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Development of a Flight Article for a Hypersonic
Boundary-Layer Experiment
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Preparations for a boundary-layer transition experiment to be conducted on a future � ight mission of the
air-launched Pegasus® rocket are underway. The experiment requires a � ight-test article called a glove to be
attached to the wing of the Mach-8 � rst-stage booster. A three-dimensional, nonlinear � nite element analysis has
been performed and signi� cant small-scale laboratory testing has been accomplished to support the design and
development of the � ight-test glove. Reliance on analyses and laboratory tests has been instrumental in achieving
the structural stabilityand strength requirements for the glovedesign.Results obtained from the structural analysis
and laboratorytesting show that all glove componentsare well within the allowable thermal stress and deformation
requirements to satisfy experiment objectives.

Introduction

T HE prediction of boundary-layer transition for three-dimen-
sional � ow is essential to the design and development of hy-

personic vehicles. Accurate transition assumptions must be made
in the vehicle design because of extreme differences in the aero-
dynamic heating between fully turbulent and fully laminar � ow at
hypersonic speeds. If the conservative (but unrealistic) assumption
of fully turbulent� ow is assumed throughoutthe mission, the result-
ing design will be extremely inef� cient. Conversely, fully laminar
� ow cannotbe assumedfor the safe designof the vehicle.Therefore,
accurate assumptionsconcerningboundary-layertransitionmust be
made for the vehicle design to be both ef� cient and robust.

Preparations for a � ight experiment are currently underway to
improve boundary-layer transition prediction methods for actual
hypersonic � ight conditions. A transition experiment is proposed
in � ight because ground-based facilities are limited in their ability
to concurrently reproduce the important parameters in a transient
hypersonic � ight trajectory, such as Mach and Reynolds numbers,
enthalpy,and test duration.1 Crucial to the successof the experiment
is the ability to design, analyze, and fabricate a fully instrumented
� ight-test � xture that can provide a smooth, three-dimensional,
structurally stable aerodynamic surface and to determine when and
where boundary-layertransition occurs during the � ight.

To achieve these objectives,a � ight-test article called a glove has
been designed, analyzed, manufactured, and installed on the wing
of the air-launchedPegasus® (Orbital Sciences Corp., Fairfax, Vir-
ginia) space booster. A comprehensive structural test and analysis
programhas been successfullycompleted to validate the integrityof
the complex glove design. Complexity of the design stemmed from
the use of nontraditionalengineeringmaterials, geometricallycom-
plex components, time-varyingboundaryconditions,and nontrivial
manufacturing processes. This paper presents the glove design and
describesthe test and analysisdetails that were essential in the glove
veri� cation process.

Design Requirements
The glove was designed to provide valuableboundary-layertran-

sition data during a typical Mach-8 � ight of the Pegasus space
booster. This section describes the key requirements for the glove
design.
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Vehicle and Mission Requirements
The Pegasus is a multistaged, air-launched rocket designed to

economically place small payloads into low Earth orbit. Figure 1
shows the physical dimensions of the rocket and the location of
the glove. Figure 2 is a photograph of the Pegasus space booster
mounted under the wing of a B-52 carrier aircraft.

The booster follows a � xed trajectory that is predetermined
for a particular payload requirement. For a typical mission, the
booster separates from the carrier aircraft at Mach 0.8 and an al-
titude of approximately 13,000 m and descends for 5 s. Then, the
� rst stage ignites. After approximately 70 s, the vehicle has ac-
celerated to Mach 8 and an altitude of approximately 61,000 m.
After � rst-stage burnout occurs, the glove experiment concludes
as the entire � rst stage is jettisoned and second-stage ignition
occurs.

Aerothermal Loads Analysis
A vehicle trajectory,similar to those previouslydescribed,2;3 was

used as input to an aerothermal analysis to determine aerodynamic
heating loads applied to the glove during the � ight. An engineering
aerodynamicheating code was used to calculate heat-transfercoef-
� cients, heating rates, skin friction, and surface-static pressures at
discrete locations during the transient-heatingpro� le. The program
permitted the use of different theories for calculating heat transfer
at variousglove locationsand � ow conditions.Additionaldetails of
the aerothermal analyses performed in the glove design have previ-
ouslybeenprovided,e.g.,Ref. 4. Severalcombinationsof glove skin
thickness and materials were used in the analysis to begin de� ning
an appropriate glove con� guration.

Structural Design Requirements
Structural design requirements included a surface waviness cri-

terion not to exceed 0.008 cm over a 5-cm length throughout the
� ight envelope; a requirement to minimize any step discontinuities
at the inboard edge of the test surface, especially near the leading
edge; and a requirement to have a thermally conductive thin skin.
Such a skin was needed so that thermocouplesinstalledon the inside
skin surface would sense heating-ratechanges caused by boundary-
layer transition.Weight was a secondary design consideration,and
the structure was not optimized in this regard.

Preliminary studies showed that, if the glove was rigidly con-
strained during heating, the test skin would buckle, or the rigid
attachments would yield, or both. Thermal expansion and contrac-
tion capability was, therefore, regarded as an important feature in
the glove design.

Aerodynamic Design Requirements
The outer moldline shape of the glove was de� ned through anal-

yses based on computational � uid dynamics.5 Results from studies
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The glove outer skin consists of a nickel-plated,low-carbon steel
sheet that has a plan view area of approximately 1 m2 (Fig. 4a).
The upper and lower skins are 0.23 and 0.35 cm thick, respectively.
These skins are attached to the wing at 270 independent locations
by spring-loaded swivel studs designed speci� cally for this � ight
program. Figure 4c shows a cross-sectional view of the glove and
an enlargement of a typical swivel-stud mechanism. The swivel
studs, spaced 6.4 cm apart, are bonded to the steel skins with high-
temperature epoxy. To react against aerodynamic forces, the studs
are preloaded to 111 N through the spring attachments to the balsa
substructure.The balsa glove structure is preshaped and bonded to
the outer skin of the basic Pegasus wing. This attachment method
holds the skin securely to the surface but also allows the skin to
expand thermally with only a small resistance caused by sliding
friction.

Small-Scale Laboratory Testing
The structural design of the glove incorporated unconventional

constructionmethodsand materials.Consequently,extensivesmall-
scale laboratory testing was performed to verify those areas in the
glove that possessed the greatest design uncertainty or areas that
were impractical to model analytically. This section describes the
two main areas on the glove that were evaluated: the joint between
the upper skin and leading-edgemass (the upper joint) and the slid-
ing attachment of the test skin to the wing. In all, more than 20
small-scale laboratory tests were performed.

Solder-Joint Strength and Performance Tests
The requirements for the upper joint included smoothness of the

aerodynamic test surface, predictable heat transfer, and fail-safety
design under potentially high thermal stresses. To satisfy these re-
quirements, the upper joint was redundantlydesigned with two fas-
tening mechanisms. Solder was used to provide predictable heat
transfer and a means of smoothing the joint without causing ther-
mal conduction discontinuities.Two rows of 3-mm screws spaced
at 1.3 cm in each row were also added to the joint to provide redun-
dancy and predictable strength values for analysis of the primary
structural load path.

Figure 5 shows the test article used to develop the manufacturing
technique and gain con� dence in the integrity of the upper-joint
design. This test article consisted of a 25-cm-long section of the
full-scale, leading-edgemass attached by a representative joint to a
65-cm2 sectionof theupperskin.This test articlewas used to develop
the solder process, the joint smoothing technique, and the nickel-
plating process. A pass–fail thermal stress test was also conducted
on this test article.

Preliminary analysis had indicated that the thermal stress in the
joint would be only slightly less severe on the 25-cm specimen than
on the full-scale article. A representative thermal gradient was ap-
plied to this test article to demonstrate survivability of the joint.
This test produced temperatures in the soldered and bolted joint
similar to the predicted� ight conditionand produceda similar ther-
mal gradient across the joint. The leading-edgemass was heated to
102±C, and the thin skin was heated to 193±C. Posttest inspection
using visual and dye-penetrant techniques indicated no damage to
the joint.

Fig. 5 Upper joint test article.

a) Swivel-stud bonding integrity
test

b) Balsa � ange shear test

Fig. 6 Small-scale laboratory tests.

Bolt-Shear Tests in the Upper-Skin Joint
The upper-joint design called for bolts to be shear loaded in the

threaded section, which is not standard engineering practice, and,
therefore, no strength data were available from existing sources.
Bolt-shear tests using the actual joint materials (low-carbon steel
and 793-MPa tensile-strength bolts) were conducted to determine
shear strength as well as to observe the yielding characteristics.The
test results indicated large margins of safety (40%) and signi� cant
yielding in the skin material prior to bolt failure. Bolt failure oc-
curred from a combination of shear and bending stresses. The bolt
strength was adequate to satisfy thermal stress requirements. Ac-
tual bolt loads will be signi� cantly lower than those analytically
predicted because of local yielding in the area of the bolt that is not
included in the analysis.

Swivel-Stud Strength Tests
Figure 6 summarizes four component tests that were done to

demonstrate the strength of the various elements of an individual
swivel-stud attachmentpoint. The testing of the swivel-stud-to-skin
bond (Fig. 6a) was used to select and qualify an adhesive that would
maintain strength at high temperatures. A 445-N load was selected
as the static-loadcriterion.The test results for the selected adhesive
indicateda 95%probabilityof holdinga 445-N tensile load to a tem-
perature greater than 271±C using a normal statistical distribution.

The weak link in the balsa attachment was the shearing of the
balsa � ange that supports the swivel-studpreload springs.Figure 6b
shows the con� guration of the coupons used to test this area. The
test results indicated good strength for the typical balsa � ange. In
some local areas, the � ange depth was reduced signi� cantly and
basswood inserts were installed to increase the shear strength.

The balsa substructure of the glove is bonded to the Pegasus
wing with a polysul� de adhesive. Testing done for this joint, which
includes a real wing upper-surface skin, indicated strengths well in
excessof the balsa and swivel-studstrength.The demonstratedhigh
strength ratio of the Pegasus wing skin to foam core provides a fail-
safe feature. In the unlikely event of a local overload from the glove
outer skin, the studs and balsa would fail before the loads could be
high enough to damage the basic wing structure.

Structural Analyses
In addition to the laboratory tests, analyses were required in

the design veri� cation process to understand those features that
were nearly impossible to represent in the laboratory. The analyses
were used to represent such design features as geometrically com-
plex glove shapes, such as Bezier curves and three-dimensionally
varying contours; nontrivial load conditions, such as nonuniform
transient-temperaturedistributions;nonlinear boundary conditions,
such as expansion joints and surfaces with contact and sliding fric-
tion; and nontraditionalengineering materials, such as balsa wood,
mechanicalsprings,andswivel-studmechanisms.The analysesused
a computationallyintensivenonlinearsolutionprocess to determine






