extensive research was conducted in the
TDT as part ol the National Acrospace Plane (NASP)
program. This work included wing-alone. vertical-tail-
alone. full-vehicle. and engine-related buze, divergence.
and {lutter studies. In addition 10 Earth atmospheric flight
testing. a recent development has been the proposed
atmospheric flight on Mars of the conceplual NASA
"Mars flyer". In the early planning stages for this
program. the TDT was identificd to support tests of this
conceptual vehicle. primarily because of the very low
pressure (and therefore Yow Reynolds number) capability
of the TDT. Awmospheric-flight studies have accounted
for nearly 36 percent (see Fig. 2) of all TDT space-related
tests. The large percentage of tests in this category is
somewhat exaggerated in the sense that an unusually high
number of very simplistic, preliminary model tests were
conducted for the NASP vehicle program.

Launch Vahicks Ground
Wirnd Loads (27.2%)

Atmos. Aeentry (18.5%)
Planatary Probs
Viking) (4.5%)

itrmoa. Flight [35.9%)

Launch Vehlcha Flight ——
Diwnarmles (14, 1%

18 s

189Ts 1860's
Time Period

ed's

Fig. 2- Breakdown of space-related testing in the TDT
according to test categories.
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The TDT has also made significant contributions to
research studies associated with unpowered atmospheric
transition. Most of these tests involved Earth atmospheric
reentry concepts; some associated with the NASA
manned space-flight program. A number of these
rescarch tests involved conceptual reentry vehicles. or
deceleraters. The TDT contributed significanty 1o
understanding the capabilities ot these concepts: however,
most of the tested ideas were never use in flight. Other
reentry (or more appropriately, atmospheric-entry) tests
have been conducted in the TDT for vehicles entering
planetary atmospheres. Several tests have been conducted
for entry into the Mars atmosphere. The Galileo probe
parachute system, successfully used for entry into the
Jupiter atmosphere. was also tested in the TDT. The TDT
wis used to more appropriately simulate these planetary
atmospheres through combinations of heavy gas or air test
mediums at various pressure levels.  The wind-tunnel
models have generally been acroclastically scaled to
match the dvnamic properties of the actual vehicle. These
models have been used 10 help assure that the entry
configuration will function without undue dynamic
response  during its nominal trajeclory or upon
encountering gusts.  Atmospheric entry models tested in
the TDT have included several parachute concepts.
deployable hot-air-balloon-type vehicles, a number of
drag brake configurations. and inflatable decelerators.
Figure 2 shows that approximately 19 percent of all TDT
space-related tests invelved atmospheric reentry studies.

The final category of TDT space-related tests involves
around-wind tests of planctary probes. This category is
not large, comprising only about five percent of TDT
space-related tests (Fig. 2). These tests concerned testing
of the Mars-lander vehicles Viking 1 and Viking 2. These
tests were not ground-wind loads tests per se; rather. they
involved studying the effects of ground winds on the
precision of instrumentation on the Mars Viking landers.
These tests were done in the TDT in large part because
the very low pressure capability of the TDT gives it the
ability to match densitics and/or Reynolds numbers
suitable (o simulaie the Martian  ground-level
environment. albeit in an air test medium in the TDT.

This paper summarizes the various types of tests
conducted in the TDT throughout its history related to
launch vehicles and spacecraft, inctuding several fairly
unigue tests. The tests will be discussed in categories as
introduced above. Table | (last page of this report) is a
complete tabulation of all known space-related tests that
have been conducted in the TDT. Specific test-summary
information could not be found for every individual test in
this list. However. general program information was
found that correlated with the test subject area. test titles.
and/or the test time period for every test in this table. The
test titles and the test categortes listed will help the reader
corrclate test information in the table with test-summary
discussions in this paper. This paper will atiempt to more

(c)2000 American Institute of Aeronautics & Astronautics or published with permission of author(s) and/or author(s)' sponsoring organization.

thoroughly cxplain the unique nature of the TDT that
made it sutlable 1o the types of space-related studies that
have been accomplished.  Also. the paper will seeve as a
bibliographic summary of this type of testing in the TDT
and, as such. an avempt will be made 1o summarize
significant technical contributions of the TDT testing to
space activities. The authers hope that the paper will
ultimately point to the continued viability of the TDT in
supporting rescarch related to space vehicles.

WIND TUNNEL

The NASA Langley Rescurch Center (LaRC)
Transonic Dynamics Tunnel (TDT) has operated lor over
forty vears, supporting lixed wing, rotorcrafl. spacecraft.
and other miscellancous research testing throughout tts
history. The TDT is a continuous-flow wind tunnel
capable of testing at otal pressures {rom about 0.1 10 1.0
atrmospheres and over a Mach number range from zero to
1.2. The test section of the TDT is 16.0 f1. square with
cropped corners.

The TDT is specifically designed for studying
acroclastic and other unsteady flow phenomena.  The
wind tunnel is capable of operating at both subsonic and
transonic speeds. The TDT has a variable fluid density
capability, which is particularly helplul in structural
scaling of acroelastic models. Testing can be conducted
in the TDT using either air or a heavy gas as the test
medium. Testing in a heavy gas provides advantages in
acroclastic model scaling. Prior 10 1997, the TDT heavy
gas was dichlorodifluoromethane, known as R-12. The
density of R-12 is approximately four times that of air.
This means that scaled models can be made heavier
rclative to a scaled model for testing in air. This generally
makes the task of building a scaled model with sufticient
strength easier. After 1997, the TDT began operating in a
heavy  gas known as  1.1.1.2-Tetrafluoroethane
(CH,FCF;). or R-134a. This gas is approximately 3.5
tmes denser than air for identical pressure. lemperature,
and volume. making it a reasonably cquivalent
replacement for the previous R-12 heavy gas. All of the
tests discussed in this report actually vsed air or the initial
TDT R-12 heavy gas test medivm. The TDT also has
several umique features Lhat are particularly useful for
acroglastic tests. One of these features is a group of tour
hypass valves connecting the test section area (plenum) of
the tunnel to the return leg of the wind-tunnel circuit. In
the event of a model instability, such as flutter. these
quick-actuating valves are opened.  This causes a rapid
reduction in the 1est section Mach number and dvnamic
pressure. which may result in stabilizing the model. A
more complete description of the TDT can be found in
reference |.
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GROUND-WIND LOADS TESTING

During the rapid pace of ballistic missile and launch
vehicle development of the laie 1950's and early 1960's, it
was realized that a critical design point of the vehicle's
structure was Lhat of a class known as ground-wind loads
(GWL). Ground wind loads refer 1o both steady and
dynamic loads imparted 10 a launch vehicle while it is
erected on its launch pad and fully exposed to the natural
wind environment, which can be quite unpredictable and
severe at times.  The dynamie response of a flexible
launch vehicle to ground-wind loads can cause design
problems with regard to structural strength. guidance
platform alignment prior (o launch, and clearance between
adjacent umbilical towers. Steady and dynamic loads due
to wind drag and wind induced oscillations impart large
bending moments to the first stage structure of launch
vehicles and are typically the maximum bending loads
that the first stage will be subjected 10 even while in
flight. It was then, and still is today. important (o design
the thin-walled. tank structure of the first stage such that it
would endure vehicle response due o a wide range of
expected ground winds at a particular launch sitce.

Figure 3 illustrates the factors contributing to ground-
wind loads. This diagram shows a launch vehicle on a
flexible support structure standing beside an umbilical
tower and is subjected to a steady wind that results in both
static and dynamic loads on the vehicle. The predominant
acrodynamic force associated with launch vehicle ground-
wind loads is a result of flow separation and shed vortices
from the bluff body of the vehicle. The resulting
unsteady acrodynamic forces are perpendicular to the
wind direction and referred to as oscillating lift. The
steady and oscillating acrodynamic drag forces act
primarily in the direction of the mean wind. Prediction of
these steady and unsicady acrodynamic loads is critical to
the design success of any launch vehicle.”
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Fig. 3- Load conditions caused by ground-wind loads.
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Even today. it is very difficult to accurately predict the
response of a vehicle to ground wind loads. Therctore,
the accepled method for determining the design ground
wind loads has been to perform wind-tunnel 1ests of
acroelastically-scaled models of the launch vehicle,
Research conducted at the Transonic Dynamics Tunnel
(TDT) played a key role in the early understanding of
ground-wind loads and the development of many launch
vehicles which occurred in the 1960's, 70's, and 80's.

Because flow scparation and the resulting shed
vortices arc highly dependant on Reynolds number and
Strouhal number, these non-dimensional parameters are
important to match in the design of any GWL wind-tunnel
model and wind-tunnel test in order to ensure thal results
arc scalable to the actual vehicle. The TDT was the
facility of choice for many launch vehicle ground-wind
load test because of its large test section (1601-by-16f1)
and the variable density test capability that combined
allow for reasonable simulation of full-scale Reynolds
numbers in a sub-scaie wind-tunnel test. By using R-12
as the test medivm, which has a kinematic viscosity of
about one-fifth that of air, Reynolds number simulation
was approximately achieved during ground-wind loads
tests for all launch vehicles tested in the TDT except for
the Saturn V. Additionally. the TDT has the capability of
remote azimuth positioning of a ground-wind loads model
in ils (est section using a unique ground-plane turntable,

The following sub-scctions will capture the full
hreadth of ground-wind loads testing performed in the
TDT since its inception in the late 1950's. From early
lests of Jupiter ballistic missiles for the U.S. Army to
Saturn launch vehicles and the Space Shuttle. cach test
took advantage of the unigque capabilities of the TDT to
determine the particular ground-wind loads response of
the vehicle. Throughout the 1960's. 70’s, and R0's the
TDT proved ilself as one of the nations premier facilities
lor performing ground-wind loads testing of launch
vehicles.

Model Design

The most reliable means of obtaining quantitative data
on ground-wind loads on a launch vehicle. once the
design is finalized, is from wind-tunnel studies of
dynamically and elastically scaled models. Such models
that simulate both the aerodynamic and structural
dynamic properties are referred to as aeroelastic models,
Scaling laws are used to determine the nondimensional
parameters to be duplicated by the model if the response
of the model 10 tunnel-simulated ground winds is to
simulate accurately the response of the full-scale vehicle
1o ground winds.

For ground-wind leads tcsting, it is required that the
lollowing parameters be the same for model and full-scale
vehicle:  external shape. Reynolds number, Sirouhal
number based on vehicle first bending mode and the
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diameler ol the lower slage, mass ratio based on the
generalized mass of the first bending mode. damping ratio
of the first bending mode. and surface roughness. From
the dimensionless parameter design requirements
specified above and from a knowledge of TDT test
capabilities. the fundamenial scale factors (model-to-full-
scale ratios) for scaling length. mass. and time are readily
oblained. 1 is also important 1o geometrically model the
launch vehicle umbilical tower and place it at the scaled
location relative to the vehicle in order to capture the
effects of the tower on the wind profile. Figure 4 shows
an aeroelastic ground-wind Joads model of the Scom
launch vehicle and its umbilical tower as tested in the
TDT.

Fig. 4- 0.15-scale Scout launch vehicle
around-wind loads model.

Mode! construction typically consisted of a center spar
structure with lead weights attached at various points,
which is representative of the scaled stiffness and mass
distribution of the vehicle. Cylindrical shells representing
the geometric shape and axial stiffness were then attached
1o the to the spar. Most ground-wind foad tests at the
TDT included the ability 10 vary the payload fairing
shape, vary the vehicle's fueled condition, and vary the
booster configuration (for instance. strap-on boosters), It
was important for the maodel (0 be configurable in order 1o
allow every conceivable vehicle configuration to be tested
for ground-wind Joads since many launch vehicles were
erected in stages on the pad (Jupiter, Titan. Atlas. and
Saturn I} and alt were tueled in stages on the pad.

Another important aspect of model design includes
matching the vehicle first bending mode damping.
Structural damping has been found to be one of the key
parameters that governs the susceptibility of a vehicle o
wind-induced oscillations. Early ground-wind foad tests
in the TDT such as the Scout and Jupiter, relied on the
model construction to provide structural damping which
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was representative of the full-scale vehicle. This method
proved troublesome because structural damping is very
difficult to control in a scale model compared o other
model design parameters. A solution was found in the
application of viscous dampers that can be used o vary
the amount of damping in a model and thus provide for
the precise regulation of siructural damping in a scale
model. The device wsed in ground-wind loads iests,
shown in Figure 5, consists of a series of lead slugs that
are free to slide on concave trays inside of a cylinder
filled with viscous oil. Motion of the lead slugs in the
viscows oil dissipated energy and thus increasing the
damping. Changing the number of lead slugs or the
viscosity of the oil could then change the degree of
damnine.
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Fig. 5- Viscous damper used in
ground-wind loads models.

The primary instrumentation for ground-wind load
tests at the TDT consisied of two strain-gage bridges
mournted near the model base in planes 90° apart around
the circumference of the first stage and t(wo
accelerometers mounted on the model near the nose in the
same two reference planes.  This instrumentation was
uscd 10 obtain ume histories of the bending moment and
deflection responses of the model to simulated ground
winds in the TDT. Recording und display mediums for
this instrumentation varied as technology progressed, hut
most ground-wind load tests at the TDT used strip-charts,
oscilloscopes. and digital compuier dala acquisition
systems as they came into use. One method of data
readont which proved usetul o early ground-wind loads
lests was the use of time exposure pholographs of an
oscilloscope set up to display the response from two strain
gages (on opposite model reference planes) on two axes.
Figure 6 shows such a photograph and schematic. As the
model responds bhoth statically and dynamically. the
outputs from these strain gages trace an elliptical patlern
on the oscilloscope since the lift response is greater than
the drag response. The borders of the ellipse thus formed
represent the curve of maximum dynamic bending
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moment response and the distance the center of the ellipse
has shifted from the no-wind position yields the
magnitude and direction of the static bending moment, >

Mx — X

0SCILLOSCOPE

MODEL

Fig. 6- Oscilloscope time exposure of bending momenl,

Test Techniques

Ground-wind loads testing would begin by first setting
the desired tunnel condition. This would include the
desired density of R-12 heavy gas for Reynolds number
and Strouhal number simulation and also setting of the
tunnel speed. Because of model size, some tests such as
the Saturn V could not be tesied at higher simulated wind
velocities due to compressibihity effects of operating
above Mach 0.3 ut low pressures in R-12. At each desired
tunnel velocity. one to two minule samples of data of the
maodel response were recorded.  After data has been
recorded for ecach desired tunnel velocity. the model
azimuth would be changed such that the model and
umbilical tower were subjected to simulated wind
conditions from a different azimuth or angle.

Early ground-wind loads tests relied on technicians o
enter the test section and unbolt the model from the test
section floor and relocate it at the desired azimuth. This
proved very costly with regard o test ume since cach
model azimuth change require hours of R-12 heavy gas
processing to clear the test section for personnel entry. In
mid-1962 an agreement was made between NASA and
the Martin Company of Baltimore to perform ground-
wind loads test of the Titan III at the TDT. One
requirement was that the azimuth of the model be easily
changed remotely from the TDT control room. This
requirement resulied in the ground-loads floor turntable
being built by the Martin Company specifically for the
Titan HT test at the TDT. Aller the test the turntable and
floor-fairing structure remained and became a standard
capabitity of the TDT for all subsequent ground-wind
load tests. Figure 7 shows a model mounted to the
ground-wind loads floor turntable,
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Fig. 7- Modcl mounted to TDT ground-wind loads
floor turntable.

TDT Ground-Wind Loads Test Summaries

Scout Jaunch vehicle (TDT Test 12): The Scout launch
vehicle was developed by NASA specilically for orbital
and sub-orbital research and had a useful career that
spanned over 30 years. In October of 1960). testing began
al the TDT of a {.15-scale ground-wind loads model of
the Scout launch vehicle and its service/umbilical 1ower.
Testing was performed with both air and R-12 as a (st
medium in order to precisely malch full-scale Reynolds

number.  The Scout was tested in the fueled
configuration. Figure 4 shows the Scout ground-wind

loads model and its umbilical tower in the TDT (est
section. A second Scout test was conducted in the TDT in
August 1961,

Saturn ! Block I (TDT Test 18): The first ground-wind
loads test of NASA's Saturn family of launch vehicles
was a test of the Saturn I Block I, which was a single-
stage. sub-orbital launch vehicle. The Saturn 1 Block I
was the first US launch vehicle to qualify the concept of
clusiering many rocket engines in the first stage, in this
casc cight. and paved the way for the Saturn IB and
Saturn V. The successful first flight of the Saturn I
Block I occurred on October 27, 1961 (SA-1). Results
from the test at the TDT resulted in increased confidence
in the vehicle's ability to withstand wind-induced
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osciliations while exposed to the environment before and
during launch from Launch Complex 34 at Cape
Canaveral .}

During this test. the response of a 7.5 percent
aeroelastically scaled model of the Saturn 1 Block !
{SA-1) vehicle was measured at simulated ground winds
up © 80 fi/s {48 knots) at full-scale Reynolds numbers
using R-12 as the test medium. TDT testing of the SA-1
vehicle began in March of 1961. A photograph of the
model is shown in Figure 8. The SA-1 ganiry tower was
not modeled because the full-scale tower was pulled back
200 yards from the vehicle prior to launch and did not
cause any aerodynamic interference.

Fig. 8- 7.5 percent Saturn I Block I model.

Figur¢ 9 shows the steady-drag and maximum
oscillatory bending moment measured at the base tie-
down location. The oscillmory bending moment shown
was measured perpendicular (o the wind direction. The
response represented by these data was due to the
oscillating lift force of voricx shedding. At high
velocities the steady-drag moment becomes several times
larger than the osciilatory moment and approaches the
static overturn moment for the unfueled vehicle resting
unclamped on the launch arms. Thus. tests at the TDT
showed that for the Saturn SA-| vehicle the critical load
from ground winds is the mument due to steady-drag
rather than the oscillatory response lateral to the wind,
which was the critical loads for other launch vehicles
tested up to that time.”

Jupiter IRBM (TDT Test 28);  Tests of a 1/5-scale
Jupiter missile aeroelastic model were conducted at the
TDT in October 1961. Once again. R-12 heavy gas was
used as the test medium to match full-scale Reynolds
numbers. The model was tested to full-scale wind
velocitics up to 95 knots. Figure 10 shows the Jupiter
model mounted to the test section floor of the TDT.

7
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Fig. 9- Saturn I Block 1 ground-wind-induced loads.

Fig. 10- 1/5-scale Jupiter IRBM.

Configurations of the Jupiter missile included a clean
nose and with strake-type spoilers mounted to the nose as
shown in Fig. 11. it was shown during this test that the
spoilers had a pronounced ground-wind load alleviation
effect and can prove a useful tool in reducing a launch
vehicle's susceptibility to wind-induced oscillations.
These results are shown in Fig. 12 as a plot of the
maximum resultant bending moment against wind
speed.”’

Wind-induced loads research model

(TDT Tests 37 and 40): These tests were part ot a basic
research program for determining the sensitivity of a
generic launch vehicle's ground-wind response to two
different nose shapes. Figures 13 and 14 show two
configurations of the research model mounted to the test
section floor of the TDT. Other test hardware included a
wind anemometer used to measure wind speed and a
turbulence grid used to create a wind profile that better
simulates the natural turbuience of ground winds. The
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conical base of the model was fixed to the floor while the
upper portion was mounted to leaf springs that provided
different stiffness values in two principal dircctions. The
springs allow the upper portion of the model o sway back
and forth in all directions. thus simulating the side-to-side
motion typical of wind-induced oscillations of upright
launch vehicles. The generic model could be rotated in
azimuth to change the alignment of the spring mouont
principal directions with the wind direction. These tests
were conducted only in air as a test medium.

Results from this generic ground-wind loads model
proved 1o be inconsistent due (o the fact that model
damping was highly dependent on azimuth. This was a
shortcoming of the design of the model. No results were
published due to these problems with the program.

Fig. 11- Spoilers on 1/5-scale Jupiter IRBM.

A
& - . . .
- R é Fig. 14- Generic ground-wind loads mode] in TDT.
\NO SPOILERS
RESI\C@(ANT B a Titan IH (TDT Test 52): Ground-wind loads testing was
BENDING conducled on a 7.5 percent acroelastically-scaled Titan 111
MOMENT | launch vehicle with a geometrically scaled model of its
umbilical tower. Testing was conducted in R-12 heavy
gas and full-scale Reynolds number was maiched. For
SPOILERS this test. the Martin-Marietta Corporation agreed to design
-ge and fabricate a ground-wind loads turntable to be used to
o C‘;gﬁ.o—:b T TR remotely change model azimuth from the TDT control
WIND VELOCITY, KNOTS room. Al the end of this test, this turntable was turned
Fig. 12- Effect of nose spoilers on bending moment over to NASA for use in future ground-wind loads tests at
the TDT.

response of [/5-scale Jupiter IRBM model.

8
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There were three configurations tested by Martin-
Marietta and NASA engineers during this test. These
included a conical and a Dyna-soar payload, which at the
time were firmly established payloads, and a bulbous
shape that was of general interest but at the time not a
scheduled flight payload. Soon after, the Dyna-soar
program was cancelled by the Air Force and only the
conical and bulbous payload fairings actually flew on
Titan. Figures 15 and 16 show the bulbous and Dyna-
soar Titan model configurations mounted on the TDT
floor ground-wind loads turntable. Results from this test
showed that the flow behind the umbilical tower could
cause a large modc_l_ TESDONSe under certain conditions.

o

- — -

Fig. 15- Titan III bulbous payload.
(Same photograph as used in Fig. 7).

Fig. 16- Titan III Dyna-soar payload.

9

Saturn I Block II (TDT Test 53): Immediately following
the Titan III test, the Saturn I Block II vehicle was

ground-wind loads tested at the TDT in support of the
upcoming first flight of the vehicle in January of 1964
(SA-5). Figures 17 and 18 show the 7 percent Saturn I
Block II aeroelastic ground-wind loads model as tested in
the TDT with Jupiter and Apollo payleads and with a
geometrically accurate model of Launch Complex 37B
(LC-37B). The Block II vehicles are differentiated from
the Block I vehicles by the inclusion of a live S-1V second
stage capable of providing orbital insertion of payloads,
by taller S-I first stage to provide more propellants, and
by eight aerodynamic fins for enhanced stability.*

Fig. 17- 7 percent Saturn I Block I with
Jupiter payload fairing.

Fig. 18- 7 percent Saturn | Block II with
Apollo spacecraft.
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The main objective of this test was o provide ground-
wind loads data to be used to establish ground handling
procedures in the event a Saturn 1 Block Il vehicle was
exposed 10 high winds while erected on the faunch pad.
Both fucled and unfucled configurations were tested and
various protuberances such as retrorockets for staging.
telemetry antenna. ullage rockets. and service module
thrusters were included. Testing was conducted at many
wind azimuth directions using the TDT ground-wind-
loads wrntable, at full-scale wind velocities up 1o 50 mph
(44 knots). and at full-scale Reynolds numbers using R-12
heavy gas as the test medium. Figure 19 shows the
maximum resultant base bending moment obtained at the
most critical wind azimuth angle for the Saturn 1 Block 11
Saturn IB, and Saturn V for values ol damping ratio
greater than or equal o 0.01.  As shown, the Saturn 1
Block 1 vehicle was found 10 possess no groond-wind
load prohlems over the range of steady wind velocities of
the test at the TDT. Thus. testing at the TDT cleared all
Saturn I Block II flights (SA-5 through SA-10) from
ground-wind loads problems.™

LB NFUELED ‘
(C/Ce} 2 0.0 1
SATURN 18-, | rSATURN &
I
0 - \
|
MAX RES. M (! \
DESIGN Mg " 1
sf I
SATURN T, ,‘L_ -
BLOCK nl_ o
i L 1 4 i —
o 10 20 30 a0 50 &0 70

WIND VELOCITY {FULL SCALE}, MPH

Fig. 19- Maximum resultant base bending moment at
most critical wind azimuth for Saturn I Block I1.
Saturn 1B, and Saturn V vehicles.

Saturn V (TDT Tests 55. 62. 79, and 106): Early in the
development of the Saturn V_ 1t was realized that ground-
wind loads would play a role in the design of the vehicle
and launch configuration. In response 1o this, NASA
relied on both model-scale. wind-wunnel tests at the TDT
and full-scale tests of a Facilities Integration Vehicle.
There were several TDT tests in March and July 1963,
June 1964, and May 1966 of a 3-percent. acroelastically-
scaled model of the Saturn V lLaunch vehicle to determine
its response to wind-induced loads.  Since the first two
tests took place when the Saturn V design was still in its
infancy. the mass and stiffness of the vehicle and the base
stiffness of the launcher was likely to change significantly
as the design matured. Therctore. it was decided that a
simplified 3-percent-scale Satwrn V ground-wind loads
model would be designed such that onty scaled bending
frequency would be matched 1o full-scale. This model
was moditied for the later tests to represent changes to the
vehicle. held-down structure. and umbilical 1ower as the
design matured.

10
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The principal variables of the investigation were wind
velocity, wind direction. flexibility of the supporl
structure. structural damping. and f{ueled/unfueled
configuration.  As in the Saturn 1 Block 11 tests, many
protuberances were included in the Saturn Voo provide a
very complete model from a geometric standpoint,
Because of the enormity of the Saturn V launch vehicle
(more than twice the size of previous Saturn
configurations). full-scale Reynolds number could not be
matched in the TDT at the 40 knot design wind speed of
the vehicle without exceeding a Mach number where
compressibility effects become significant (Mach=0.35-
0.40). Thercfore. the model Reynolds number was
approximately one-third that of full scale. Figure 20
shows the Saturn ¥V model and umbilical tower mounted
o the TDT ground-wind loads turntable. The Saturn V
mobile service tower was also inciuded in testing at the
TDT

, 7"
Fig. 20- 3 percent Saturn V model and service tower.

Sub-critical Reynolds number testing at the TDT of
the Saturn V model in the unfueled configuration yielded
an undefined peak (the model had inadequate load
capability to define the peak) ncar 50 knots which
exceeded the design bending moment of the vehicle. This
is shown in Fig. 19. The response of the unfueled
Saturn V model was found to be significantly affected by
the presence of nearby tower structures. Figure 21
illustrates the effects of the nearby structures on the
azimuth angles at which peak dynamic loads were
measured. Since the Saturn V was 1o be fueled as near to
the time of launch as possible, the vehicle would be
subjected to winds in the unfueled configuration during its
transport from the Vehicle Assembly Building to the
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launch complex. Testing of the model in the fucled
configuration showed that the design bending moment
was not exceeded. Using the tunable viscous damper in
the nose of the Saturn V model. it was found that when
the damping of the vehicle's first bending mode was
increased to 3 percent of critical, the bending moment
response peaks were practically eliminated.

From past experience. it was expected that the
damping of the first mode of the Saturn V would not
exceed 2 percent critical.  Therelore, (wo solutions were
investigated for improving the Saturn V's ground-wind
loads response. These included an external support that
would effectively stiffen the vehicle and the addition off
an cxternal damper to increase the damping of the
vehicle's first bending mode. 1t was found that the first
solution would submit the vehicle to very high load
conditions, Therefore. the accepted solution was 10 utilize
an cxternal viscous damper Lo increase the first mode
damping as testing at the TDT suggested. A motion
damper arm mounted to the S-II/S-IVB interstage was
developed tor the Saturn V Facilities Integration Vehicle
(SA-500F), which was a facility checkout and ground-
wind test vehicle (not a flight vehicle). During vibration
testing of SA-500F in the Vehicle Assembly Building at
Cape Canaveral. the motion damper arm increased the
first mode damping from 1.5 percent critical to 4.5
percent critical.

Rollout of SA-500F with the motion damper arm
oceurred on May 25, 1966 and ground-wind loads testing
showed no problems with the vehicle. On all subsequent
Saturn V vehicles. the motion damper arm was connected
to the launch escape tower.  As discussed, the TDT played
a key role in the testing and development of the Saturn 'V
launch vehicle used to send man and machine 1o the

1
moon, ™

SHADED AREAS INDICATE AZIMUTHS WHERE VEHICLE DESIGN
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Fig. 21- Effects of nearby structures on the Saturn V
vehicle response.

Saturn IB (TDT Tesis 65. 71. and 88): Ground-wind
loads testing of the Saturn IB launch vehicle began in
1963. A 5.5 percent acroelastic model of the vehicle was
designed for tests at the TDT along with geometrically
scaled models of hoth Launch Complex 34 and 37B
umbilical towers. There were three distinct payloads
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which included standard Apollo command and service
module, and space station proposed as part of the Apollo
Orbital Workshop program. and a generalized payload
shroud as flown on AS-203. The Apollo spacecraft and
space station payload testing took place during TDT tests
65 and 71 and are illustrated in Figs, 22 and 23. During
Saturn IB ground-wind loads testing of the space station
paytoad (test 71). wind-induced osciliations were severe
enough to "send it down the tunnel” and therchy
destroying the Saturn 1B model, A second model was
fabricated and testing continued in March of 1965 with
the Apollo spacecraft and a generalized payload shroud as
shown in Figs. 24 and 25.

All model hardware was mounted 10 the TDT ground-
wind loads turntable and tests were conducted in R-12
heavy gas as a test medium. Because of the model's size
and compressibility limitations, Reynolds number had a
scale lactor of only 0.85. The vehicle was tested in the
unfucled and fueled configurations up 1o full-scate wind
speeds of 46 knots. It the model azimuth angle is held
constant and the velocity varied, the vehicle responds
typically as shown in Fig. 26. In this figure, base
bending-moment dala measured on the Saturn IB mode] at
the wind direction shown are used to present cach
component that contributes (o the maximum resultant
ground-wind load on the vehicle.  As in the Saturn V
tests. it was found that the critical configuration was for
the unfueled vehicle. Figure 19 illustrates this critical
ground-wind loads condition for the unfueled Saturn IB
vehicle in which undefined peaks at 39 mph (34.3 knots)
exceed the design bending moment of the base of the S-IB
first stage structure. The design hending moment was
only exceeded when the vchicle was tested in the
presence of the LC-37B umbilical tower. Base bending
moments were not exceeded with the L.C-34 umbilical
lower in place, nor were they exceeded with the vehicle in
the Tueled configuration.

T

Fig. 22- 5.5 percent scale Satrn IB model with Apollo
spacecraft and Launch Complex 37B umbilical tower.
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Fig. 23- 5.5 percent Saturn IB model with space station Fig, 25- 5.5 percent Saturn IB model with generalized
payload and Launch Complex 37B umbilical tower. payload shroud and Launch Complex 34 umbilical tower.
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Fig. 26- Typical load variation with wind velocity for the

Saturn IB vehicle.

ini-Titan (TDT Test 72): A joint test program was
organized by NASA Langley rescarchers at the TDT and
wilh engincers from the Martin Company to study the
ground-wind loads response of the Gemini-Titan vehicle
and its erectlor tower. A 7.5 pereent. aeroclastically scaled
model of the Gemini-Titan launch vehicle was fabricated
for testing in the TDT at full-scale Reynolds numbers and
up 1o tull-scale wind speeds of 47.5 mph or 42 knots. In
addition to the scaled launch vehicle, a dynamically
scaled model of the erector tower was designed based on
measured full-scale frequencies.  Inclusion of the
dynamically scaled erector tower was important due to the
limited clearance separating the vehicle from the erector

Fig. 24- 5.5 percent Saturn IB model with Apollo
spacecratt and Launch Complex 34 umbilical tower,

12
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as it is raised or lowered. The fuil-scale structural
damping of the vehicle was duplicated in the model with
the aid of the viscous damper discussed in earlier sections.
Figures 27 and 28 shows the Gemini-Titan vehicle and
erector as tested in the TDT.

2

=)

T

Lt T o

mey

v v L)
T [ T

i S

Fig. 27- 7.5 percent Gemini-Titan launch vehicle with
erector in the fully-raised position.

Fig. 28- 7.5 percent Gemini-Titan launch vehicle with
erector lowered.

Test configurations included the launch vehicle
without the erector {(simulating pre-launch condition), the
vertical and fully curtained erector, and the launch vehicle
in the presence of the erector positioned at angles of 6. 33,
and 50 degrees from the vertical. The TDT ground-wind
loads turntable was used to position the model azimuth
with respect 10 wind direction.

The maximum base bending moment on the Gemini-
Titan vehicle occurred when it was in the wake of the
erector {which was 33 degrees from vertical). This

13
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condition caused the vehicle to experience very little
static load. The large dynamic load was apparentiy
induced by a field of unsteady forces in which the body
was immersed due to the presence of the ereclor.

As in the case of the launch vehicle, maximum
dynamic responses of the erector were found to exist
when it was in the wake of the air vehicle, although all
dynamic responses were relatively low. Maximum total
loads of the erector model were invariable static in nature.
generally by large margins.

In addition to wind-tunnel tests, full-scale ground-
wind load measurements were made on the Gemini-Titan
vehicle and its erector tower as part of a complete ground-
wind loads program. Figure 29 shows full-scale data
together with wind-tunnel test results and theoretical
predictions of response due to turbulence.
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Fig. 29- Response of Gemini-Titan to ground-wind loads.

Two-dimensi linder f cillatj del
{TDT Test 94): Most of the launch vehicle ground-wind
loads studies conducted at the TDT involved vehicles
small enough that full-scale Reynolds number conditions
could be duplicated at model scale. However, vehicles in
the Saturn V class operated at Reynolds numbers well
beyond the capabilities of the TDT, or any wind-tunnel
for that matter, as pointed out earlier in this paper.
Furthermore, a growing body of evidence indicated that
vortex-shedding effects at Reynolds numbers of the order
of 107 are not necessarily reproduced at supercritical
Reynolds numbers of the order of 10°. This concern led
o many discussions with design engineers from Marshall
Space Flight Center (the chief TDT customer for design-
type ground-wind load studies) regarding ways and means
of providing fundamental information about vortex
shedding effects at high Reynolds numbers. These
discussions culminated in a joint NASA-Martin Company
research program to study vortex shedding on a two-
dimensional cylinder in the TDT at Reynolds numbers up
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1o those typical of Saturn V type vehicles. This rescarch
program contributed a major extension w the existing
fundawmental knowledge in this flield as indicated in
Fig. 30, Alse shown is the typical (ull-scale Revnolds
number condition for the Saturn V vehicle immersed in a
60-knot wind. This rescarch would therefore help bridge
the gap between model-scale testing of the Saturn V oat
sub-critical Reynolds numbers and fuli-scale ground-wind
load characteristics of the Saturn V.
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Fig. 30- Previous investigations of two-dimensional wind-
induced oscillation effects on eylinders.

The wind-tunnel investigation at the TDT was
conducted on a large circular cylinder that vertically
spanned the TDT test section in a two-dimensional flow
at Reynolds numbers from 0.36 million o 187 miltion.
Figure 31 shows the model as tested in the TDT. The
cylinder was instrumented to read directly the mean-drag
and unsteady lift forces, In addition to the being fixed.

the cylinder could be Taterally oscillated over a range of

frequencies and amplitudes.  This oscillation capability
was used (o investigate the effects of cylinder motion on
the acrodynamic forces gencrated,
The results of this study indicated the following
conclusions:
(1Y The mean-drag coefficient on the stationary
cylinder. ut Mach numbers less than 0.2, follows the
trends established by previous investigations and has
an approximately constant vaiue of (.54 for Reynolds
numbers between 4 million and 10 miliion.
(2} The frequency content of the unsieady Iift loree
on the stationary cyhinder can be categornized into
three regimes dependant upon Reynolds number as
follows:  wide-band random (1.4 million < Rn < 3.5
million). narrow-band random (3.5 million < Rn < 6
million). and quasi-periodic {Rn > 6 million).
{3y The Swoubhal number of the unsteady lift on the

stationary cylinder tn terms of the center frequency of

a Strouhal bandwidih follows the trends established
by previous investigations at Reynolds numbers from
1.4 million to 8 miltion. At previously unexplored
Reynolds numbers trom 8 million w 17 million. the
Strouhal number is nearly constant at about 0.3,

14
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(4y Al Mach numbers less than 0.3, the rool-mean-
square unsteady hift coefficient on the stationary
cylinder fluctuates at Reynoelds numbers from 1.5
million to 8 million. then the range narrows into a
single function which decreases siowly with higher
Reynolds numbers.

(3) A lift force due o cylinder oscillation exists
when the cylinder is oscillated at or ncar the
aerodynamic Strouhal frequency of the stationary -
cylinder. This lift foree increases with increase in
amplitude of motion. building up to several times the
lift on the stationary cylinder. When the cylinder is
oscillated at frequencies far removed from the
acrodynamic Strouhal frequency of the stationary
cylinder, there is no signiticant lift due to motion.

(6) The wnsteady Nift duc to motion was found to
have a destabilizing  acrodynaimic damping

componem for cylinder mouon at {requencies below
the stationary cylinder vortex-shedding frequency.
This component shifts abruptly to a stabilizing
damping force at Irequencics above the vorlex-
shedding frequency.'

2

Fig. 31- Two-dimensional wind-induced loads model as
tested in the TDT.

Titan 111 Phase Il (TDT Test 95} The Air Force Titan
HIC launch vehicle was designed to be transferred (rom
the assembly areas to the launch pad at Cape Kennedy by
the Integrated-Transfer-Launch (ITLY transporter. On
four occasions during the fall of 1964, the cemply
transporter was obscrved 1o oscillate in both moderate and
high winds. In two tnstances the structure was damaged.
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Concern over hazards resulting from wind induced
oscillations forced the Air Force to reduce the placard
wind speed for operation of the Titan IIIC transporter
from 40 knots (46 mph) to 22 knots (25 mph).

The Martin Company of Denver (Titan IIIC
contractor) proposed a joint TDT wind-tunnel test
program with NASA Langley that utilized a dynamically-
scaled ITL transporter together with components of an
existing 7.5 percent scale Titan IIT model used in an
earlier program. Dynamic characteristics of the full-scale
ITL transporter were measured by the Martin Company
and were used to properly scale the 7.5 percent transporter
model. Testing was conducted in R-12 heavy gas at 45
percent of the full-scale Reynolds number. The wind-
tunnel test was conducted to (1) reproduce the observed
transporter phenomena, (2) define the problem, and
(3) determine suitable fixes to eliminate the transporter
problem without inducing any oscillation problems with
the launch vehicle. Also, it was desired that the mast fix
would eliminate the resonant forced oscillations of a
vehicle with a bulbous payload fairing when mounted on
the transporter. Proposed aerodynamic fixes included ITL
transporter spoilers, an open lattice configuration, and a
modified cross section configuration. Figures 32-36 show
the various transporter fixes and the transporter with the
Titan III vehicle with bulbous payload fairing in the TDT
test section.

Fig. 32- Basic configuration of the Titan I11 ITL
transporter.

The low speed wind induced oscillations of the full-
scale ITL transporter mast were successfully reproduced
in the wind-tunnel tests at the TDT. The nature of the
problem was explicitly defined as a forced response due
to periodic vortex shedding and this confirmed pretest
predictions. Full-scale oscillations observed at 53 knots
(60 mph) were probably the torsion mode of the
transporter that was reproduced in the wind-tunnel tests,
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Several of the aerodynamic modifications to the ITL
transporter were found to be satisfactory and performed as
predicted. Figure 37 illustrates the effects of each
aerodynamic fix on the resultant bending moment at the
base of the leeward transporter pylon at the critical wind
direction. The open lattice fix was selected as the most
desirable because it eliminated the wind induced
oscillation problem of the bulbous payload vehicle on the
transporter. '’

e - M

Fig. 33- Open lattice configuration of the Titan III ITL
transporter.

i =

Fig. 34- Spoiler configuration of the Titan III ITL
transporter.
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Fig. 37- Resultant bending moment versus wind speed for

Fig. 35- Modified cross-section configuration of the the iselated ITL transporter at the critical wind direction.
Titan N ITL transporter.

Skylab Launch Vehjcles (TDT Tests 182 and 200):
Early on in the development of Apollo-Saturn hardware,
NASA began o look oward a follow on program to
Apollo moon missions that would utilize flight hardware
for missions other than (o the moon. This culminated in
the first U.S. manned space station as a part of the Skylab
program. The Skylab was cssentially an S-IVB third
stage outfitted by McDonnell-Douglas as a living and
rescarch quarters for astronauts 1o work in a shirtsleeve
environment. Skylab was boosted into orbit by the tirst
two stages of a Saturn V launch vehicle and manned
Apollo missions o Skylab were orbited by Saturn IB
launch vehicles.  Both launches were from Launch
Complex 39B.  Because of geometric and dynamic
differences ot the Saturn V with the. Skylab payload and
geomelric differences of the Skylab Sawrn IB launch
complex configuration from past Saturn IB launches. a
ground-wind loads program was sought (o clear the
vechickes of any possible wind-induced oscillation and
load problems.

In a cooperative program with the Marshall Space
Flight Center. approximately 600 hours of wind-tunnel
testing at the TDT were involved in establishing the
ground wind load environments Tor the Skylab launch
vehicles. Tests were conducted on a modified 3 percent-
scale Saturn V acroclastic model with complex 39B and
of a 5.5 percent-scate Saturn [B with the upper part of
complex 39B. In both cases. the 39B umbilical tower was

Fig. 36- Titan [IT with bulbous payload fairing and a geometrically-scaled model. Figures 38 and 39 show
I'TL transporter in TDT. the Skylab launch vehicles as tested in the TDT.
16
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Figure 40 shows results for the Saturn IB Skylab tests 120° Wind niwth\ . _
which indicate that the critical wind azimuth is 120° and Launch D oé"‘ hzimith
that the addition of structural damping can effectively ‘ Towsr N satuen 18

reduce the maximum resultant base bending moment from
near the critical design value 10 one much more
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Fig. 40- Saturn 1B Skylab vehicle ground-wind loads,

This cooperative program resulted in the verification
of the Skylab vehicles ground-wind loads design criteria.
confirmed the fact that the external damper system for
suppressing dynamic response was salisfactory, and
provided the necessary information to define the
operational wind constraints.
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Space Shutfle (TDT Tests 210 and 306): Early in the
development of the NASA Space Shuttle. researchers at
the TDT realized that the winged orbiter and booster
configuration presented many rather unique problems
associated with ground-wind loads. While the Shuttle is
erected on the launch pad, it may be exposed to
occasional high-wind conditions. In the case of the final
Shuttle design, the criterion for peak winds of 81 knots
corresponds to a one percent risk of exceeding that
velocity during a two-week exposure at the windiest time
of year. This ground-wind environment creates a wide
range of potential problems that include fatigue damage
due to long wind-exposure times accumulated during the
Shuttie's expected 100 mission service lite.

Because space shuttle vehicles possess contiguration
features that are unlike those of any previous launch
vehicle, it 1s not surprising to tind new problems refated
o ground-wind loads. For example. associated with the
Shuttle's noncircular bluff body shape is a potential for
aerodynamic galioping instability, and associated with the
large planform lifting surfaces is a potential for “stop-
sign” flutter- a stall flutter phenomenon involving
torsional oscillations about the longitudinal body axis.™

In order to address these newfound problems
associated with wind-induced loads of space shuttle
vehicles, a 3 percent scale aeroelastic model of a
preliminary Space Shuttle design was tested in the TDT in
October of 1972. Figure 41 shows the model mounted on
the ground-wind loads turntable in the TDT test section.
This wind-tunnel study was designed to provide an ecarly
indication of the severity of ground-wind loads for
shuttle-type vehicles as a function of wind velocity, wind
azimuth angle, and strucwral damping; to assess the

Fig. 38- Saturn V with Skylab payload in
TDT test section.

Fig. 39- Skylab Saturn IB with Launch Complex 39B.

17
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effects of variations of stiftness of vehicle tie-down
restraints and orbiter-to-booster links: and to evaluate the
types ol modal response to the simulated ground winds.
Figure 42 shows results from this test for the no fuel,

73 knot design wind condition and illustraies the effect of

launch towers on the vehicle static overturning moment
coefficient. This coefficient is defined as the measured
static moment normalized by the product of dynamic
pressure, planform area. and vehicle height and is shown
as a function of wind azimuth angle.

Fig. 41- Three percent aeroclastic model of early
Space Shuttle design.
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Fig. 42- Effect of launch wwer on Shuttle static hold-
down moments for 3 percent acroclastic mode] of early
Space Shuttle design.
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After the Shuttle design fully matured, a cooperative
wind-tunnel test with Rockwell International Space
Systems Group was conducted in the TDT in July of 1978
of a 4.6 percent acroelastic model of the final Shuttle
configuration with and without geometrically-scaled
service structures. Figures 43 and 44 shows this model
mounted on the TDT ground-wind loads turntable. The
4.6 percent scale orbiter model was the same used for
carlier flutter/buffet tests of the 747 and orbiter piggy-
back configuration. Testing was conducted using R-12
gas as the test mediem, which resulied in foll-scale wind
conditions and subcritical Reynolds numbers on the order
of 0.3 scale factor. Model instrumentation included a
pedestal mount to which the orbiter was attached that was
instrumented with an array of strain gages calibrated to
yicld the pitch, roli. and yaw bending moments.
Attachment struts with the least margin of safely were
instrumented with strain gages. These struls included the
forward orbiter-to-external-tank strut, the orbiter-to-
external-tank vertical strut. and the aft external-tank-to
solid-rocket-booster diagonal strut.  Accelerometers (11
total) were distributed within the external tank, solid
rocket boosters. and orbiter such that the expected low
frequency modes of the vehicle could be detected if the
vehicle responded at those frequencies.

Fig. 43- 4.6 percent aeroclastic model of the final Space
Shuttle configuration.
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Fig. 44- 4.6-% aeroclastic model of final Shuttle
configuration (geometrically-scaled service structures),

Results from this study are presented in Fig. 45 which
shows the variation of the base bending moment as a
function of wind azimuth angle for a scaled wind velocity
that corresponds to a statistically-derived one percent risk
of exceeding 72 knots. The measured resultant bending
moment (static plus dynamic loads) is normalized by the
design value. The data for the launch vehicle alone (as
when being transported to the launch complex) indicate
the design moment is not reached regardless of wind
direction. For the case where the launch vehicle is on the
pad surrounded by the service structures. data were
obtained only at wind azimuth angles from 0° to 120° due
1o a static load failurc of the structures representing the
service lower, rotary bridge, and payload change-out
room. However. design moments were not exceeded over
the range tested as shown in Fig. 45. It was later decided
by Rockwell not to test with a new service structure at a
later date hecause they felt that the data could be obtained
using analytical technigues. During testing. no torsional
or "stop-sign” flutter was observed at any azimuth angle
in spite of the fact that the torsional stiffness was less than
full-scale requirement. "
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Fig. 45- Normalized base bending moment of 4.6 percent
scale model of Tinal Shuttle configuration.
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Atlas 11 (TDT Test 443): The most recent ground-wind
loads test at the TDT took place in June of 1989 and
involved an Atlas 11 launch vehicle built at the time by
General Dynamics Space Systems Division. The model
consisted of an 8.6 percent aeroelastically-scaled model of
the Atlas II vehicle and a rigid. geometrically-scaled
umbilical tower model. The model design included a
scaled ground-winds damper connected to both the
vehicle and tower o allow for qualification of the damper
to reduce ground-wind loads and vibration.  Test
objectives included: (1) define steady state lift and drag
coefficients for vehicle responses as a function of wind
speed and direction and (2) define vortex shedding lifl
and drag coefficients for vehicle responses as a function
of wind speed and direction. Design wind speed for the
Atlas 1T was 30 knots. Tests were performed using R-12
heavy gas as a test medium o match fuli-scale Reynolds
number and Strouhal number and the model was
configured in both the fueled and unfueled configurations.
Figure 46 shows the Atlas II model and umbilical tower
mounted to the TDT ground-wind loads turntable.

Figure 47 shows the results for the Atlas II in the
unfucled condition.  The total resultant base bending
moment is shown versus wind speed for a critical wind
azimuth angle. With the damper installed. the resultant
bending moment is almost entirely due to the steady
bending moment and at 30 knots it is less than the critcal
limit.  Without the damper. it is shown that the design
bending moment is exceeded at approximately 23 knots.
Ground-wind loads testing of the Alas II at the TDT
showed that 1t would be free of wind-induced load
problems during fueling and launch preparations prior Lo
launch.

Fig. 46- 8.6 percent scale aeroelastic Atlas I model and
umbilical tower.
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Fig. 47- Full-scale resultant bending moment of
Atlas II vehicle versus wind velocity.

LAUNCH YEHICLE DYNAMICS

The TDT has supported a number of launch vehicle
dynamics measurement tests over the facility's history.
This section of the paper deals with some of the basic
launch vehicle configurations and measurements that
were most pertinent 1o the in-flight atmospheric transition
of launch vehicles. TDT testing of a less conventional
launch ‘system. the Space Shuttle. will be tncluded in a
later section of this paper,

Most of the TDT launch vehicle tests centered on
Saturn-Apollo manned space flight vehicles. All of these
tests occurred in the first decade of testing in the TDT
{through 1969}). Aside from Space Shuttle testing, no
additional testing of launch vehicles occurred until 1988,
Since 1988, three basic launch vehicle configurations
have been tested.  All known TDT tests associated with
the flight of launch vehicles are covered in this section of
the paper. Not all of these tests would be described as
typical TDT tests. Based on the limited amount of
information that could be found on some of these tests
from many decades ago. it is possible that a few of them
did not entail dynamics testing.

Precursory manned launch vehicle (TDT Tests 24 and

31} A TDT wind-tunnel investigalion was completed in
the early 1960's to research buffet characteristics of
representative launch vehicle for the manned lunar
mission. The basic model design was quite similar (o the
eventual Saturn-Apollo vehicle.  The investigation
primarily involved the testing of two different scale rigid
models of the same vehicle to assess scaling effects on
buffet measurements. However, there was also an
approximately two-percent aeroelastically scaled model
of the same vehicle. A limited number of response
measurements were made using this aeroelastically scaled
modet. The primary purposes of these tests were to
define any buffet problem areas on the manned launch
vehicle configuration and to study whether buffet pressure
charactertstics measured on models could be scaled with
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confidence o full-size vehicles using normal scaling
relationships.

The two rigid models were 8-percent and |.6-percent
scaled models of the planned manned launch vehicle. The
basic E-percent wind-tunnel model is shown sting-
mounted in the TDT test section in Fig. 48. Figure 49
shows both of the rigid models together. For both of
these rigid models, four different escape-tower
configurations were available for testing. These models
were instrumented with six unsteady pressure measuring
transducers for measuring buffel response. The 8-percent
scale model had onc additional unsteady transducer
located on the forward cone-cylinder shoulder.
Additionally. the 8-percent model had 22 steady pressure
measurement devices to give a steady pressure
distribution over the same streamwise length of model
that was covered by the unsteady pressure measurement
transducers.

Fig. 48- 8-percent launch vehicle model sting-mounted
in the TDT.

Fig. 49- The 8-percent and the 1.6-percent rigid launch
vehicle models.

The two-percent aeroelastically scaled model was a
previously existing model with similar geometry 1o the
manned vehicle. This model was modified with a
removable sleeve to simulate the proper shape of the
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forward portion of the manned launch vehicle
conliguration. With this sleeve attached, the aeroelastic
model became a 1.427-percent model of the full-scale
vehicle. with the model downstream of this sleeve
oversized compared (o this scale factor. The model scaled
the first [ree-free bending rigid-body pitching frequencies
to within about 20 percent of the frequencies for the tufl-
size vehicle. The acroelastically scaled model without the
removable sleeve 1s shown in Fig. 30, The purpose of this
acroelastically scaled model was o determine i model
flexibility would significantly increase buffet loads.
Although the acroclastic model was not an exact replica
of the flight vehicle. it was fell that this model would
indicate any substantial increases in buffet response. It
was found that butfer response was not significantly
altected by the flexihility far this confionration

Fig. 50- Photograph of the 2-percent aeroelastically scaled
model without the remaovable skirt installed,

The major conclusions from this test program were
drawn from the two rigid model tests.  The first
conclusion was that the wake oft of the escape tower for
the vehicle, under certain conditions, produces relatvely
high noise levels (about 168 decibels) on the nose and
cone-to-cylinder shoulders of the upper stages of the
vehicle.  Certain tower rocket configurations produced
more noise than others did. Secondly, it was concluded
that regardless of the presence or absence of the escape
tower, large pressure Muctuations occurred on the vehicle
just aft of the cone-to-cylinder shoulders in a narrow band
of Mach number just below 1.0, 1t was noted that these
fluctuating pressures could cavse a problem in venting
unpressurized pertions of the vehicle: however. the
flucluating pressures were not anticipated to cause any
structural response problem. This tack of impact on the
structural response was inferred trom the tests with the
1.427-percent acroclastically scaled model.  The final
conctusion drawn from this work was that an evaluation
of butfet scaling relationships derived from simply
dimensional considerations for these tests provides
evidence that properly scaled models of launch vehicles
can be used to determine butfet pressure characteristics.
Reference 16 provides a more complete summary of these
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wind-tunnel models, the data obtained from the TDT
tests. and discussion of the test resulis.

Project FIRE Buffet and Air Loads (TDT Test # 38):
Project FIRE (Flight Investigation Reentry Environment)
was o flight reentry program conducted by NASA 10
study total heat transfer and related phenomena of
atmospheric reentry. The Project FIRE vehicle consisied
of a blunt shaped reentry package and rocket motor
(velocity package) mounted to an Atlas D launch
vehicle. "

The relatively blunt nose of the Project FIRE space
vehicle nose suggested the possibility of bulfeting
problems in the transonic and supersonic portion of the
launch ascent.  Consequently. a test program was
conducted in the TDT to determine if buffeting problems
existed and to investigate configuration variations that
would alleviate any buffeting problems that might occur.
The test also provided detailed static pressure
distributions required for loads and stability calculations
on the vehicle (A, Gerald Raney, 1662- internal

memorandum available from the NASA Langiey
Acroelasticity Reanchy

Fig. 51- 1/6-scale rigid Project FIRE butffet model.

The model was 1/6-scale. rigid. and included the
reentry vehicle. velocity package and three diameters of
the Atlas rocket. Model instrumentation included 10
high-frequency unsteady pressure transducers at locations
sclected as likely for unsteady tlow conditions and 69
static pressure orifices spaced along 21 longitudinal
stations,  Four configurations were tested; a baseline
configuration. shown in Figs. 51 and 32 and three
modificd configurations which added combinations of
wooden pods which simulated explosive bolts and a
“doughnut™ shaped fairing that would house four spin
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rocket motors at the base of the velocity package.  The
test was conducted using R-12 as the test medium over a
Mach number range of approximately .40 w 1.15, al
angles-ol-attack {rom 8% 1o 8°, and at Reynolds numbers

up to 1.5 x 10" based on the velocity package diameter of

0.41% feet.

Test results indicated that typical values of pressure
fluctuations were approximately 8 percent of the dynamic
pressure. The maximum pressure fluctuations occurred in
the high subsonic/transonic region with values as high as
200 percent of dynamic pressure. A description of the
model, test procedures. and results are presented in an
internal memorandum (Brydsong and Foughner. 1962)
avatlable from the NASA Langley Aeroelasticity Branch.

x b Pl
Project FIRE model: forward section details,
baseline contiguration.

Fig. 52-

Saturn I booster aeroelastically scaled model (TDT

Tests 48 and 60} Al the time of the development of the
Saturn I-Apollo launch-vehicle system, it was recognized
that while buffet response could be reasonably assessed
basced rigid-model measurements. aerodynamic damping
estimates were much more difficult 1o obtain, In order to
address this concern for the Saturn I configuration. NASA
began a program to develop analytical means of
predicting  full-scale dynamics. and 1o
experimentally measure acrodynamic damping using
scaled wind-tunnel models. The analytical work was
conducted by Lockheed Missiles and Space Company and
is summarized. along with ~some of the experimental
results. in Ref. 20, Experimental studies were conducted
at the NASA Ames and Langley Rescearch Centers. The
Langley tests were conducted in the TDT in 1962 and
1963 and are summarized in Ref, 21, The basic
objectives of the TDT 1ests were 1o measure the
aerodynamic damping and the buftet response for use in
assessing the fuil-scale tlight vehicle,

The Langley model of the Saturn I-Apollo launch
vehicle was an 8-percent aeroelastically scaled model that
was build by North American Aviation. Inc. The model
was a very complicated system for that time and cost over
one million dollars 10 design and fabricate. The wind-
tunnel model was about §4.5 ft. long, weighed 786 Ibs.,

vehicle
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and was sting mounted tn the TDT test section. The basic
structure consisted of a central aluminum tube (hat gave
the model the proper scaled-stitfness distribution while
providing the strength need to conduct the dynamic wind-
tnnel test. The mass distribution of the model was
scaled to match the flight vehicle for the Mach
number = 1.0 condition, This model had a fairly unique
capability of cxciting dynamic response for measuring
acrodynamic damping because it had an electromagneltic
shaker built into the model structure. The moving coils of
the shaker were attached directly to the inside of the
madel. The fixed-field coils of the shaker were mounted
on the sting that supported the model. In addition to the
flexibility of the model structure itself. the model was
mounted to the sting by a system of leaf-springs, cables
and torsion bars 1o provide the proper pitch stiffness of
the model and (o assist in supporting the weight ol the
maodel. The resulting support system provided simulation
of the full-scale rigid body pitch frequency with a
minimum of restraint imposed on the elastic deformations
ol the model.

The basic wind-tunnel model configuration consisted
of the Saturn booster, the Apoilo spacecralt (command
module), and the launch escape system attached to the
command module. In addition to the basic configuration,
several modifications were tested in the TDT. The
modifications included the addition of a flow-scparator
disk to the escape system rocket, removal of the first stage
fins. removal of the launch escape system for the
command module, substitution of a Jupiter nose cone for
the  Apollo-spacecraft-and-escape  system. and the
substitution of some modified thin fins for the relatively
thick wedge airfoil fins of the basic configuration. A
drawing ol the basic configuration is show in Fig. 53 with
the removable flow-separator disk attached above (he
launch escape system tower. The figure also shows a
drawing of the Jupiter nose cone that could be substituted
lor the Apollo command module and the escape rocket
system.  Fig. 54 is a photograph of the model sting-
mounled in the TDT test section,

The test in the TDT was conducted using the heavy
gas test medium for which the model was scaled. The
model was tested throughout the transonic range at
conditions up to a Mach number approaching 1.2. The
model was aiso tested for angles of attack up Lo six
degrees.

The results of these Langley TDT tests are discussed
in Ref. 21, Acrodynamic damping and buffet response
measurements were made for the basic launch vehicle
configuration with an Apollo spacecraft payload. Six
additional modified configurations were also studied.
Figure 55 shows an example of measured aerodynamic
damping valves as compared to analysis predictions. This
data ligure is taken from Ref. 22,  These data are
described as typical of data obtained during the test. It
shows that the basic damping with Mach number was
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nearly opposite in trend for the no-disk versus tlow-
scparation-disk configurations. The analysis is based on a
quasi-steady technique developed by Lockheed Missiles
and Space Company as discussed in more detail in
Ret. 21, Reference 22 states that the correlation between
the analysis and the measurements is good.  This
statement is based on two considerations.  First, the
qualitative agreement between analysis and experiment in
predicting the reversal in the basic Mach number trend
between the two configurations, Scecondly. the
quantitative correlation is considered good in light of the
fact that: 1) obtaining experimental values of damping
for launch vehicles is difticult because of the low values
of damping involved. and 2) the acrodynamic complexity
of the configuration is difficult to capture given the

analytical teehnique. The data from these TDT tests was Fig. 54- Photograph of the Saturn 1 launch vehicle
later cvaluated again in Refl. 23 with respect to mounted in the TDT.

acroelastically destabilizing eltects on slender payload

bedies at high subsonic speeds. Reference 23 discusses r
two types of destabilizing effects predicted by analysis &t . © SE%%%%&QE.-%;&FE )
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Fig. 55- Comparisen of experimental and calculaled
acrodynamic damping for the basic Saturn-Apolto second
bending mode with and without the ow-separation disk.

Jupiter Nose Cone

Launch Escape Canard Model- (TDT Test 66): A key
capability of the Apollo spacetlight vehicles was the
ability to return the crew to the Earth's surface in the
cvenl of a malfunction during the atmospheric ascent
phasc of the launch. This was done via a portion of the
overall Saturn Apelto launch vehicle known as the launch
escape vehicle (LEV). The LEV acwally consists of the
crew-containing command module and a rocket that is
uscd to pull the command module away from the launch
hooster should a problem develop.  This rocket was
altached above the command module by a wwer strucare.
L Al the nose of the rocket on the LEV, there was a set of
canard surfaces that could be deployed during a launch
abort.  Figure 36. from Ref. 24, shows the deployed
= canard configuration. In the normal, undeployed tlight
| configuration, these canards were actually external skin
components of the LEV rocket nose.
The idea behind the LEV was that if a flight

Fig. 53- Drawing of the Saturn I launch vehicle model maliunction occurred, the LEV rocket would quickly
showing nose cone configuration variables. transport the command module forward of the launch

booster. Once the command module was safely removed
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away from the Saturn booster. it was necessary (0 rotate
the LEV until the command module heat shicld was
facing forward in flight to ensure the survivability of the
returning command module.  This phase of the escape
sequence involved deploying the rocket-nose canards
alter escape rocket motor hurnout to destabilize the LEV,
causing il o rotate into a heat-shield-forward position,
The canard surfaces also provided aerodynamic damping
alter the vehicle had attained the desired flight auitude,
This damping reduced or eliminated the oscillations that
result from the rotating maneuver.

A number of wind-tunnel tests in many facilities were
conducted for this LEV canard configuration. Most of
these wind-tunnel tests were intended 10 determine static
and dynamic stability characteristics of the LEV with the
canard surfaces in the deployed (open) position. Rels, 24
and 25 summarize many of these tests.

Canard
deployed

Canard escape
rocket motor

o~

Fig. 56- Drawing ol the LEV with the canard surlaces
deployed for launch-abort escape.

A single test of the LEV canard configuration was
conducted in the TDT in late 1963, This test is not
covered in the previously mentioned references and no
other documentation has been lound regarding this test.
However. photographs and films are available that shed
some light on the test and its objectives, The TDT model
{Fig. 57) was sting mounted and apparently was an actual
flight-vehicle anicle or a full-scale model. The model
only represented the most forward portion of the LEV
escape rocket, to just beyond the rocket nose cone. Films
show that the TDT test involved the actual deployment of
the canard surfaces from their stowed. "rocket-nose-cone-
skin” position. until their fully opened. deployed
configuration. The TDT was probably used for these tests

24

because of its relatively large size, accommodating the
full-scale model, and because the TDT was soitabie for
testing the dynamics involved in the deployment motions
and possible model failures. The test may have simulated
flight dynamic pressures to help ensure that the opening
canards were strong enough for actual tlight deployments,
However. from whal is known about this tesi. i1t is
believed that these wests were conducted in the air (est
medivm at atmospheric pressures. One interesting aspect
ol the deployment sequence in the TDT, based on film
clips of the test. is that these operational checks of the
canards probably began by detonating small pyrotechnic
charges that released the canard surfaces and initiated
their opening into the launch-abort escape attitude.

Fig. 57- Photograph of 1hLLﬁf_iGrc.hody model, with the
canards deployed, sting-mount in the TDT,

PSTL1 Saturn Apollo Meodel (TDT Test 102):
Reference 24 discusses the need to define transient,
[luctuating pressure levels during launch trajectory lor
structural design of the Saturn Apollo vehicle. The
reference mentions two models. identilied as PSTL-1 and
PSTL-2 that were built for the purpose ot determining
transient, fluctuating pressures of the Saturn Apolio
vehicle, The acronym PSTL stands for "pressure, static,
transicnt. launch”. Data from these models were also
uscful in determining buffet response ot the launch
vehicle. These models were supposedly built to be as
large as reasonahly possible given lacility limitations.
Reference 240 published in December 1966, covers
modcels tested through October of 1964, The report
discusses three facilitics in which the PSTL-1 and PSTL-2
models were tested: the North American Aviation
Trisonic Wind Tunncl. the Ames 14-t1 Transonic Wind
Tunnels. and the Ames Unitary Plan Wind Tunnel. The
TDT is not mentioned with regard to unsteady pressure
measurement models because of the ume period covered.
Howcever, records indicate that a test of the PSTL-1 model
was conducted in the TDT in February and March of
1966. No documentation of this TDT wind-tunnel test
has been found other than photographs. Figure 58 is a
photograph of the PSTL-1 model sting-mounted in the
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TDT. Although no information is available aboul thig
test. it would be reasonable te speculate (hat this
additional test was conducted because of the availability
of the PSTL-1 model and the interest at that time in
experimentatly rescarching launch vehicle dynamics in
the TDT. Furthermore. there may have been a desire to
correlate test data for the model from the larger TDT
facility with the results from the original three facilities
used for PSTL model testing. The cross-sectional area of
the TDT is approximately 40-percent larger than the
largest of the other three tunnels.

o e

Fig. 58- Photograph of the PSTL1 model sting-mounted
in the TDT.

Bulbous shaped payloads (TDT Test 58). TDT
operational logs indicate that two bulbous payload launch

vehicle models were tested beginning in late December
1967. One was described as a large bulbous payload and
the sccond was described as a small bulbous payload.
Other than this operational log cvidence that the testing
occurred. no other documentation of the test has been
found. Some evidence of the planning process that was
taking place at NASA Langley regarding launch vehicle

research during this lime period is available in the form of

internal  Langley correspondence memorandums
tmemos). These memos may shed some light on what
took place in the TDT wind-tunnel test. Therefore, in an
attempt o more (ully complete the summary of TDT
space-related contributions, the content of some of these
memorandums will be discussed here.

The first memo that was found is dated July 1965, It
describes a research proposal 10 (est a series of bulbous
payload models 1o measure static pressures. The memo
describes the lack of tnformation that was available at that
time for bulbous payload shapes. The research project
was envisioned to provide a database that would allow
empirical estimation of airload distribution on launch
vehicles with bulbous-shaped payloads. The basis for
nceding this data was that ever increasing demands (o
enlarge payload volumes containing less-dense packages
was tesulting in farger fairings to encompass the payload.
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The larger paylead fairing resulted in a necked-down
shape upstream ol the primary booster stage. This type of
configuration came to be described as a hulbous payload
vehicle.  Analysis of this type of configuration for the
purpose ol predicting airloads. particularly transonically,
was considered very difficult during this time period. The
proposed project called for about a dozen different
hulbous payload configurations to be tested to gather the
empirical database.  The model variations were
anticipated to include different nose cone angles. fairing
boat-tail angles, booster flare angles. fatring cylinder
length-to-diameter ratios. and various ratios of forward
cylinder diameter to downstream cylinder diameter. The
tests were planned to cover a Mach number range {from
about 0.7 to 5.0 and an angle-of-attack range from 0 o 8
degrees. The planned Mach number range means that
some lacilities other than the TDT would have to be used
to meet the Mach number requirements.  In fact. the
memorandum does not actually mention any particular
test facility. However. an engineer in the Acroelasticity
Branch associated with the TDT wrote the memo.

A later memo, dated September 1965, shows that the
test program had evolved into a proposal te contract the
work for the government. The idea was for a contracted
stalf 1o design the models, pursue their fabrication, and
then gather the test data for NASA. NASA research
engineers would then utilize the data 1o develop the
cmpirical methods of predicting airloads. This memo
states two targeted wind-tunnel facilities for conducting
this work. the Ames Unitary Plan 9-ft tunnel and the
Langley 16-t transonic tunnel.

It is unclear if this program was ever really accepted
within NASA. A memo dated June 1966 indicated that
the work loads of some of the larger wind wnnels was
such that it precluded the testing of these proposed
bulbous payload models in the foresecable future. This
1966 memo proposed that two pressure models, differing
in size by a factor of six. be tested instead as a First step.
The larger model tests were to be conducted in the Ames
L1-1t by H-ft tunnel and in the Langley TDT. This may
have been to acquire data for two Reynolds numbers, with
the Ames tunnel providing a Reynolds number nearly
twice the value of the TDT-test Reynolds number
according to the memo. The smaller model would be
tested in the Ames 2-ft by 2-ft transonic tunnel. The
memo goes on to state that if the data correlated well
between these different facilities for the two models. then
the original proposal to test many “configurations would
continue to be pursued. However. the memo further
states that if the data did not correlate well between these
facilities for the similar, but ditferent geometric scale
models, that the larger test program would have o be
reevaluated.

No other information regarding the development of
this proposed bulbous payload launch vehicle test
program has been located to explain events leading up to
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the subject TDT test. As previously stated, the authors of
this paper have not been able to locate any specific
information on the TDT test except that a large and a
small bulbous payload model were tested. 1t is also not
known il any testing trom this proposed program actually
occurred 1n other facilities. It may be possibie that the
two different-size models proposed in the Junc 1966
memo were the modets that were wsted in the TDT, and
that they were simply described as large and small
bulbous pavload moedels.  What litde evidence exists
seems Lo indicate that the TDT test was or static pressure
measurements, This in itself would have been unusual for
the TDT, which concentrates on dynamic, acroclastic
testing.  However. as previously discussed. the
unavailabifity of other tacilities may have contributed to
the use of the TDT. perhaps in an attempt to provide
evidence that would help force the initiation of the full-
SCOpe program.

An additional. undated memo was found in seme
facility reecords {rom the March (968 time period
summarizing once again a proposed research study of
twelve bulbous payload models.  This may be an
indication that some NASA engineers continued to pursue
this rescarch program after the completion of the one test
in the TDT in carly 1968. A drawing showing the basic
bulbous payload models that were targeted for this long
pursued research program is shown in Fig, 59.

1 fal0nesh

Fig. 59- The bulbous payload model series proposed as a
NASA research program in the late 19607,

Saturn-Apollo Command Module Blast Wave Study
(TDT Test 148): During the devetopment of the Satumn
Apollo vehicle Tor the lunar landing fhights. there was
concern about pressure effects on the Apollo command
module spacecraft ol the shock front produced by the
detonation of launch vehicle propellants in the event of an
aborted launch. The escape tower with a solid rocket
motor was provided 1o remove the Apollo command
module (capsule) from the overall vehicle, bul a
detenation blast wave could potentially interact with the
capsule. In order to evaluate this vransient loading. a
model of the Apollo capsule with the escape tower was
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fleer mounted in the TDT and a series of TNT charges
were detonated from a tower behind the capsule. This test
took place in 1969, A photograph of the test setup is
illustrated in Fig. 60. A close-up photograph of the
command module model is shown in Fig. 61, Unstcady
pressures were measured o evaluate the blast wave
ctfects. Visual observations may have contributed
qualitative information regarding the effects of such
cxplosions. Seme photographs, not included here. show
dark spots (possibly material pitting) on the downstream
side of the command module. which faced the explosive
blasts,  Safety problems with such a test were of
considerable concern, and consequently the amount of
TNT was limited to 0.1 pound per blast.  Pre-test
correspondence  indicates that there was also a
requirement 1o build the detonation primer caps and
cxplosive container out ol a non-metallic material o
prevent shrapnel damage to windows in the TDT test
section adjacent to the control room. The test results were
provided 1w the project personnel and no additional

documentation has been found.
&

Fig. 60- Sctup in TDT for measuring blast loads on
Apollo Command Module,

Fig. 61- Photograph of the command module for the TRT
blast wave study test.
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Atlas-1 Large Payvload Fairing (TDT Test 423): A
wind-tunnel test of a 1/1(0th-scale Atlas-Centaur I Large
Payload Fairing launch vehicle model was conducted 1n
the TDT in 1988. This was the [lirst flight dynamic
response test of a basic launch vehicle in the TDT since
1968, Ever increasing sizes and weights of launch vehicle
pavloads had resulted in an etfort w0 provide a larger
payload capabhility for the Atlas-Centaur Taunch vehicle,
The original Atlas-Centaur payload bay external diameter
was the same as the propulsion stages of the launch
vehicle. The new design, known as the Atlas-Centaur [
Large Payload Fairing configuration (hereafter relerred to
as the Atlas-T LPF). had a 37.5 pereent larger external
diameter payload fairing.  This new "hammerhead”
payload fairing raised questions as to the unsteady
acrodynamic loadings which might develop in flight. The
NASA space vehicle design criteria specified in Ref. 26
would classify the Atlas-1 LPF configuration as "buffet
prone” compared to the baseline Atlas-Centaur that would
be classified as a “clean body of revolution”.
Furthermore, wind-tunnel test results documented in
Rel. 27 indicated a relationship belween payload lairing
cylinder length-to-diameter (L/D} ratios and vchicle
stabihity. A Tnan 111 hammerhead configuration with an
L/D=0.4 was shown to be unstable during that test. In
order to correct this instability. the model L/D was
increased to 1.1, The Adas-1 LPF configuration does not
have the flow complexities associated with the large solid
rocket motors of the Titan II1 conliguration: however. the
L/D ratio of the large payload fairing is 1.0. While the
previous wind-tunne! test rtesults did not provide
sufficient data (o define stability criteria for 0.4<L/D<1.1.
they did indicale potential stability problems for
configurations in this range. These launch vehicle
stability and bulfeil response phenomena are not easily
predictable by analysis. Due to concerns aboul these
phenomena. a wind-tunnel test was performed to
determine such effects on the overall vehicle response of
the Atlas-1 LPF.

An acroelastically-scaled model of the Atlas-1 LPF
vehicle was constructed for wind-tunnel testing in the
TDT. The model was scaled for heavy gas testing in the
TDT. The primary features of the TDT that were
important for the Atlas-1 LPF were the facilities relatively
large size, the heavy gas testing capability and the
transonic speed capability. The primary objectives of the
wind-tunnel test were to verify that the Atlas-l LPF
configuration was acroclastically stable and to determine
the overall vehicle bending moments due 1o buoffet
expected during transonic flight. A secondary objective
was to conduct a parametric study to determine the effect
of various hammerhead fairing conligurations (in addition
1o the nominal design) on model response.

The wind-tunnel model was an acroelastically-scaled
version of the flight vehicle and was capable of
simulating either of the first two bending vibration modes
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of the full-scale vehicle by a partial mode techmque. A
photograph of the wind-tunnel model tor the nominal
flight configuration 1s shown in Fig. 62. Figure 63 15 a
drawing of the wind-tunnel model showing its basic
dimensions.  The primary purpose of the test was to
gather data concerning buffet response, which could he
used to clear the vehicle for Might. Additionally. angle-
of-attack studies were conducted and several payvload
fairing configurations were tested o assess the buitet
response and dynamic stability of off-desien flight
conditions and geometric parameters.  No dynamic
instabilities were found for any of the configurations
tesied.  The buffet response data for the nominal tlight
configuration indicate that the unsteady buftfet loads
represent 5-10 percent of the total design load and.
therefore, the buttet loads are not a large factor affecting
the overall vehicle design.  Payload fairing length-(o-
diameter ratio variations were found to have small effects
on the buftet response of the model. except in the case of
the smallest length-to-diameter ratio in the second
bending mode configuration. The various payload fairing
shapes that were tested are shown in Fig, 64, This
configuration. experienced much greater transonic
buffeting relative 1o the other length-to-diameter models
for the second bending mode simulation. The etfects of
angle-of-attack on buffet response were found 10 be small.
The medel was more sensitive 1o Mach number changes
than to angle-of-attack. Reference 28 contains a more
thorough summary of this wind-tunnel test program.

The wind-tunnel model configurations  were
dynamically scaled to simulate either the first or second
vehicle bending modes during transonic flight with a
partial modce technique.  This testing technigque® was
developed at the NASA Ames Research Center and was
used in the Ames 14-ft Transonic Wind Tunnel. The
primary assumptions for this simulation ar¢ that, for a
typical launch vehicle. the mode shape forward of the first
node point can be considered lincar and that the majority
ol the unsteady aerodynamic forces are introduced
through the forward portion of the vehicle. Thus, a
forchody model can be used to simuiate the important
structural dynamic propertics and the majority of the
unsteady acrodynamics of the entire launch vehicle.
Figure 65 shows calculated mode shapes for a forward
portion of the tull-scale Attas-I1 LPF vehicle for the first
two modes. The mode shapes forward of the first node
point are seen 1o be nearly linear. The Atlas-1 LPF model
eseometrically modeled the forward portion of the flight
vehicle with a single pivol point (see Fig. 66) about which
to simulate the structural dynamics of a given vibration
mode ferward of the first node point. The wind-tunnel
model design mode shapes tor the first two modes are
also indicated an Fig. 65. The wind-tunnel modeis
represent the lincar (rigid) portion of the mode shapes
forward of the first node point. Based on the assumptions
used in the partial mode testing technigue concerning the
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unstcady acrodynamic loading, the generalized mass of
the wind-tunnel model is scaled from the gencralized
mass of the entire flight vehicle. Provisions were made 1o
allow the model to be moved relative to the dynamic pivot
point (sce Fig, 67) and to redistribute the internal weight
so that the frequencies and generalized mass of the lirst or
sccond bending mode could be appropriately simulated,
Some of the wind-tunnel results from this Adas-1 LPF
test were actually compared with flight data.  The first
flight of the Atlas-Centaur [ vehicle successtully eccurred
on July 25, 1990. Some strain gauge dala were acquired
from this initial fhght which were compared with results
from the wind-tunnel test. This comparison is shown in

Fig. 68. The wind-tunnel results are for the L/D=1 .0, firsi Fig. 62- Photograph of the Atlas-I LPF model sting-
bending mode simulation configuration. This mounted in the TDT.

conliguration is considered 1o be the best available

simulation of the Tlight vehicle. The bending moment 35°

coelficient, Cg, shown for the wind-tunnel model in ¥ \' .

Fig. 68 has been scaled 1o full-scale flight daw and ” ,|i T /14'5
adjusted to represent the same body station as that - 12.0" dia. D=16.5"

mcasured in flight.  Since the majority (greater than 95 ; + i

percent) of the flight hending moment response at this -

station was found to be auributed 10 the first vehicle I(_ ‘

bending mode. it can be directly compared to the narrow- _ L—> < Fiow
band response of the wind-twnnel model in the first Fig. 63- Drawing of model showing fairing dimensions,

bending mode configuration.  Assuming that the flight
data approximates a normal random process, then it can
be said that the flight data is well below the 30 level
determined by the wind-tunnel model. as would be
expected.  Although no proper conclusion can be drawn
from this observation. it is interesting 10 note that the peak
response flight data generally oceurred near the 16 level
of the wind-tunnel model.  The flight data indicates a
slight pcak in the buffet response at approximately
M=0.73. The wind-tunnel data peaked at a higher Mach
number condition, approximately M=0.85. The wind-
tnnel moded response is shown (o continge 10 Increase
beyond M=1.0. possibly duc o the influence of wind-
tunnel tacility mechanical vibration. [n comparison. the
flight data tends (o consistently decrease bevond M=1.0
as was cxpected based on past experiences with launch
vehicles.

The results of this test have prompted a few additional
comments in the literature. Reference 30 discusses bultet
loads of launch vehicles during aunospheric {light, and
notes that the Atlas-1 LPF |6 wind-tunnel data matches
flight data rather well.  Periups more significandy.

Rel. 31 cvaluated the Atlas-1 LPF results for small

ayload fairing length-to-diameter ratios, compared this X

payload funng fengt | TNOS, compared | Mode 1 ! Mose 2 LUo=12
with additional data available in the literature. and pivot point pivot point

concluded that existing NASA design criteria guidelines
regarding the aeroctastic stability of lavnch vehicles needs

to be updated. Fig. 64- Payioad fairing configurations.
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Delta 1l and ]II launch vehicles- (TDT Tests 510
and 519} In order o extend the viable market for the
Deita Il launch vehicle series. a new payload lairing was
developed to allow tor a larger payload capacity. Two
versions of the payload fairing were developed tor
mission specific operations. referred to as the baseline and
stretehed configurations. The new fairings were unigue in
that they incorporate a modified Haack nose instead of the
classical cone/eylinder construction.  The new fairing
boaltail was at a much shallower angle than had been used
in the past. According to NASA space vehicle design
criteria.™ the new configurations are considered “"stable
buffet-prone” bodies of revolution.  Because of the
signilicant fairing configuration changes. it was decided
to cxperimentally determine the unsteady pressure
cnvironment during transonic flight. A test of these
Delta 11 conligurations was conducied in the TDT in
1995, Figure 69 is a photograph of the Delta I model
sting-mounted in the TDT. The objective of the test was
to measure the fluctuating pressure distribution along the
Faring configurations to fater be used in the development
of forcing functions that are required in the performance
ol spacecrattlaunch vehicle coupled loads analyses.

The models were designed as rigid geometnice
representations of the forward portions of the full-scale
vehicles.  The models do not represent any dynamic
properties of the full-scale vehicles, It was assumied that
the buffet excitation forces would not signiftcanily
amplily vehicle motion. The noses for both medels
consisted of threc-arc approximations of Haack
configurations. The nose on the baseline configuration
had a tength-to-diameter ratio of 1.0 while the strewched
conliguration had a slightly blunter nose with a length-to-
diameter rano of 0.8, The length-to-diameter ratios for
the ¢vlindrical section of the fairings were approximately
1.2 and 1.5 for the baseline and stretched configurations.
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Both configurations included a 9.75° heattail. The Baseline Configuration
boattail included two separation bolt covers because they

were considered significant protuberances.  The bolt A A
covers were located at the base of the boattail 180° apart. ‘ D ¥ d
Skelches of the two Lest configurations are presented in Y

Fig. 70). The two model configurations were designed 1o \_ o
g I; i 9.75

share as much hardware and instrumentation as possible.

Instrumentation included 78 dynamic pressure In
transducers. 49 static pressure ports. o G-component D 1.0
balance. and 5 accelerometers.  The dynamic pressure
transducers were located at six azimuth positions around
the body at 13 stations on the model. The stations were
scelected 1o provide good coverage of the model,
concentrating on arcas of (ransition where the highest
pressures were expected. The transducers were mounted
flush 1o the model surface. The static pressure ports \
provided a finer distribution along the top of the model, 9.75°
this data was used to give a more detailed definivon of the [ L D
shock locations.  The balance was located within the 320'8 D" 1.5 a 1.25
model, aft of the model center of gravity.  The five
accelerometers were distributed on either side of the
center of gravity,  Two accelerometers forward and 1wo
aft measured pitch and yaw accelerations. An addition
accelerometer was used to measure axial acceleration,
Data was collected at Mach numbers ranging from 0.6 10
1.2 and angles of attack of 0. 3, and 5 degrecs. Data
included fluctuating pressures.  static  pressures,
accelerations.  and  balance force and moment
mMEasurements.

In 1996, a similar test was condocted for a Delwa 111
configuration. A photograph of the Dela 111 sting-
mounted model] is shown in Fig. 71,

L D_
5=12 =125

Stretched Configuration

Fig. 70- Delta I1 west confligurations .

Fig. 71- Photograph of the Delta 111 launch
vehicle model.

ATMOSPHERIC FLIGHT OF SPACE VEHICLES

Acroclastic problems. when encountered by high
speed aireraft and other flight vehicles, most often oceur
in the transonic region of flight. For a space vehicle. this
flight regime is generally encountered soon after launch
or during the latter phase of reentry just prior o landing.
Unflortunately, this is also the flight regime where
analytical methods used te predict aeroelastic phenomena
arc the lcast developed due (o the extremely challenging
nature of transonic steady and unsteady acrodynamics. In
addition, spacecraft configurations can be significantly
different than those of typical aircraft and theretore
Fig. 69- Photograph of the Delta I launch vehicle model, analytical and experimental results for aircraft may not be
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applicable (o predicting aeroelastic and aerodynanuc
phenomena for spacecralt configurations. As a result, the
TDT has been employed to provide the critical wind-
tunnel test data for the development and successiul
operation of space vehicles that will experience subsonic
and transonic flight conditions.

Acroclustic and acrodynamic testing of space vehicles
in the TDT, however, has been very similar (o those
conducted o investigate the phenomena that are the same
or very similar to those experienced by aircralt. These
have included flutter. bulfet. control surface buzz. and
divergence along with performance testing where loads
have been acquired using a strain gauge balunce.
Vehictes as diverse as the Space Shuttle, National
Acrospace Plane (NASP). and Mars Airplane concepts
have been tested in the TDT becuause of the same
properties and capabilities that make it so well suited tor
lesting aircraft and similar research configurations. The
large test section, various mount systems available.
variable pressure capability. use of air or heavy gas as the
test medium, high-speed data acquisition system. and a
staft  experienced in  transonic  acroelastic and
aerodynamic testing make it the logical facility o test
space  vehicles  for acroelastic and  acrodynamic
phenomena at speeds up to Mach numbers of 1.20.

The following sections describe and provide an
extensive list of references for the model tests performed
in the TDT of space vehicles where the goal was o
simulate flight through carth or planctary atmospheres, up
to Mach numbers of 1.20. For Space Shuttle wing
concepls through NASP and more recently the Mars
Airplanc program. the TDT has provided a signiflicant
impact on these programs by employing the unigue
features of the TDT and its staft to determine the
acroelastic and aerodynamic properties of space vehicles.

Reentry Vehicle — Surface Roughness Effects on
Aerodynamics (TDT Test 150): The success and
knowledge gained during the litting body program of the
196(Fs and 197075 led dircctly to the capability ot the
Space Shuttle to reenter the atmosphere and land without
propulsive power. A critical factor in lifting reentry is the
ability to maintain stability and the required L/D through
to landing on a runway. Thermal protection is required
for reentry from space and may sulfer significant
degradation from the heating, cooling and aerodynamic
forces experienced during reentry. A USAF
investigation into the possible effects of ablation
roughness on the acrodynamics of a lifting body vehicle
indicated that the adverse effects could be very
significant.’” In addition. NASA and USAF personnel
agreed that the present stale of knowledge on the effects
of ablation roughness on  subsonic acrodynamic
characteristics was nadequate (internal NASA Langley
aeroelasticity branch memorandum).  As a result, a
cooperative NASA/USAF research program was initiated

k]
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to investigate these acrodynamic effects ol ablation
roughness to provide a database for use in predicting how
an affected full-scale manned reentry vehicle would fly
after experiencing reentry.

The vehicle selected for the investigation was the
Martin SV-5D/FV-3 PRIME (Precision Recovery
Including Mancuvering Reentry) vehicle which was a
0.28-scale model of the X-24A manned low-speed (light
research vehicle.  This SV-3D had been flown on a
suborbital Might and then restored and moditied to allow
for acrodynamic performance testing in the TDT. The
rough surface caused by reentry remained although there
was concern that results for the SV-5D would not be
directly applicable 0 a manned vehicle since the
roughness scale may not be appropriate. This issue was
never fully resolved. A nearly identical second model
was constructed with the only significant difference being
that it had a smooth surface. Both models were sting
mounted in the TDT and loads and moment data acquired
using an internal balance. The models are presented in
Figs. 72 and 73. The tests were conducted at Mach
numbers from 0.30 to [.00 at angles-of-attack of =3° 10
20% ar a sideslip angle of (4°. Limited testing was also
performed at a constant angle-of-attack of 5° while
sideslip angle was varied from —7° to 107, Testing was
also conducted at low (2.5x10" to 4.5 x 10 and high
(4.3x10" 1o 12,5 x 10" Reynolds number conditions o
determine its effect on performance for cach of the
models. Bath models had provisions for varying upper
and lower surlace flap angles.™

Fig. 72- SV-5D/FV-3 Prime Vehicle (ablated model).

Results from the testing indicated that static
longitudinal stability of the ablated model (SV-3D)
decreased significantly for Mach numbers below M=0.7
when compared to the smooth model and became unstable
for Mach numbers above M=0.70. Ablation roughness
was also Tound to cause pitch up, significant loss of 1ift at
moderate angles-of-attack, and a substantial increase in
minimum drag, cspecially at lower subsonic speeds. This
is shown in the data presented in Fig. 74, Finally,
ablation roughness was found to improve directional
stability at low subsonic Mach numbers but decreased
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directional stability at higher Mach numbers. This test in
the TDT clearly demonstrated the need to consider the
roughness and durability of thermal protection systems in
the design ol lifting reentry vehicles and was a significant
factor in selection of the ceramic tiles used as part of the
thermal protection system selected for use on the Space
Shuttle.

PEEN |

Fig. 73- Smooth replica of ablated model.
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Fig. 74- Longitudinal acrodynamic characteristics of
smooth replica and ablated model with lower (lap angle of
(° and upper flap angle of —15°. Mach number = (0.40.
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Space Shuttle Wing Concepts Buffet and Stall Flutter
(TDT Test 157, 158 and 186):  Scveral space shuttle

vehicle concepts propesed in the early 1970°s had the
shuttle reenter at very high angles of attack (o, =60°).
and remain at these high angles until they had decelerated
1o moderate subsonic Mach numbers.  The proposed
operation of a shuttle vehicle at these high angles of
attack and over an extensive speed range raised concerns
that  stall flutter and/or significant butfeling would he
encountered, A significant amount of data existed for
stall flutter and buffeting for normal aircralt operations
but the unusual requirements for the proposed space
shuttte concepts required addittonal swdies of wings at
very high angles of attack at high Mach numbers. In
addition. no analytical tools existed that would allow
accurate prediction of these phendmena at those tlight
conditions.  As a result. & two part exploratory
experimental investigation was conducted at the TDT to
pravide stall flutter and buffet data for threc simple
semispan wing models that were representative of
proposed shuttte wing designs. ™

The first two wind-tunnel tests used 1wo semispan
wing models shown in Figs. 75 and 76. The straight wing
concept model had an aspect ratio of 7.36, a taper ration
of (142, and a NACA (012-64 airfoil. The clipped delta
wing concept model had a 50° swept leading edge.
unswept trailing edge. aspect ratio of 2.66. and symmetric
3% t/e circular-are airfoil. Both models were constructed
from tailored aluminum alloy plates covered with a balsa
woad airfoil. The models were mounted cantilevered to
the tunnel sidewail wrntable with the root clamping block
covered by a simulated halt-fuselage fairing that projecied
through the tunnei wall boundary layer, During testing.
test section speed was established at a selected Mach
number and dynamic pressure. Model angle-of-attack was
then increased from 0° 10 90° and then decreased back to
0° at a nominal rate of 0.6%sec. Strain gauge outputs
were recorded and regions of buffet and stall flutter
determined for Mach number range of 0.20 10 1.10 in both
air and R-12.

F

Fig. 75- Shutile straight wing concept model at hig
angle-of-atiack.

Amcrican Enstitute of Acronautics and Astronautics




|

W

A

/
m -

Fig. 76- Shuttle clipped delta wing concept model at zero
angle-of-attack.

Results Irom testing of these two models indicated
that stall-fletter criteria developed previous 1o these tesls
for thin wings seemed 10 he applicable for thicker wings
at higher speeds. No stall MTutter was encountered for the
clipped delta concept wing model although both models
experienced bullet over o wide range of angles and Mach
number as shown in Fig. 77.
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Fig. 77- Stadl flutter and hufTel houndarics lor space
shuttle wing concept madels.

The third wind-tunnet test was conducted o determine
the effects of a large tip fin on the statl fluter and buffet
characteristics of a 0.05-scale shuttte booster wing
concept model. The model wus mounted on the TDT
sidewall wrntable in the same munner as the previous two
maodels as is shown in Fig. 78, As in the carlier tests, this
model was rotated through an ungle attack range of 07 1o
90° to obtain stall tflutter and buttet boundaries.

No stall flutter was encountered for this model over
the test Mach number range ot (050 o 1.10: however,
significant buftet was encountered similar to the carlier
clipped delta wing concept model with maximum butfet
Tesponse ocewnrring between 26° and 30° angle-of-attack
over the Mach number range lested.™
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The results frem the TDT tests of the three models
provided an important database for stald NMotker and buffet
at high angles-of-attack for transonic speeds.  The data
was available for evaluation of preliminary space shuttle
designs and analytical methods, as well as providing
insight inte potential stall fluter and butfet phenomena.

e

Fig. 78- Shuttle booster wing concept model with tip tin.

Space Shuttle Vertical Tail Buffet/Flutter/Buzz (TDT
Tests 246. 258, and 321): Duwring development and
design of the Space Shuttle. there was concern that the
vertical tail could experience aeroclastic problems such as
tluter, buftet, and buzz {(ruddery duning ascent and
reentry. As was typical for the 1970%s. the analvtical tools
available at that time 1o predict these acroclastic
phenomena were not considered adequate and theretore a
wind-tunnel test of an aeroclastic model of the vertical tail
was required. In addition. due o the shuttic’s complex
acrodynamics and srructural interactions, a reasonably
detailed model of the vertical il and related structures
and aerodynamics surfaces were needed 1o conduct the
required experimental investigation.

The TDT wind-tunnel test program involved three
separate tests using a O.14-scale dynamically scaled
vertical tail mounted on a rigid model of a segment of the
orbiter upper aft fuselage.  This rigid portion of the
model was attached 1o the sidewall turntable 1o allow
variation of sideslip angle. The objectives of the Tirst west
in the TDT were 1o determine the flutter characteristics of
the then current vertical tail design as well as investigate
vertical tail buffet and rudder buzz. The model had a
contrel surface rudder with actuator stitfness modeled by
steel tlexural pivots.  Different flexures were tested to
simulate nominal. 75% of nominal and 50% of nominal
actuator stiftness. The fuselage lairing was size scaled to
simulate proper local flow characteristics bul was not
dynamically scaled. The model was also equipped with jis
own internal shaker and control surface deflecror/release

allow tor subcritical damping

mechanism o
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* This initial vertical tail model is shown

micasurements,
in Fig. 79.

Results from this test indicated no fluter for any of
the conligurations tested.  Regions of bullet were
cncountered with onset around a Mach number of (.90
for the nominal- and 73-percent actuator-stiffness
configurations. The lower actuatar  stiffness
configurations experienced rudder buzz at a Mach number
of 0.80. These results are shown in Fig. 80,

The two follow-on wind-tunnel tests in the TDT
concentrated on determining more accurate bullet
bending moments on the vertical tail. especially those in
the fore-and-alt direction generated by actuation of the
speed brake used during shuttle reentry and landing. The
first west employed a wedge to simulate a deployed speed
brake as shown in Fig. 81 while the second test employed
a more realistic split rudder speed brake as shown in
Fig. 82. In addition. the structural propertics of the
fuselage fairing in the region of the vertical il were
modified shightly for the latter two (ests to more ¢losely
represent those of the shuttle. Maximum opening angle
for the deployed speed brake in the final test was 87.2°
which was then the maximum scheduled angle tor Mach
numbers less than 0,90,

Results rom the last test showed that the static fore-
and-aft bending moment exceeded the limit load at Mach
numbers above .70, When measured 3-sigma buftet
moments were added. the combined buifet and static
moments exceeded the limit moments throughout the
Mach number range tested. These results are presented in
Fig. 83 as [ull-scale vertical tail bending moment in the
fore-and-af1 direction as a tunction of Mach number for
the maximum permissible orbiter dynamic pressure. This
finding confirmed results of the first vertical tail 1est and
indicated a more restrictive schedule of speed brake
openings and/or a vertical (ait redesign might bhe
NCCesSary.

o N

alupe Simulstor

- _ -
Fig. 79- (1. [4-scale space shuttle vertical tail/rudder

model mounted on TDT sidewall wurntable.
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Fig. 80- Results for first shuttle vertical tuil
model test in TDT.
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Fig. 81- Shuttle vertical tail buffet model with specd
brake simulated by wedge,

Fig. 82- Shuttle vertical tail buffet model with speed
brakes deployed to 87.2° (muximum opening),
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Fig. #3- Vertical tail fore-alt root bending moment loads
due to huffet. Full-scale values for g=375 psf. Speed
brakes deployed at 87.2°,

Space Shuttle Wing/Eleven Flutter/Buzz (TDT
Test 246): During development and desigo of the Space
Shuttle. there was concern that the orbiter wing could
expericace acroclastic problems such as tflutter, and buzz
{elevon) during ascent and reentry. As was typical for the
197075, the analytical wols available at thai time (o
predict these acroelastic phenontena were not considered
adequate and therefore a wind-tunnel test of an acroclastic
madel of the wing was required. In addition. due to the
shuttle’s  complex  aerodynamics  and  structural

interactions. a reasonably detaled wind-tunnel model of

the wing and related structures and acrodynantics surfaces
were needed 1o conduct the required experimental
investigation.

The TDT wind-turnel test program involved using a
(. 1d-seale dvnamically scaled wing mounted on g ngd
model of a segment of the orbiter starhoard Tuselage.
This rigid portion of the model was attached to the
sidewall turntable to aliow varimion of angle-of-attack.
The objectives of the test were 1o determine the flutter
characteristics of the then current wing design as well as
investigate clevon buzz, The model had a control surface
with actuator stiffness modeled by steel flexural pivots.
Difterent flexures were tested to simulate nominal. 75%
of nominal and 30% ol nominal actuator stiffness. The
tuselage Tairing was size scaled to simulate proper locul
flow characteristics but was not dynamically scaled. The
model was also equipped with its own imernal shaker and
control surface deflector/frelease mechanism to allow for
subcritical damping measurements .’ The shuttle
wing/elevon model is shown in Fig. 84,

Results from this test indicated no flutter for the
nominal configuration at Mach numbers up 10 1.10. The
75% actuator stiffness conliguration also was found o he
iTutier free up o a Mach number of Q.95 although a region
ol low damping was eacountered around a Mach number
of 0.70. The S0% acwator stiffness configurations
experienced flutter at a Mach number of (.65 that caused
loss of the outboard portion ot the ¢levon.  Data and
visual observation determined that the fluter mechanism

3

th
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involved outhoard clevon rotation and wing first bending
modes.  The test showed that the then current space
shuttle wing design would be free from acroclastic
instabilitics within the planned thght envelope for Mach
numbers up to 1.1 in addition. the st provided a
database for evaluating analytical 1ols used in the design
of the Space Shuttie,

Fig. 84- 0.14-scale space shuttle wing/clevon model
mounted on TDT sidewall turntable.,

Space Shuttle Full-span Testing The {inal veritication
of acceptable acroelastic characteristics for an aircrafl
prior to operational use is generally obtained during a
tlight test program. The Space Shuttle program. however.
did not include any actual tlight tests except for air drops
from a 747 carrier atrcraft.  These only represented a
small portion of the flight regime encountered during
orhital launch and reentry.  This placed increased
importance on wind-tunnel tests of scaled dyvnamic
models of the entire Shuttle orbiter (reentry) as well as the
complete launch configuration (orbiter with external fuel
tank and SRB'S). As a result. an extensive wind-tunnel
1esl program was conducted in the TDT between October
1975 and October 1978 (o demonstrate the Space Shunde
had adequate safety margin with regard to flutter and
vehicle buffet loads in the transonic and subsonic regions
of fTight.

Shuttle Rigid Model on TDT Cable=Mount System (TDT
Test 266);  The first wind-tunnel test of the complete
Shutle orbiter involved the use of a 0.035-scale “rigid”
stability model. This model represented the Space Shuitle
orbiter with a 65,000 1b, payload. Only geometry and
total mass propertics were scaled.”™  The primary
objective of the est was to demonstrate acceptable flving
gualitics of the model on the TDT cable-mount system
over the operating range of the TDT an preparation for the
orhiter aeroetastic model test. which followed.  In
addition. the use of upper and lower lift cables provided
the capability 1o position the model at high angle-of-
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attack which was used to define the wing bufter onset
boundary. Finally. although not in direct support of the
Space Shuttle program, the stability model was used as
part of an effort 1w demonstrate the ability 1o extract tree-
fving stability derivatives using system identification
wechniques and a cable-mount model. This model
installed in the TDT is shown in Fie. 83.

Fig. 85- 0.055-scale Space Shuttle rigid stability model
on cable-mount system.

The orbiter model was found to have acceptable flying
qualitics up to a Mach number of 1.20. which allowed
later testing ot the more critical flutter model 1o the
desired test conditions.  The active capabtihity (no longer
availabley of the TDT cable-mount system and the
snubber cables suppressed a limit amplitude short period
mode (pitch) instability that was present during most of
the test. Buffet onset was determined using wing root
bending moment strain gage output. At each test poinl,
model angle-of-attack was increased and static and
dynamic moment plotted versus angle-of-attack. A
discontinuity in the dynamic bending moment indicated
the angle Tor wing buftet onset tor that Mach number.
The buffet onset boundary is presented in figure 86,

20 —
«, deg
10—
I | [S— [N N
0 0.6 0.8 1.0 1.2
M

Fig. 86- Space Shuttle wing buftet onset boundary —
stability Crigid™) model on cable-mount system,
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The Tinal portion of this st was 10 investigate the
concept of extracting stability derivatives using a cable-
mount model.  The test procedure. results, and data
reduction methods are desceribed in Refs. 39 and 40,
These results are not known to have fluenced the
Shuttle orbiter approach and landing test (ALT) program
but TDT results did seem to agree reasonably well with
vilues obtained trom the ALT program as presented in
Ref. 41, Therefore, this portion ol the Shuttde stability
model test in the TDT was important in proving a
concept. which could be. emploved in future reentry
vehicle test programs.

Shutde Dynamic Model on TDT Cable~Mount System
(TDT Test 300} Testing of a 0.055-scale dynamically
scaled Space Shutile orbiter moedel was conducted in the
TOT to accomplish two primary objectives. First, the wst
wis required to demonstrate that the orbiter had adequate
flutter margins of safety up te a tunnel dynamic pressure
af 180 psl in the transonic speed range.  This
corresponded to a full seale dynamic pressure of 552 psl.
which was approximalely 50% greater than the structural
destgn reentry trajectory value. The required margin was
32% on dynamic pressure. The second objective was to
obtain wing and veriical tail buffet response data in the
transonic speed range at incremental angles of attack lor
cach of four speed brake positions (0°, 25°.55°. and tully
openced at 87.2%). This data would be used to establish
full-scale butlet loads tor the orbiter. For this objective.,
this full-span orbiter model was mounted on the TDT
cable-mount system with a remote-contrelled pull-down
cable attached 1o the att tuselage. This allowed the model
1o be rotated o any nose-up angle-of-attack. The model
installed in the TDT 38 shown in Fig. 87. Model details,
test procedures. and results are described in Ref. 3X.

Fig. 87- 0.055-scale Space Shuttle dynamically scaled
modei on cable-mount system.

Test data did not indicate wing or vertical tail fluter
or single degree of freedom instabilives on any of the
control surfaces over a Mach number of 0.78 to 1,10 for
the required dynamic pressure margin of 32%.  Buttet
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data obtained over a Mach number range of .50 10 1.15
and at angles-ol-attack up to 157 indicated peak buifet
response al approximately 82-10° angle-of attack for the
vertical tail fore-alt bending and the rudder hinge
moments.  No peaks were noted for clevon buffet
response. The test of this orhiter theretfore accomplished
its primary objectives by demonstrating that the orbiter
would be free of acroclastic problems during reentry and
providing the required buffer data to evaluaie butfet
charactenistics for the full-scale orbiter.

Integrated Space Shuttde Dynamic Model on TDT Sung
Support System (TDT Test 308):  During the first few
minutes following launch. the Space Shuttle orbiter.
external fuel tank and SRB's reach supersonic speeds and
comprise a very complex structural and aerodyvnamic
system.  Since analytical capabilitics for predicting
transonte flutter and buffet loads during the late 19707
were constdered inadequate. a (L.055-scale dynamically
scaled launch configuration Space Shuttle model was
constructed and tested tn the TDT.

This integrated Space Shuttie dynamic model was
tested in the TDT with the objectives of demonstrating the
required 32% tlutier margin based on the Shutde ascent
trajectory and to obtain buffet response data throughout
the angle-of-attack range anticipated tor transonic speeds
during ascent. The model consisied ot the previously
tested (TDT aest 3000 orbuer model mated with
dynamically scaled models of the external tank and two
solid rocket boosters (SRB's). The model was mounted
on the TDT sting support system. as shown in Figs. 88
and 89, using a pair ot air springs mounted in tandem
between the external tank spar and a sting adapter. Singe
the model was oo heavy to be tested on the TDT cable-
mount system. this unigue air suspension system was used
to decouple. as much as practical, the model from the
sting support system.  Air spring stitfness could be

regulated remotely 1o control support system elastic axis
and

and frequencies. Model details. test procedures.
results are deseribed in Rel. 42,

Fig. ¥8- (LO55-scale Imegrated Space Shuutle
dynamic model.
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Results from the flutter testing portion ol the test
indicated no flutter of the wing or vertical tail and no
single degree-of-freedom instabilities tor any ol the
controt surfaces within and even bevond the 32% required
margin for dynamic pressure over a Mach number range
of (.30 1o LML These results were equivalent to full-

" seale dynamic pressures of 1006 pst and 905 pst for Mach

numbers of (L60 and 1,13, respectively, Bufter test resulis
indtcated minimal response except for Mach numbers
between 0.85 and .95 where. as expected, there was
somewhat significant buffet response. This data was used
10 evaluate buffer characteristics for the tull-scale Space
Shutle launch contiguration.

e 1
Fig. 8Y- Integrated Space Shuttle dynamic
mode| — att view.

Natignal Aerospace Plape- During the 198()s, an effor
was underway (o demonstrate single-stage-to-orhit flight
using a vehicle known as the National Aerospace Plane
(NASP). or X-30. Acroelasticity research was conducted
by NASA and by the Air Force Wright Laboratory in
support of the NASP design etfort. The research included
development of computational codes for the prediction of
unsteady aerodynamics, acrodynamic heating effects on
vehicle acroclasticity. and fuselage tlexibility effects on
vehicle fhght stability. In addition o these computational
studies. rescarch also included some experimentad studies
aimed at helping 1o assess the acroclastic characteristics
of the NASP vehicle and 1o provide a data base from
which computational tools could be validated for a
NASP-Tike configuration. Reference 43 is @ summary of
carly thought regarding potential experimental NASP
studies. with recommendations of switable facilities,
Many of the preliminary experimental studies that
developed were conducted in the TDT. References 44-46
summarize some of the carly progress on the NASP
program including discussions of some of the inital
NASP-related TDT testing. Several of the scaled-model
tests completed later in the NASA program were also
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conducted in the TDT. Reference 47 is a summary of the
NASP acroclasticity program at a point late in the
rescarch program.  This section of the report summarizes
the experimental studies that were conducted in the TDT
in support of the NASP program.

Belta wing models- (TDT Tests 407, 410, 420. 424, 425,
and 432): Early in the NASP program. six TDT tests
entries were conducled Tor relatively simple semispan
delta-shaped and clipped-delta-shaped wing models.
These tests were primarily atmed at providing low-speed
and transonic flutter characteristics for planform shapes
that were similar to the wing and tail surfaces anticipated
for the eventual NASP flight vehicle design. A large
range of wing parameters was rescarched in these carly
tests. Wing tip shapes included fully triangular delta
shapes and delta shapes with the wing-tip region clipped
off parallel to the cantilevered root (essendally the
fuselage centerline).  While the trailing edge of these
delta-planform wings were always perpendicular to the
freestream flow. a large range ol leading edge sweeps,
from 30° 10 72° were tested. In one portion of these tests,
a series of four models with constant planform and
leading edge sweeps of 30°, 45°, 60°, und 72° were tested.
Another test serics examined wing-root-clamping effects,
For a model with 45° leading edge sweep. the amount of
the wing root that was cantilever-mounted was varied
from 21- to 100-percent of the wing root. Lincar method
flutter calculations were made for all of the tested
configurations.  Nonlincar small disturbance code
calculations were also made for some of the
configurations. The results of these tlutter tests and the
correlative analyses are documented in Refs. 48-50.
Figure 90 shows some flutter results from these tests
along with some analysis predictions. Figure 91 shows a
typical delta-wing model sidewall mounted in the TDT.
Some additional tests were conducted in the TDT for a
delta-wing model mounted on a flexibic-mount system 0
simulate vehicle pitch and plunge motions more
realistically.  These tests are not well documented.
Reference 51 mentions these models and includes a
representative drawing of the mount system.

300 - Unstable| o
Q
Experiment 9
200 - CAP-TSD
q, i el P
psf Kernet
100 Function
0 v . .
0.0 0.5 1.0 1.5

M
Fig. 90~ Analytical and experimental flutier results for
some preliminary NASP-related delta-wing models,
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|

Fig. 91- Photograph of a typical NASP-related
dela-wing model.

Aileron buzz studies (TDT Tests 431, 446, 448, 4534, 460,
and 464y Another series of tests that were conducted in
support of carly work in the NASP program consisted of
wing models with trailing edge control surfaces.  The
general shape of the wings and control surfaces were built
based on candidate NASP vehicle wing designs at the
time of these experimental studies. Figure 92 shows a
typical aileron buzz study model mounted in the TDT.
Figurc 93 shows some experimental buzz results obtained
during the testing. Buzz characteristics were obtained for
several highly-swept. clipped-delta-wing models that had
tull-span, trailing-edge control surfaces. Single degree-
of-frecedom “buzz™ oscillations were obtained in the
transonic speed regime for all configurations wsted. For
certain of the conligurations tested, flutier was obtained a
low transonic speeds that changed to a pure buzz
instability as the speed was increased 10 near sonic flow
conditions. Lincar flutter analysis calculations were made
lor these cases and correlated well with the measured
flutier boundaries.  References 52 and 53 summarize

these aileron-buzy studies.

Fig. 92- Photograph of a NASP aileron-buzz study model
mounted in the TDT.
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Fig. 93- Experimental buzz-study results from the TDT
generic NASP model tests.

Panel flutter tests (TDT Tests 449, 458, and 466): A
number of experimental panel flutter tests were conducted
in the TDT. some in conjunction with the McDonnell-
Douglas company. in an attempt (o simulate and gain
understanding of possible panel fTutter conditions for the
NASP vchicle. Even prior to this scries of tests, it was
anticipated that slightly higher Mach number conditions
than available at the TDT might be required in order to
achieve panel flutier. This possibility was verified in that
no panel flatter conditions were obtained during this TDT
testing,  However. a more formal panel flutter testing
activity was planned under the NASP program that would
be carried out in the Langley Unitary Plan Wind Tunnel
(UPWT) facility. Lessons learned from the TDT panel
flutter test efforts contributed to the success of the UPWT
tests.  Primarily, the TDT tests identified the extreme
importance of balancing the pressure in the support
system cavity behind the test panel in order o prevent
pressure-stiftening effects on the panel that might prevent,
or modify, the onsel of panel flutter. As a result of this
finding, a pressurc control system was built into the
UPWT panel flutier model support apparatus.  Also. the
UPWT panel flutter support apparatus had the additional
remote capability of temporarily loosening the boundary
constraint on the test panel to allow stress relief from
temperature or pressure changes. The boundary was then
constrained immediately prior to panel flutter westing o
ensure the panel was relatively free of temperature-
induced-inplane-stress stiffening or pressure-induced
stiffening. No formal documentation exists for the TDT

panel flutter tests. However. Rell 54 summarizes some of

the findings from the UPWT tests.

Engine inlet tests (TDT Tests 471 and 493): Two wind-
tunnel tests were conducted in the TDT dealing with
divergence concerns for the engine inlet apparatus, One
of these tests was of a simple model to obain some
expericnce in testing this type of model and 10 provide
some data for correlation with analysis. The second test
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used a more complex model that was scaled 1o the
anticipated engine configuration ol the NASP -vehicle
design. These tests have not been formally documented.
Furthermore. security classification of these types of
results for the scaled engine model currently prevents
public dissemination of these test data.

Full-span NASP model (TDT Test 476): Once of the most
claborate NASP models that was tested in the TDT was a
full-span. floor-pedestal-mounted model of the complete
NASP vehicle design configuration. The purpose of this
model was 1o study the acroclastic behavior of a wind-
tunnel model that was based on an unclassified
demonstrator version of the NASP vehicle. Parametric
variations of the bascline model were tested to examine
the effects ol all-moveable-wing actuator stiffness. the
location of the pivot along the wind root chord, and (he
thickness of the fuselage. A secondary objective was to
determine how effective an existing lincar aerodynamics
{lutter analysis code performed in predicting flutter
conditions for the model. Figure 94 is a drawing of the
wind-tunnel model on the ficor pedestal support. The
pedestal support stand was designed to allow some
movement of the overall model in the pitch and plunge
directions. Figure 95 is a photograph of the model in the
wind tunnel. Figure 96 presents the experimental flutter
points obtained during the TDT test for several
configurations. Figure 97 is one example of the
correlation between measured data and analysis.
Reference 55 discusses the details of these measured data
and summarizes the overall results of this test.
Foam contour {thick) -
kY

Vertical fm—\
Fuselage structure ~ ', \

— = All movabia wing
Model pitch pivat point _,!/
|

Fioor mount pedestal — |
5,

— Pitch/plunge box

Tunnel figor -
M,

Fig. 94- Full-span TDT NASP model and the
floor-pedestal mount system.
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Fig. 96- Experimental flutter points obtained with the full-
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Fig. 97- Comparison of measured and calculated flutter
points tor the tull-span TDT NASP model.

NASP lifting surface tests (TDT Tests 477, 481, and 490);
A number of NASP lifting surluce acroelastic tests were
conducted in the TDT and in several other facilities.
These tests are distinet from the previously discussed
delta-wing models in both their complexity and the ievel
of scaling of the flight vehicle. The models vsed in these
lifting surface tests were conductied al a point where a
NASP structural and acrodvnamic configuration had
firmed up to the point that it was reasonable to select a
fixed geometry and attempt to scale to a specific
structural model. Component lilting surface models were
built and tested for both the NASP vehicle wing surface
and the vertical tail.  The NASP vehicle wing was
anticipated 10 be supported on a pivot-mechanism to
operate in an all-moveable fashion. All moveable models
were buill for testing in three wind-wnnel facilities at
Langley: the TDT 1o cover low-speed and transonic
conditions, the UPWT for supersonic tlow. and the
Hypersonic Helium Tunnel for conditions up to a Mach
number of nearly 20. All of these wings had some pivot
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mechanism for simulating the all-moveable NASP

surface.  Analysis predicted that this wing pivot
arrangement  made the NASP flight vehicle design

particularly susceptible to body-freedom tlutter, which
involves substantial coupling of the wing with the actual
vehicle fuselage. When such pivol-mounted wings are
reduced 1o semispan wind-tunnel models. absent of the
influence of the acrodynamics and the structure of the
fusclage. this body-freedom flutter has a tendency to
exhibit atsell as static divergence.  Based on these
analytical findings, the TDT wing model and the UPWT
wing models were designed to obtain divergence
conditions.  These divergence conditions could then be
correlated against analysis in order to gain confidence in
using the analysis techniques in the design ol the actual
vehicle.

The model design for the TDT wing model is
summarized in Ret. 56 and some results of the TDT test
arc presented in Ref. 570 The results of the test are
discussed inn depth in Refl. 58, A photograph of this
NASP wing model is shown in Fig. 98 Reference 59
summarizes the lifting surtace test that was conducted in
the UPWT. This model was also later tested in the TDT
to obtain subsonic and transonic divergence conditions to
complement the supersonic data obtained in the UPWT.
The results of the TDT test of the UPWT maodel have not
been formally documented. A drawing ol the UPWT
madel. showing the pivot mechanism and pitch-spring
clement, is shown in Fig. 99. A photograph of the model
in the TDT is shown in Fig. 100, The high-speed HHT
wing models were scaled such that they exhibited a flutter
instability nstead of divergence. The HHT models were
nol tested in the TDT. However, for completeness in
covering the models of the NASP aeroelasticity program.
the test results for the HHT wings are available in Ref. 60.

Finally, onc model vehicle was built and tested in the
TDT that was scaled to represent the vertical tail surface
ol the NASP. A photograph of this maodcl is shown in
Fig. 101. Reference 61 summarizes the vertical-tail
model design and Ref. 58 presents test results for the
vertical-tail test.

F

in the TDT.
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Fig. 99- Drawing showing the support mechanism for the
UPWT NASP wing surlace.

Fig. 100- UPWT NASP wing surface mounted in the TDT
to gather subsonic and transonic divergence conditions.,

i

Fig. 101- A photograph of the NASP vertical tail model.

Mars Airplane Concepts Test (TDT Test 54} and 54 1):

The Mars Airplane program (MAP)Y was initiated in carly
1999 with the objective of rapidly developing the
technologies required to produce an airplanc to {ly over
the surface of Mars. The airplane was to have been part
of a larger Mars science mission with launch [rom Earth
scheduled for late 2002 and flight on Mars to occur in
December 2003.%7 The objective of the MAP mission was
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to determine the feasibility and advantages of planctary
exploration by an airplane platform and to provide high
resolution imagery of Mars not currently possible using
orbiting satellites and/or surface rovers. The program was
cancelled in late 1999 due 1o budget and schedule
constraints but net before extensive scale model testing
was completed in the TDT.

The flight profile for the MAP included deployment
from an acroshell and execution of a pullout maneuver at
transonic speeds as high as M=0.90. Cruise speed afler
completion of the puli-out maneuver was (argeted al
M=(1.65. Due to the very low atmospheric density on
Mars, flight Reynolds numbers (Re) were expected o be
hetween 40,000 and 60,000 with flight dynamic pressures
of 1-2 pst. No transonic acrodynamic data was known 1o
exist Tor these low Re conditions and there was concern
that existing low Re CFD methods could not accurately
predict airtoil and aircraft performance. Therefore. due to
its ability to simulate the required flow conditions, the
TDT was sclected to test a series of MAP design concept
models. The objectives of the tests were to identify the
most robust acrodynamic conceptis). provide data for
evalvation and calibration of 3-D CFD methods. and o
identity and correct any potentially serious acrodynamic
problems caused by the low Re transenic flow conditions.

The TDT wind-tunnel tests were conducted vsing four
1/4-scale full-span sting mounted models that represented
four candidate MAP configurations. Models were
designated according to their airfoil shape and sweep. A
bricl description of the models is presented in Table 2. A
photograph of model MA-SC-1 is presented in Fig. 102,
Parametric variations included tail on/off. tail incidence
angle. wing flap angle, and a ftransition “bump™ at
xfc=0.15. Model instrumentation consisted of a 6-dof
balance, a row of hot-film sensors (flow transition,
separation, and reattachment data) on the upper and lower
surface of the port wing and a row of static pressure
orifices on the upper and lower surface of the starboard
wing.  Loads. static pressure and hot-film data was
acquired for angle-of-attack and sideslip angle polars
conducted at Reynolds numbers of 40.000, 60,000 and
100,000 for M=0.65 and (1.80. Data was also acquired at
M=0.50. 0.70. 0.85. and 0.90 for Re=40.000. Re effects
on wing static pressure distribution and Mach number and
Re effects on lift are presented in Figs, 103 and 104,
respectively.

Results indicated that acceptable Iift characteristics
could he achieved at the low Re conditions although
many of the configurations were only marginally stable in
both the longitudinal and lateral directions.  The second
TDT test determined an inverted empennage and reduced
fuselage fairing thickness would improve stability
characteristics for a MAP vehicle. The unique low Re,
transonic database acquired will be a valuable resource
for any future Mars and/or high altitude carth airplanc
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program. A formal NASA report documenting both of 080 7
these tests is 10 be published n the future. 080l w $ " 2 H
() . s L7
. O o
Table 2- Mars airplane model descriptions. oo LA =9 °
ili L wdo _© M=0.65. Fle=a0k
Model Airfoil :e";?;; ne S L e givenol
. g E 5] 1 M=0.80, Re=
- N - 050 oW o . lﬂ:&&o‘ Hi:?ggk
MA-E387 Eppler 387 Q Noune e O u
0,40'— [m}
MA-SC-1 Supercritical 0 Starboard A
Only T | ! | | ) 1 ! J 1 J
MA-SF-1 Supercritical 0 Split tlap RCI 4 & 8 10 12 14 6 18 20
bOlh WIH}_IS Angte-of-Attack, deg
MA-SC-11 Supercritical 30 None " -
P ¢ Fig. 104- Effects of Reynolds number and Mach number

on lift: MA-SC-1. transition bump at x/c=0.15, tail
incidence = 0°

ATMOSPHERIC REENTRY MODEL TESTS

A number of Earth atmospheric reentry concepis have
been tested in the TDT. Extensive parawing-lype
configurations were tested in the early 1960's as possible
concepts for returning re-entering space vehicles to
Earth's .surface.  Other reentry concepts such as
aerodynamic drag brakes. and deployable lighter-than-air
balioons also have been tested in the TDT.  Finally,
parachute. attached inflatable decelerator, and drag-brake
concepts for use with planetary-mission vehicles have
been testing in the TIXT. All of these atmospheric
Fig. 102- 1/4-scale Mars Airplane concept decelerator concepts will he covered in this section of the

model MA-SC-1. paper.

AVCO Rigid Drag Brake (TDT Test 13): Several
different concepts for acrodynamic braking were
considered for reentry vehicles during the early 1960°s.
One involved an aeroshell-type decelerator that deployed
in an umbrella like manner. The AVCO rigid drag brake
test was a pathfinder for a more complex and
representative maodel for the concept that was to be tested
shortly after completion of the rigid model west. The rigid
model. shown in Fig. 103, of this concept was tested and
consisted of a wooden acroshell type fairing attached to a
sting and supported by various cables. The more complex
model, shown in Fig. 106, was to have included
1,001 ' | l l ! instrumentation for measuring loads and pressures on the

0.50

0 0.20 048 e O 0.80 100 decelerator. This more complex test was not conducted

apparently due 1o cancellation of and/or loss of interest in

Fig. 103- Effects of Reynolds number and Mach number this AVCO decelerator program.  No data or published
on wing static pressure coefficient distribution: reports on the test are known 10 be available.

MA-SC-1, transition bump at x/c=0.15. 1ail incidence = 0°
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concepts are collectively known as parawings. Parawings
can include a wide range of configurations from all-
flexible sail designs to sails with rigid or semirigid
frames. Over a period of several years, NASA conducted
free-flight and wind-tunnel studies of one afl-flexible
parawing concept.

The research program was conducted to determine the
deployment characteristics of a 1/8-size dynamically and
clastically scaled model of an inflatable parawing suitable
for the recovery of an Apollo-type spacecraft, The
objectives of the program were: 1) to determine a
satisfactory deployment technique. 2) t0 measure the
transient loads associated with deployment, and 3} 1o
determine the applicability of wind-tunnel tests to
investigations of this nature. The wind-tunnel tests were
conducted in the Langley TDT.

Based on the photographic archives available at the
TDT, it appears that an initial. very small scale test of a
parawing concept was first tested prior to the start of this
1/8-scale model test program. Nothing further is now
known about this initial parawing test. The authors
speculate that it served as a learning experience for the
series of tests that followed of the 1/8-scale models.

The experimental models were based on a full-scale
parawing-spacecratt combination that would have carried
a wing loading of 7 Ib/fi° and a nominal gross weight of

- 8800 ib. The parawing was similar to a parawing
proposed for the Gemini spacecraft, with a conical canopy
and equal-length, inflatable structural members. The
spacecraft design was dynamically and geometrically
similar to the Apollo command module. The parawing
attached to the spacecraft by five stainless-steel aircraft
cable-suspension lines. The photograph in Fig. 107
shows the parawing-spacecraft model during a successful
deployment in the TDT.

Fig. 106- AVCO Drag Brake model in
TDT calibration lab.

Inflatable parawing deplovinent studies

(TDT Tests 20-22, 46, 67, 73, 74, 82, and 119):

In the early 1960’s, a number of spacecraft recovery
concepts were being studied to provide for more options
in selecting landing sites, particularly by providing flare
capability prior L0 touchdown. One approach to
accomplish this was to provide the returning spacecraft
with a kite-like gliding device that is deployed during
atmospheric reentry for final landing. These recovery

Fig. 107- Photograph of a parawing model configuration
showing the spacecraft model, successfully deployed
parawing, and the apex drogue parachute.
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The deployment technique was developed in an inital
serics of TDT tests (Ref. 63). These initial tests indicated
the need for close control of the various phases of the
deployment in order to avoid unstable oscillations and to
attenuate dynamic loads. As a result of these initial
studies. the deployment sequence used in subsequent
flight and wind-tunnel deployments used 1) a three-point
aft attachment ot the inflatable structural members to
improve the stability of the configuration during and
immediately after inflation, 2) a small drogue parachute
attached to the apex of the parawing to insure clean
separation after apex release and to damp the wransient
motions of the wing after deployment, and 3} a sysiem for
controlling the recl-out of the suspension lines in order 1o
attenuale the transient loads. The drogue parachute noted
above represents a second parachute used in the
deployment sequence.  An initial drogue chute was used
o remove the cover constraining the parawing against the
spacecrafl. The drogue parachute and cover would then
separate from the parawing-spacecraft combination. The
second parachule was introduced. based on test findings,
to provide a positive pitching moment to the parawing to
ensure clean separation from the spacecraft and to help
damp (ransient motions that immediately followed
deployment. However, the attachment position of the
apex (sccond) drogue parachute proved to be critical.
This was because all of the parawing configurations tested
exhibited roll instability during deployment. which would
stabilize as the parawing achieved full inflation and
rotated into a flying attitude. An improper attachment
point of the apex drogue chute would result in the
parachuie slipping beneath the parawing. aggravating the
roll instability of the parawing and often resulting in
termination of a run during the wind-tunnel tests. A
drawing showing the general deployment sequence for the
parawings is shown in Fig, 108,

Using the equipment and deployment techniques
developed in the initial wind-tunnel tests, successtul free-
flight deployments were accomplished, including the
measurement of transient loads during deployments.
Subsequent to the initial wind-tunnel tests and the free-
flight tests, additional TDT tests were performed to
investigate further variations of the deployment sequence.
Several of these deployment variations appeared autractive
for further study. Reference 64 is a summary report of
both the free-flight and the initial and latter wind-tunnel
tests. Regarding the final primary objective of these
experimental studies, it was found that the deployment
technique was not perfected sufficiently to prevent all
random metions and loads. with wide vartations for even
the most similar deployments. On the other hand, the
general behavior of the parawing during deployment was
similar between wind-tunnel tests and flight tests. Also.
the loads measured during wind-tunne! tests were found
to be suitable for use as a preliminary indication of those
encountered in free-flight. Based on these resulls. Ref. 64
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tfurther concluded that the wind tunnel could serve as a
usetul tool in the development of an inflatable parawing.

All of the wind-tunnel deployments were made in the
air test medium at atmospheric pressure.  Deployments
were made at three different constant dynamic pressures
of 3.5. 74} and 10.5 psf. This was intended to simulate
three different Ilight dynamic pressures. starting at the
steady-state glide value of 3.5 psf and increasing toward
the terminal flight dynamic pressure of 30 psf. The
reason for using the TDT for these parawing tests is not
specifically stated in any ol the available literature that
was reviewed.  Plausible reasaons that the TDT was
chosen may be its relatively large size. good low-speed
control, acceptance of high-risk dynamic testing, and
perhaps the expertise of the aeroelasticians that conducted
tests at the TDT.

Cover release

/ ) / , ™
\ W A /8
9y

N,

L Apex release
Glide

Aft release

Fig. 108- Parawing deployment sequence.

In addition to developing a satisfactory parawing
deployment 1echnique and meeting the other specified
objectives, this program provided much useful
information regarding the fabrication of dynamically and
clastically scaled inflatable structures.
results are reported in Ret. 63,

Another reentry-type vehicle was tested in the TDT in
1967 that was referred to as "sail plane” parachute. This
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maodel is mentioned here because it is bhelieved by the
authors to be a parawing-variety vehicle.  An internal
memorandum  tfrom an engineer in the Langley
Acroelasticity Branch reters (o this model as an
acrodynamic decelerator device, This wind-tunnel test
wis in support of a concepl being studicd by the NASA
Manned Spacecralt Cemter. The letter states that the test
"would include deploving a 1/6-scale model of the tabric
sailwing in a partially reefed condition” in the TDT. The
objectives of the test were stated as being 1o measure drag
and loads introduced at several locations on the model
during the deployment event. However. no information
can be tound on the actual test other than flacility
aperational shift notes that indicate the test oceurred.

Apollo Command Module Drogue Parachute
Deployment (TDT Test 49):  Another aspect ot the
Saturn Apollo vehicle that was tested in the TDT was the
deployment of the drogue parachutes used for landing the
returning command module back on Earth. Not too much
1s now known about the results of this test that was
conducted in December 1962, Reference 24 indicates that
the model used for this test was a 1/§0-scale "dynamically
similar” command module.  Furthermore, the test was
described in a footnole with the words "force. dynamic.
parachute”.  Apparently the test was for the purpose of
demonstrating parachute deployment. learning about the
dynamics involved in parachute deploymenl, measuring
lorces involved in the deployment (and most likely the
steady-state deploved-parachute configuration). and to
evaluate configuration variables.  In particular, it is
known that several drogue chute diameters, chute
porasities. riser lengths, and clasticity were evaluated in
the TDT test. The command module model was gimbal-
mounted to a rod support that spanned the test section of
the TDT. Figure 109 shows the command module model
mounted on the rod support in the TDT. No photographs
could be found of the conliguration with a drogue chute
deploved.

Fig. 109- 1/10-scale model of the Apolio command
module used for drogue parachute deployment tests.
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Paravulcoon Recovery Systemn (TDT Test 124): Among
the many concepts for spacecrall recovery systems in the
carly [960's was an idea to use a ram air inflated hot-air
balloon that would be deployed during reentry to
essentially hover the recovered body for a soft landing.
The concept involved pulling a deflated. folded balloon
from the aftl region of a spacecraft during atmospheric
reentry.  This concept was known as the Paravulcoon
recovery system.  During the carly 1960's. a series of
wind-tunnet and flight tests were conducied w verily this
concept.  These verification tests used a fairly blunt
forcbody test vehicle for the demonstration of the batloen
deployment. The Paravulcoon concept, flight test results,
and results of wind-wunnel tests conducted in the NASA
Langley Spin Tunnel and in the Langley Full-Scale
Tunnel are summuarized in Ref. 66, These wind-tunned
test stedies used a scaled-model] of the proposed flight test
vehicle and balloon system (approximately 1/10 -scale)
for the purposes of simulating balloon deployment.
inflution. and wrminal descent. These wind-tunnel tests
provided flight loads information and contributed to the
understanding of the dynamic stability of the Paravulcoon
during the different flight configurations.

Fig. 110- Paravulcoon forchady model in the TDT.

An additional test ol the Paravulcoon concept was
conducted in the Langley TDT in 1967. However, the
results of the TDT Paravulcoon test are not included in
the previously published Ret. 66, Not much is now
known about the objectives ol this particular test because
no other documentation has been found. The wind-tunnel
model. shown in Fig. 110. consisted of the balloon-
carrying torebody vehicle. Another photograph in the
TDT test section (Fig. 111) shows a drogue parachute
being extended behind the forebody and hand-held as if
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deployed. Relerence 66 mentions that some of the other
Langley tests used NASA-supplied drogue parachutes Lo
simulate the initial stages of deployment. The first step in
deploying the recovery balloon was o use a parachute 1o
detach the lid over the balioon container, and then 1o pull
the balloon out of the vehicle container for inflation. A
drawing from Ref. 66 that might assist in visualizing the
deployment sequence of the Paravulcoon recovery system
is included in this report as Fig. 112, Perhaps the TDT
test included an assessment of the dynamics involved in
deploving the parachute from the Paravulcoon test body.

Fig. 111- Paravulcoon forebody model in the TDT with
drogue parachute handheld behind the model.

aw

Farachute Deployment El_, }?z 1/
Stabilized Descent ﬁ
=
b
Balloon Streamed

Deploymant Event and Balloon Extraction

Balloon Inflation

Terminai Descent

Fig. 112- Deployment sequence of the Paravulcoon
vehicle concept.

Space Shutil B_Drogue Deployment/Performance
(TDT Tests 243 & 275): During development of the
Space Shuttle. NASA's Marshall Space Flight Center was
respensible for development of the solid rocket booster
{SRB} recovery system. The concepts under study
utilized parachute systems for deceleration of the SRB's
prior to water entry.  Several deployment concepts and
configurations were under consideration and it was
decided that wind-tunnel testing along with drop testing
was required 1o aid in defining the most reliable and cost
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effective recovery system. Since flight path of the SRB's
was antictpated to he nearly vertical at the time of drogue
chute depleyment. a vertical wind-tunnel facility was
considered. but was deemed of minimal importance since
accelerations due to acrodynamic forces would be
approximately 7 to 10 g's.  Testing in the TDT would
result in acceptable test section blockage for a reasonable
large scale model which would simulate more
representative (Tow conditions as well as allow sufficient
room to house a packed parachute and nose cap ejection
mechanism.  The first test conducted in the TDT was
followed by another test two years later due 1o a change in
the baseline configuration and the need for additional
paramelric testing.

The initial test conducted in the TDT utilized 0.125-
scale parachute and SRB forebody models with the
primary objective of investigating the dynamic
characteristics of four candidate drogue deployment
concepts and 1o perform a parametric steady-state drag
investigation of 20” conical ribbon parachutes. Variables
included SRB angle-of-attack. nose cap ejection veloeity,
droguc chute geometric porosity. reefing line length. and
dynamic pressurc. The correct scaled velocity for the
deployment portion of the tests was achieved by testing in
air at a nominal Mach number of 0.17. The four
deployment concepts tested are described in Ref, 67 and
illustrated in Fig. 113,  The SRB drogue chute
deployment/periormance model allowed for deployment
and drag measurements to be performed at SRB angles-
of-attack from 70° to 130° and is shown in Fig. 114. The
SRB forebody for this model represented the forward

40% of a complete SRB.  The second SRB forebody
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model represented a complete SRB and was used for
obtaining droguc chute drag force data at an angle-of-
attack of 180° (nozzle forward). This mode! is shown in
Fig. 115, Finally. interference free (no SRB forebody)
drag torces were measured using the configuration shown
in Fig. 116.

Results from the first test in the TDT are presented in
Ref. 67. No results for the second test could be located
for inclusion in this paper although the second test was
similar to the first in that drogue chute deployment and
drag tests were conducted using much ol the hardware
employed during the first west. Results from the first test
showed the baseline deployment concept 1o be promising
but ¢oncerns were raised regarding possible louling
problems for a full-scale system. The effects of
geomelric porosity, suspension line length and SRB wake
interference on drag are presented in Figs. 117 and 118,
These results correlated well with those from carlier full-
scale drop tests™ ™. Overall, the TDT tests provided
valuable data for development of a final SRB drogue
chute system. The recovery system currently used on
SRB’s most closely resembles that shown as method 4 in
Fig. 113.
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Fig. 113- SRB Drogue chute deployment coneepts.

Fig. 116- Shuttle SRB parachutes for determining
performance without SRB forebody interference cffects.

k. |

8- No Wake
Nl

s Come 6

ITUSLEILALT
S+

Parachute Drag
Coefficient, 41

Co
0 3
Parachute
2L Porosity
O 16%
AR 0 24%

M ! ] | ! J
1.0 1.5 2.G
Suspension Line
Length Ratio, Lg/Dy

Fig. 117- Effect of suspension line length and chute
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Attached Inflatable Decelerator (TDT Test 149):

A flight device known as the Attached Inflatable
Deceleralor (A1D) was tested in the TDT in carly 1969.
NASA cxtensively researched AID reentry vehicles
during the 1960's.  Auached Inflatable Decelerators were
envisioned (o be deployable at supersonic speeds {or the
purpose of decelerating spacecraft entering a planetary
atmosphere. A drawing of a typical AID design is shown
in Fig. 119. Ref. 70 indicates that an AID concept was
demonstrated 10 be advantageous for use in planetary
entry into the low density atmosphere of Mars.
References 71-75 are other documents (he authors have
found covering some of AID research efforts. including
many wind-tunnel tests for AID models. However, no
formal documentation of the TDT tes( has been found.

A letter dated March 1967 from an engineer in the
Langley Acroclasticity Branch indicales an interest in
expanding the planned and on-going test eftorts for AID
devices to include dynamic load testing. This particular
letter suggests making dynamic measurements during a
planned Langley Full-Scale Tunnel test. So very litile is
known about the resuits of the TDT AID models test. A
pre-test meeting summary suggests the TDT entry was
requestied by fetlow NASA Langley engineers. The pre-
est meeting summary also indicates that the test would be
for the purpose of determining static aerodynamic
performance and static and dynamic stability of the
inflated device, It is known that esting ol some of the
carly tests of AID-1type configurations determined that
transonic separation was erratically established on the
large outer diameter (streamwise) of the inflated
decelerator.  This resulted in a poorly defined, dynamic
line of scparation around the decelerator that caused
dynamic problems with the downstream skirt region of
the intlated decelerator. This situation was improved by
the installation of the smaller diameter. inflated "burble
fence” shown in Fig. 119. Perhaps the TDT test further
examined such dynamic stability issuces of AID vehicles.
A photograph ol one of the TDT AID models, sting-
mounted. is shown in Fig, 120. This photograph shows
that the TDT models did have burble-fence devices
attached o the muin decelerator.

Some sparse notes tound in operational logs at the
TDT state that the mode! sustained damage on at least two
occasions during the two-week entry, requiring that the
inflatable model be replaced before testing could
continue. However, this statement only attests to the
dynamic and high-risk nature of the TDT test and a
similar statement could apply to many acroelastic tests
conducted in the TDT. I does not shed any particolar
light on the success experienced in testing these AID
models or of the applicability of such devices in flight.
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Fig. 119- Drawing of an AID concept reentry vehicle,

Fig. 120- AID model sting-mounted in the TDT,

Yiking - Mars Probe

The goal of the Viking program was 1o learn more
about Mars through dircet measurements in its
atmosphere and on its surface. The Viking program was
initiated in 1969 and culminated in the launching of two
spacecrafl, each consisting of an orbiter and lander, in
1975 with teuchdown on the Martian surface in 1976.77

Experiments in various wind tunnels were used
extensively in support of ‘the Viking mission.  Six
different experimental investigations were conducted in
the TDT during the time period of October 1970 to July
1975.7" These tests supported elements of the entry and
landed phases of the Viking mission and contributed
significantly 1o spacecraft development and ultimately to
the success of the program.

Experimental studies in the TDT in support of the
entry phase included a determination of parachute
environment  and  pertormance.  aerodynamic
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characteristics exhibited by two separating bodies
(acroshell and lander/base-cover). and location and
orientation of a stagnation-pressure sensor on the lander.
Experimenal investigations which supported the landed
phase were a convective heat-transfer test related 1o the
lander’s radiotsotope thermoclectric generators (RTG)
and two tests which supported development and
calibration ol the meteorological science experiment
package. The entry aspects ol the testing are covered in
this section and the landed vehicle tests will be discussed
in a lkater section on planctary-probe testing,

Parachute Environment and Performance (TDT Test 190}
An aerodynamic decelerator was required during the

Viking entry into the Martian atmosphere and consisted of

a main parachute (disk-gap-band canopy} asscmbly
trailing in the entry capsule wake. Initial experimental
tests at an AEDC wind-tunnel™ yielded severe parachute
suspension-line vibrations and canopy oscillations. drag-
cocfficient degradations, and scveral  parachule
suspension-line tailures.  Following suspension-line
configuration modifications, transonic lesting was begun
in the TD”E

Fig. 121- 10 pereent scale parachute model set-up.

The three objectives of the TDT test were 1o verily
AEDC 1est results, validate parachute design changes. and
1o obtain additional transonic parachute performance data
in the entry capsule wake environment. A photoegraph off
the 10% scale disk-gap-band parachute model is shown in
Fig. 121. The objectives of the test were accomplished in
that large drag reductions measured for the original
configuration tested at AEDC were verified. the design
changes produced considerable improvement in system
performance. and the new configuration did not sulter any
significant failures. Typical resuolts, presented in Fig. 122,
show the effect on parachute drag of canopy (railing
distance behind the entry capsule. Drag values for the
imtial-design trailing distance (x/d = 6.12) were much less
than the required design values throughout the transonic
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Mach number range. Based on TDT test results. the
Viking parachute subsystem was modified 1o provide
tonger suspension lines and thus a greater canopy trailing
distance.  This provided the desired increase in drag
values.  This increase in canopy trailing distance also
reduced undesirable parachute dvnamic motions.

|« x .
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Shrouds

/— Entry capsule
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Fig. 122- Viking purachute drag-coetficient variations for
several canopy distances behind the entry capsule at
4=59.9 psf (initial design x/d=6.12).

Stagnation Pressure sensor Location (TDT Test 193) One
of the scientilic objectives of the Viking program was to
measure the variation of Martian atmospheric ambient
pressure with altitude during .the parachute phase of the
cntry. Since the pressure tield on and in the vicinity of
the descending fander would be alfected by ity passage
through the atmosphere, a test in the TDT was conducted
to determine the optimum location and oricntation of a
Sensor to measure stagnation pressure.  The ambient
pressure was determined from stagnation pressure after
corrections for dynamic pressure and temperature effects
were applied.” The 19%-scale model shown in Fig. 123
was instrumented to measure static, stagnation, and
fluctuating pressures at various locations. The model was
tested at tunnel conditions simulating the median
Reynolds number expected during parachute descent over
a Mach number range of 0L20 to 1.10. Parameters varied
included model angle-of-attack and  roll angle.
Stagnation-pressure measurements were made using Kiel
probes at various locations on the model. Based on test
results and lander geometric constraints and subsystem
interference, a probe location and a probe inclination
angle of 22.5° (wilh respect to the bottom surface of the
lander) were selecled  that produced  pressure
measurements nearly tnvariant as a function of model
angle-of-attack and combined pitch-roll attitude.  This
Kiel probe was successlully used during the Viking entry
to measure pressures during parachute descent and 10
measure atmospheric pressures after fanding on Mars. ™!
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Fig. 123- 19% scale model used in stagnation pressure
sensor location test.

Aeroshell-Lander/Base-cover Separatiop (TDT Test 204):
While decelerating Iremn slightly supersenic speeds. the
Viking acroshell was jettisoned from the lander/base-
cover. Since forces and moments experienced by the two
separating bodies were needed as input to required
trajectory analyses, a wind-tunnel (est in TDT was
conducted. Six component torces and moments were
measured on the acroshell and three components on the
lander/base-cover.  The 10%-scale wind-tunnel models
vsed are shown in Fig. 124,

Fig. 124- 10% scale model used in Aeroshell-
Lander/Base-cover separation lest,

Results from this test are shown in Fig. 125 in the
form of drag coefficicnt as a function of separalion
distance between the acroshell and the lander/base-cover.
In general. aeroshell drag increased initially. then as the
distance between the two bodies was increased. the
acroshell drag gradually approached the values measured
under free-flow conditions. The shielding effect of the
acroshell was indicated by the lander/base-cover drag
being zero or having a negative value at up w four
diameters separation distance. depending on Mach
number, and then gradualty approaching free-[low values
as distance was further increased. The experimental
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aerodynamic characteristics of aeroshell staging, as
measured in the TDT. were incorporated into Viking
trajectory analyses and contributed significantly to the

design of the successful separation of the aeroshell.
oS
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Fig. 125- Effect of separatton distance on drag
cocfficients — Viking aeroshell and
lander/base-cover assembly.
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Galilco Probe Parachute (TDT Test 383): The objectives

of the Galileo mission™ *  were to conduct a

comprehensive exploration of Jupiter and its satellites by g
use of an orbiting vehicle and direct measurement of
Jovian atmospheric characteristics by an entry probe.™
The Galileo orbiter with attached probe was launched
from Earth on October 18, 1989, The probe entered
Jupiter’s atmosphere on December 7, 1995 and Guy Wire in.
successiully completed its mission by transmitling dala
for 57.6 minutes during its descent. The probe entered
the atmosphere at high speed and was slowed

- Galileo
Aircratt Forebody
/ Cable Shape

. Yama

aerodynamically to transomc speeds by the blunt S R -
forcbody. A parachute was employed (o separate the mHi,speedE E_ _lj_ m i

instrument descent module from the heat shield and then Cameras | _ - —
provide drag lor a controlled descent through the LOadCe"\@ -

atmosphere.

The experimemtal investigation in the TDT™ was
initiated alter a balloon drop wst of a Galileo probe Fig. 126- Galilco probe parachute model
simulator in 1982 during which the main parachute - installation in TDT.
openced slowly and crratically and the resulting slow
separation caused some damage to probe hardware.  This
result was considered unacceptable since similar
performance during the actual mission could result in
delay ol the initiation of scientific instruments and
damage to specific sensors. The primary objectives of the
TDT test program were (o replicate the drop-test results in
a wind-tunnel . perform parametric variations of the
parachute system design. and demonstrate acceptable
parachute deployment and performance for a revised
design.

The TDT wind-tunnel test was conducied at simulated
flight conditions using I/4-scale and 1/2-scale modeis ol
the Galileo probe conical ribbon-parachute.  The
remainder of the test hardware included a tforebody.
adjustable steel aircraft cable. forward-canted floor-
mounted strut. and a winch assembly, located below the
tunnel test-section floor. used for controlling parachute
position.  Model installation details and a photo of the
model are shown in Figs. 126 and 127, respectively.
Model scale, forebody shupe. angle-of-attack, dynamic
pressure, Mach number. parachute porosity. and canopy
trailing distance were varied to determine their elfect on.
parachute performance. Both  steady-staie and
deployment tests were conducied. Parachute drag was
measured and found o degride severely at canopy trailing
distances of 5.5 (drop test distance) and 7 forebody
diameters (x/d) as shown in Fig. 128, Performance was
shown to be good at irailing distances of 9 and 11
diameters.  Improvements in parachute performance were
subsequently confirmed in a sccond probe system drop
test**. Based on the resulis of the second drop test and the
use of the TDT recommended configuration for the actual
probe. the TDT test program of the Galileo probe
parachute system contributed significantly to the
successful collection of Jovian atmospheric data.™

Winch Assembly

M W L 1L

Fig. 127- Galileo probe model with 1/4-scale
parachute in TDT.
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Fig. 128- Galileo probe parachute drag cocificient versus
canopy trailing distance: 1/4-scale parachute, forebody
AOA=0°, parachule porosity=29%.

PLANETARY-PROBE TESTING

Planctary-probe testing represents a very small portion
of all TDT tests. This space-related testing category is
distinct from the other four catcgorics in that it does not
involve measurements related to any aspect of flight, or 10
ground-wind loads in the conventional sense. Rather,
these tests involved studying the landed-phase of the Mars
Viking vchicles to determine the cffects of Martian
ground winds on instrumentation accuracy and
temperature control of instrumentation packages.

Flow Field Measurements around Lander

(TDT Test E8(0):  An early concept of the Viking
meteorological investigation had wind and temperature
measurements made by sensors located at the end of a
boom deployed by the lander. The location and length of
this boom were dictated by accuracy requirements. The
optimum design of this boom required a knowledge of the
flow field around the lander. Reynolds number was one
of the key parameters for simulating this flow field
around the lander. The TDT. with its low density
capability and large test section, was well suited to
simulate the low Reynolds number conditions expected
on Mars with a large-scale geometrically accurate model,
A 45%-scale model of a propesed lander was mounted on
a turntable in the TDT test section as shown in Fig, 129,
This installation permitted the rotation of the model to
simulate changes in wind direction. Wind speed. wind
direction. and ambient temperature in the flow field
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around the model were measured using the remotely
operated survey device shown in Fig. 129.

Wind-tunnel resulis” showed that the flow ficld
around the lunder was relatively insensitive to Reynolds
number variation and the influence ol the lander on the
{flow ficld decreased rapidly with distance trom the
lander. Hot film ancmometers were used on the survey
device and were shown to be viable candidates lor use on
the actual Viking lander.  In fact, two hot-film
ancmometers orthogonally oriented in the horizontal
plane were used to determine wind speed and direction on
Mars,™

Fig. 129- 45% scale model and remolte survey device
used in lander flow field measurements,

Heat Shielding for RTG’s (TDT Test 181):  The
purposes of the Viking radioisotope thermoelectric
generators {RTG's) were (o furnish electrical power to the
lander when on the surface of Mars and (o provide heat o
instrumentation housed inside the lander. One concern
was that high-velocity surface winds could result in
excessive heat loss by lorced convection that could
endanger the survival of the lander’s systems. Maodel
scale tests were conducted in the TDT to measure the
forced-convection heat transter on simulated RTG's with
and without wind shiclds. Two different wind shields
(partially enclosing the RTG’s) were tested. The 45%-
scale lander model and thermally simulated RTG's are
shown in Fig. 130).

Forced-convection heat-transfer coefficients measured
in air” showed that neither of the two wind-shields
provided an acceptable solution to the RTG convective
cooling problem. The final solution was to totally enclose
cach RTG with a wind shield. This insured that excess
heat from the RTG's would be available o the scientific
instruments and other lander systems and not dissipated
usclessly into the Martian environment,
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Fig. 130- 45% scale model used to test
heat shielding for RTG’s.

Fiel n 1
Instruments (TDT Test 263): The objectives of the
Viking meteorological experiment were to measure
pressure, temperature, wind speed, and wind direction on
the Martian surface. The meteorotogy instrumentation
system, including software, was subjected to an extensive
test program in TDT ¥

The configuration for a portion of the test included a
full-scale flight sensor and meteorological boom assembly
mounted on a turntable in the TDT test section. The data
from the TDT test was reduced using flight software and
compared with wind-tunnel parameters that were reduced
independently. The results of these tests indicated that the
instrument system {(inciuding software, but not lander
flow-field effects) had an accuracy of approximately
+10% for both wind speed and wind direction.

The approximate influence of the lander on local
meteorological measurements was determined using a
37.5%-scale model of the final lander configuration in
association with the full-scale meteorological boom as
shown in Fig. 131. The meteorological boom was
positioned on the lander (utilizing data from the 1970
flow-field survey) to minimize the eftects of the lander-
induced flow field. The boom was deployed 5.25 fu.
above the surface and 2.0 ft. from the nearest part of the
lander body. Test results showed that the lander effect
was about =£10% in both wind speed and
direction. Meteorological results obtained on Mars for
Viking 1 and 2 are summarized in Ref. 89.
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Fig. 131- 37.5% scale lander model with full-scale
metecrology boom used in determining lander flow field
effects on meteorology instruments.

CONCLUDING REMARKS

The NASA Langley Transonic Dynamics Tunnel
(TDT) has provided test support for space-related
applications throughout its forty year history. Several
capabilities of the TDT stand oul as being the primary
factors as to why the TDT was used for these space-
related tests. These factors are the aeroelastic scaling
advantage and the relatively high Reynolds number of the
heavy gas test medium, the TDT variable pressure
capability, and the relatively large test section. Most of
these space-related tests have dealt with some aspect of
aeroelastic or unsteady response testing, which is the
primary objective of the TDT facility. However, some of
these tests have utilized the TDT for static, and ofien
unigque, wind-tunnel tests because of above stated
beneficial characteristics of the TDT. The space-related
tests conducted in the TDT have been categorized into
five distinct areas. These areas are ground winds loads.
launch vehicle dynamics, atmospheric flight of space
vehicles, atmospheric reentry, and planciary-probe
testing. The TDT still maintains essentially all of the
capabilities that contributed to these past space model
tests and, therefore, stands poised to continue to support
similar space activities in the future.
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Table 1- TDT space-related tests.

LV = Lavech Venci

Q = Othar

PO = ParschuteDecalarancr
PW = Pargenng

PP = Planstary Probe

55 = Semapan

F « Floor (no tumtable)

FP = Floor PedastaySiut
FT = Fioot with turmiabhe
HR = Hotzontal Rod {wal-to-wal)

PAPA x Prich and Plunge Apparatus

§ = 5ung
SW a Sidewall

AR » Almoaphenc Re-srry

LVFD = Leunch Vehicke figh Dynamcs

LVGWL = Launch Vehitie Ground Wind LoadsDynamics
FF » Planstary Probe

Test ¥ Tast THie Dates Wodel | Wourt Descrption Category
12 Seout 1060 - 10 V60 v F 15%-scale, Sround wind |oads. with service tower, no lurmaste B-1 2/t LVGWL
13 Rigud AVEO Drag Brake 11960 - 1172560 PD s 112-0530, sm Iepresentation of proposed reeniry brake concepl. loads data® No data svad AR
18 Saturn | Block | {5A-1) VBT 2381 LV F 7.5%-3cals, Ground wing oads. no lurnlabie. no service lowsr_steady préssurs, A-120Ar LVGWL
20 Pacawng 52361 - S1VET PW Parawing racovery system L]
21 Parswng B2061 - 711461 P 3 Patiwing (4covery sysem AR
22 Parawing T - 61 PW FF___|Parawmg tecovery system AR
23 Scout Missie and Tower LLB) - BRLE! LY F 5% scaie Ground wind loady, no turntable, -1 /A LYGWL
24 Saturn-Apolio Pressurs Modets 2461 - SNWEL LV $ (8% and 1 6% scals Buttet pressure massuremans. au and Freon, diterent sze modaty LVFD
28 Jupntar Missie 10/6061 - 107361 Ly F__ {1/Sacale Ground wind loads, ne tumtabls. B-12/4ur LVGWL
bl Satum-Apello Pressure Models 11F2ET - 1120061 (8% S 6% and 1 6%-scais_Bulte! pressure messursmants s anc Freon, drffarent 3.8 models LVFD
3?7 Wind Induced Louds Research Model 22762 - NE2 LY F Ground wind loads, geasnc model LYGWL
33 Project ‘Fre’ Butist Model V1262 - 4V6P LV S 1/6-Scale. Butei{unsieady prassures} and sir loads (s1esdy presaures) data LVFD
) Smokestack Fhutter HE62 - 41EED L F__|Ground wind loads generc mooel s LYGWL
6 Farawng depioyment test I0/RIGZ - 1031762 PW MR [1/8 scale mocel AR
48 Salutn 1119462 - 12/7/62 LW S _ [8%-scais, SOt model, Apollo and jupaer nossy LVFD
49 Drougus Chute Daphoymant 1or Apolio Command Motule 1210621214162 20 4 Parachuts recovery system AR
52 Tran i 141683 - 215483 LY FT__ |7 5%-scals Ground wind koacs. with tower first test with floor lurmable, R-12/Air LVGYA
53 Satutn | Black 1 (SA-5) 23 - M6 LV FT T%-scale. Ground wing losds. with LC 378 umbdicsl towsr _Jupdsr & Apolio payioad. R-12/Ax LYGWL
[ Satyrn-y 11763 - 32963 LY FT __ | T%-scale, Ground wind losds. with lower F-12/Ar, sub-crtical Reynoids number LVGWL
$6 Salum-V 11763 - 479/81 LY FT_ [3%-scale. Ground wind iosds, weh towsr, R-12/Ar, sub-cmical Alaynokds number LVGWL
60 Sa1urn-Apollo + hot-wire probes 5/17/63 - BE/ED LY S 150:1 model, Apollo & lupter noses, serodyname damping and bultet LVFD
62 Sulum ¥ 71563 - BPVED LY ET__E3%-scale, Ground wind loads with igwer, -1 2/Ar_gub-crhe sl Asynoids number LVGWL
[+ Saturn 18 102¥63 - 1121763 v FI s S%-acals Ground wind loads wrth |LC-34 and LC-376. Apolo spacecraft payioad. R-12/Ar LYGWL
[ Launch Escaps Canard Model 1124163 - 12/6/63 ] ) Ful-3cale forel of canard launch escape vehcl LVFD
67 Apolo Parawing 121963 - 17364 PW S8 C [Parawing recovery sysiem. stng and cables AR
n Ssturn 1B V2564 - ATIG iV FT__ 15 S5%-scals. Ground wind ioads LC-34 and -37B. space stetion payioad .1 2/A. model dettroyed LVGWAL
72 Trtan It - Garuni AN5E4 - S8 LY FT_ {7 S%-acals Giround wind loads dynamecsty-scaled srector tower. R-120Ar LVGWL
73 Parawmg B/ 1i64 - 67764 W S AR
T4 Patawing Deplaytent B/BG4 - T4 P HR With capsule, bar mounted AR
79 Sawurn ¥V YNTi64 - 1110064 L FT__ }¥%-scaie. Ground wind loacs. with lowsr R-12Aur_sub-critcal Reynokds nurmber LVGYA,
82 Parawing + Capsula 1485 - 111565 P Spacacraft recovery system AR
ea Saturn 1B 1565 - 4WES L FT 5.5%-scats. Ground wind loads Apolic and gensraized payloads, LC-34 and -37B, R-12/Ar LVGWL
ko) Mann G W L Cylndee (2.0h SHVES - 91 TES =] £ 2-D cacilatm: dar, vorlex shaddmng at olca numbers LVYGWL
§5 Tran it WRL/ES - 1GETIES LY T . 5%-1cale_Ground wnd ioads, dyn. by-3c et Iranaporisstiower. B-12/Ar LVGWL
102 PSTL 1 Saturn Apoio Model 2/28/66 - VP66 LV S JBuMet pressure messuraments, ngxd made! LVFD
106 Saturn-v 5/2/68 - 6/46E LY FT__ 13%-3cals, Ground wind loads, wiih and wihout sarvice fows: LVGWL
ng Bansh Sad Wing Test EET - V20067 ) EB__ 11/6-acaie ASrocynime: decehoras concepi, Stabiimy and ioads dunng depioyment AR
123 Turmistle and MET Tower SEET - SI1EET LY T |Ground wind Sosds and respenss, ow baki messuramenis LvGwL
{+ varcal rake) 2667 - 61767 W FT
Sawm-v &EBT - BIAET v T §3%-3cale
{+ verical rake) 1567 - BITUET LV FT
Turntabke and MET Tower ST - 2167 LV FT
124 Paravukoon STET - SRET LV s Test ol ® vahcle lerminal recove! tem {baiioon)._sting mount LVFD
13 Bulbous Noss Prasgure Dirbuton Models (21 127 20vE67 - /2968 LY 5 St -pressure messurements large and small bulbous noss models LVFD
148 Satum Apolio [command modubs) [+ explosma charges) 228069 - I2T6Y LV FP__[Pressure means_on Apolic SC, TNT charges Sirnulated Dooster exploson LVFD
149 Anached Inflator Dacelerator Mode) X28/59 - 411469 PD 5 Atmaspherc deceistaior test AR
150 Rsentry Vaheles (21 Mamn SV.50) ATT4/69 - 5RIEY FS FP Ablalion surlace it nass afiscis on atabsity demvairves, Usad a lagh! lest vehcle and smocth model AF
157 Shuttie concept #1ali tumerbutiet wngs (2 B/29/69 - VGG 83 SW__ [Cancdate wing designs, high angis of amack, wall fumer, buttetng (Straight and chpped dalta wings AF
158 Shullie concepl stall iulterbutiet wngs (2) 82969 - 101769 55 SW_jCancedate wing designs, high angle of sfiack. stall flutier. butistng (Straght and clipped dats wings! AR
180 \iking 1072270 - 1170 PP FT__ f45%-scale_liow-Iekd measursments around lander. meleorology system devaspment P
| 181 Miking 1170 - TINETD PP FT 45% 3cale. convectve heat-franster lest 1o esladblmh shisihng nesded for RTG's o
| 182 Satumn-V 117770 - 1211070 v FT__ {3%-3cais, Ground wnd loads, Skylab paytoad wiih LC-398 tower A-12/Ax LVGWL
186 Space Shutlie Bocater Wing Concept (wh up fin) 2157 - 22371 88 SW__|005-sea. Candrdate wing design, high angie of aftack. stall fuer, butfeteng, it attects AF
190 Viking Decetetator (Mann Mamenia} 421071 - 428 PD FP [10%-scale p and 9, pUramatIC Lexang AR
193 Vikng {Martn) 271 - I il 5 19%8cHle._Dresiure Medsurements on Landerbase COVSr, FLBG pres). BANAS lcamon op AR
200 Sawm 1B 1087 - T2 LY FT__[5.5%-1cala, Ground wind loads, Apolo spacecratt payload, LC-J5E tower_Skylas R-12/Ar LVGWL
204 Vi aration 2772 . 212972 il S |10% scais, loads measurements lor saroshal-landerbasecover separanon dunng asroshal petson AR,
210 Space Shuttle 101672 - 111672 LV FT_ |3%-3caie, Ground wing ioacs, prelmeiary Space Shulle desgn B3 2/ LVGWL
243 Space Shutle SRB Parschutes Ti127a . T29T4 PO CAF [0125-scaim Sokd rocket booster drogus parachutes and deploymant concepts AR
246 Space Shumle V-1ad and Wing 8119774 - 91374 FS/85 SW_ [0 14-scale, Vertcal imirucder fiutter butfet and buzz. Alsc 0 14-icale Wing-slevon modei - flutter AF
258 Space Shutle V.1ad &2T5 . ANOTS FS SW_ [0 14-3cal tin-rudder model. fiutter and butlst. timuiated d < brakeiapid rudder) wrih AF
263 Vikng 72275 . B1/TS PP FT__ |37 5%-scais. matecrology science sxpsnments - sysism cakbration and lander fiow feid effects P
266 Space Shuttis Orbnar 1¥Te7S - 14TTS FS [} 0.055-scale. Suaddnty {"nowd] madel on AT cabl-Mount System. Cable sabry buftet and stab dervaines AF
275 Space Shutlle SRA Parschutes YRUTE - 42T PD FRAC |0125-caie. SAB Drogue and Mmam parkchule Sysiend AR
309 Space Shutie Orbner SI5/78 - 52978 FS [ 0 055-scaid dynartucally 3caled Macel o actve table-Moutt Syslem. (et and buttel loads AF
306 Space Shutte TTE - BZATE LV FT __l&6%scal Ground wind loads, fival shutte eonliquration. with lowst. B 1204, towet destroyed LVGwL
308 Space Shuris Launch Confquraton 1578 . 10778 LV 13 0 055-scaie all-up (oroner. exemal tank. and SAB's) configuraton. thtter and butle! loady AF
rd| Space Shutle V-tail 82979 - A2TTY FS SW | Shum ten1 05-30 0 14-scale 1 mooel, fluttar. buttel brake nudder) d d AF
363 Gakle: Parachute 41383 - 422/83 PD FP 25% and S0%-atala, packchle £0ahc and deployrnent Iestng 1or davelopmnt of Juptsr probe tystem AR
407 72* Daka Wing Flumter i2/87 - 70687 85 SW [Fiutter tesebich related 1o NASFP AF
4H0 72° Oeha Wing Fittar It Y20/67 - B2ET S8 SW 1 Flutter resaarch redaled 1o NASE AF
420 Sumple Deita Wing Models (NASF) YZVES -VPBE 335 SW | T2-dagres swesp wings, NASF AF
423 Atias-Cenlaur Large Payload Faring £12/88 - TH 88 LV FT__ [ 1/10th-scale, butetng. eniarged payioad lasning LVFD
424 Cea Wing Fitiar 717/88 - 7727/88 $5 W {NASP related AF
425 MAMA (hiasy and Motion ADparatuy) 720088 - /88 S5 SW__1Al-movabie wing funar. NASP AF
an Auron Buzt of Genenc NASP Contiguration 21489 - 21 489 S8 SW__ {Daka wing with large iraiking edge control suriace, NASP related AF
432 Dals Wing widiss and Monon Apparaius [MAMA) 2/22/89 . 389 55 SW__ ] All-movable wang fluttar NASP related AF
443 ATLAS Il (Contaur) 6/18/69 /17139 Ly FT 8 B%-acile, Ground wind loads with umbical towsr R-12/40r LYGWL
446 Composte Aderon Burz | vag - avae 8% SW [NASP. iarge traing edow control, elpped-data wing AF
448 Compodie hiwron Buzz || Ar26/B9 - 10/7/89 35 SW NASP. large traving edge control. chpped-delia wing AF
a8 MO Panel Flutlar 2389 - 101 4BE Q SW___INASP, panel luller AF
454 Balza Buzz Ib JG0 - W TIHD 55 S NASP reusisd AF
458 Panal Flyner It 41690 - 42890 o SW_ [NASP engine AF
450 Componta Buzz Ni Leb0". lab% 2729050 - 811290 S5 SW__INASP relsted AF
464 Composne Buzz IV Le72' teb¥ 1014790 - 1020'80 S5 SW_ INASP reisted AF
456 Fanel Flutter Il 11890 - 1111790 o) SW__ INASP reisied AF
Lyl Engmin Panel Overgenca/Flufier 421792 - SO092 Q SW_[NASP. mounted on upstream end of FAPA spiter plats_NASP engine related AF
476 NASP Flexibie Fusslags 1111692 - 1211582 Fs FP_ INASP reiated -traedom [htier (moce! Sestroyed. mounl gvergenca) AF
477 Wiight Labs NASP Wing {Honz. Ldtng Surtace) /RS - 1122093 55 SW_ TNASP contaguralon AF
431 SWIF 1l Moge! A%90 . 427r93 55 SW_ lat-movabe wing fiufier NASP related AF
430 Wrght Lay Frv-Rudder 2704 211404 55 SW_INASP AF
435 Engine Lp Dwvargenca/Fiuner G0 - B2 Q SW__INASP Engme relaled. claseted leat AF
S10 Deta 1l Laonch Vahcls , Compoats Paylcad 622196 - TB/SE5 LV S D6.5%scaler. Butlatng tesponss LVFD
519 Defta 11l Launch Vehicls 26 - VIUFE LY S 3 5%-scaie, Bulating miponss LVFD
540 Mary Aiplana Ascodynarmc Lih Concept Moaals B2VOE - 101 899 FS s 1/4-scale Perdommance teal of MAP modeisid) - loads preasure distnbutions, het fim data AF
541 ¢ Wan Arplane Aerodyname Ll Conceot Madel timverted tail) | 12/6/95 - 1271498 FS 5 |Va-caw Perdormance test MAP model - ioads. 1iow wiz (floursscent Wwhs [USH AF
Modwl Tyge Mount Type Category
FS = Full Span € u Cales AF = Aimcaphenc Flight N
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