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Shock-Interaction-Induced Heat Transfer to
the Orbiter Wing Lower Surface

David A. Throckmorton* and Lin C. Hartungt
NASA Langley Research Center, Hampton, Virginia

Flight-derived aerodynamic heat-transfer data for the Shuttle Orbiter wing lower surface, from STS-2, -3, and
-5, are presented and compared with both ground-based experimental results and state-of-the-art computational
flowfield resuits for a nominal angle of attack of 40 deg. The flight data clearly show the development of the in-
terference heat-transfer region on the wing lower surface resufting from the downstream effects of the bow-
shock/wing-shock interaction. The location of the interference heating region is well correlated with a region of
minimum static enthalpy near the boundary-layer edge as predicted by a three-dimensional, inviscid flowfield
computation. The magnitude of the interference heat transfer is no greater than the undisturbed laminar heat
transfer occurring during the ‘‘peak aerodynamic heating’’ portion of re-entry.

Nomenclature
L =scaled Orbiter characteristic length, =32.77 m
(107.5 ft) full scale
M = freestream Mach number
q = convective heat-transfer rate
Gret =heat-transfer rate to the stagnation point of a
scaled 0.305 m (1 ft) radius sphere
R, = freestream Reynolds number based on orbiter
characteristic length -
124 = viscous interaction parameter, =M/VR L
x/c =nondimensional longitudinal distance measured
from wing leading edge
Y/b/2 =nondimensional spanwise distance measured
from plane of symmetry
1Y =angle of attack
v = “‘effective’” ratio of specific heats
Introduction

HE initial flights (STS-1 through STS-5) of the Space
Shuttle Orbiter Columbia, with its onboard instrumenta-

tion system, have provided a large body of flight heat-
transfer data obtained over the entire entry flight regime. In
conjunction with the extensive ground-derived data base for
the Orbiter configuration, the existence of the flight data
provides the aerothermodynamic researcher with the basic
information required to assess the capability of ground-
based facilities to simulate the flight heating environment
about a lifting entry vehicle and to assess the utility of cur-
rently used techniques for ground-to-flight extrapolation of
heat-transfer results. A number of researchers'® have begun
this process through analyses of various aspects of the entry
aerothermal environment: such as leeside heat transfer,?
windward-centerline heat transfer,** and surface catalysis ef-
fects on heat transfer.®® (These cited references are represen-
tative of ongoing data analysis activities, but by no means
comprise an exhaustive bibliography.) However, those de-
tailed analyses of windward heat transfer appearing in the
literature universally focus on the centerline results only.
With the exception of Ref. 9, which does present some
representative data (but only at a single flight condition), the
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literature contains no analyses of flight heat-transfer results
for the wing lower surface.

The aerodynamic heating environment of the wing is pro-
duced by a portion of the Orbiter flowfield that is far dif-
ferent from that which influences heating to the plane of
symmetry. On the outboard portion of the wing, the inviscid
flow is processed by the wing shock only and not influenced
by the vehicle bow shock. Inboard, the inviscid flow may be
processed by the bow shock only. And, of course, a portion
of the wing is influenced by fluid processed through the
region of interaction between the vehicle bow and wing
shocks. This paper presents flight heat-transfer results for
the wing lower surface from missions STS-2, -3, and -5.
Comparisons - are made between flight and wind tunnel
results for a wide range of flight conditions. The down-
stream effect on surface heat transfer of the bow-
shock/wing-shock interaction is specifically highlighted.

Flight Data Processing
Data Source

During the orbital flight test missions, the Orbiter was
equipped with an instrumentation system referred to as the
development flight instrumentation (DFI). The DFI was
made up of over 4500 sensors, associated data-handling elec-
tronics and recorder, that provided data to enable postflight
certification of Orbiter subsystems design. Included among
the DFI were measurements of aerodynamic surface
temperature at over 45 locations on the Orbiter wing lower
surface (Fig. 1). These measurements were obtained from
thermocouples mounted within the thermal protection system
(TPS), in thermal contact with the TPS surface coating.'
DFI temperature data were recorded once each second
throughout the time period of re-entry from Earth orbit. The
measurement surface temperature-time histories provide for
determination of vehicle surface heat-transfer rates. DFI
tape recorder malfunctions on missions STS-1 and STS-4
resulted in the loss of all thermal data during that portion of
re-entry when the vehicle was not in communications contact
with the ground. No data were obtained on these missions at
flight Mach numbers above approximately 12. Consequently,
only data from missions STS-2, -3, and -5 are considered
herein.

Data Reduction

A one-dimensional, transient conduction analysis! was used
to determine the convective heating rate to each measurement
location. The flight-measured surface temperature data pro-
vided a time-dependent boundary condition for the analysis,
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Fig. 1 Wing lower surface DFI temper- | x/c
ature measurements.

which assumes an initially uniform temperature throughout
the thermal protection materials. The analysis is a
mathematically rigorous simulation of the heat conduction
within the thermal protection system and reradiation from its
surface, so as to provide a ‘‘ benchmark’’ determination of the
flight heat-transfer rates.

Flight Environment

Determination of the vehicle attitude and freestream flight
environment data used herein was accomplished through
reconstruction of the Orbiter’s re-entry trajectory, reconstruc-
tion of the atmosphere on the day of re-entry, and correlation
of these two data sets to provide an analytically consistent
definition of the re-entry flight environment. The trajectory
reconstruction process!! utilizes ground-tracking data and on-
board measurements of the Orbiter’s inertial attitude, linear
accelerations, and angular rates to determine the vehicle’s in-
ertial position, velocity, and attitude throughout the re-entry.
The atmospheric reconstruction process!? combines at-
mospheric modeling with direct measurement of atmospheric
properties (pressure, temperature, density, and winds). The
results of the trajectory and atmospheric reconstruction proc-
esses are melded together to provide an analytically and
physically consistent definition of the freestream flight
environment.

The reference heat-transfer rate g,.; used herein is that to
the stagnation point of a 0.305 m (1 ft) radius sphere in radia-
tion equilibrium at the flight condition. The real-gas heat-
transfer rate computation was made by the method of Ref. 13
using the Fay and Riddell'* expression for stagnation-point
heat transfer.

Data Presentation and Analyses

The presentation of data in this paper will be limited to data
obtained at a nominal Orbiter angle of attack of 40 deg. Dur-
ing each atmospheric re-entry flown to date, the Orbiter angle
of attack was initially set at 40 deg and was maintained con-
stant at that nominal value until the Orbiter passed through
the maximum aerodynamic heating portion of the trajectory.
(Trajectory control was accomplished by banking the vehicle
about the velocity vector.) Thereafter, the angle of attack con-
tinually decreased as the transition to aircraft-like flight was
made. While flying at the constant 40 deg angle of attack, the
freestream Mach and Reynolds numbers varied over a wide
range. During the angle-of-attack rampdown, however, only a
single Mach/Reynolds number combination was experienced
for any given angle of attack. Consequently, one can observe
from the flight data the effects of Mach and Reynolds number
variations on heat transfer only at a 40 deg angle of attack. At
other angles of attack, one cannot observe such trends with
the freestream parameters, as only one flight condition was
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traversed at each angle of attack. Additionally, the effects of
Mach/Reynolds number and angle-of-attack variations on
heat transfer are largely masked at lower angles of attack as
the effects of boundary-layer transition dominate the surface
heat transfer.!®

Spaﬂwise Heat-Transfer

The spanwise distributions of heat transfer to the wing
lower surface for a range of freestream Reynolds number con-
ditions from missions STS-2, -3, and -5 are shown in Fig. 2.
Along the 30% chord (Fig. 2a), specifically on STS-2, it is
observed that the nondimensional heat transfer inboard of the
50% semispan is relatively insensitive to changes in the
freestream Reynolds number. At the 60% semispan location,
however, the heating rate ratio is observed to be strongly
dependent on the Reynolds number. This dependence prob-
ably results from a flow disturbance emanating from the vehi-
cle bow-shock/wing-shock interaction region. Results from
STS-3 and -5 (also Fig. 2a) are qualitatively similar to the
STS-2 results. The data at the 60% semispan location are
quantitatively different on STS-5 because the TPS surface at
this location, on this mission only, had been coated with a
highly catalytic material as part of an experiment’ to in-
vestigate the catalytic efficiency of the baseline TPS surface
coating relative to the recombination of dissociated oxygen
atoms. (Comparison of the STS-5 results at this location with
the STS-2 and -3 results indicates, as noted in Ref. 7, that
chemical nonequilibrium significantly influences the level of
heat transfer on the wing at these flight conditions.) Heat
transfer at the 80% semispan location also reflects some
Reynolds number dependence, but the level of sensitivity is
not as significant as observed at the 60% semispan.

Along the 40% chordline (Fig. 2b), the heat transfer in-
board of the 60% semispan is observed to be insensitive to
Reynolds number. Heating which is strongly Reynolds-
number dependent is evident at the 70% semispan. Apparently
the path of the disturbance that causes the increased heat
transfer moves outboard as it moves downstream. Outboard
of the 70% semispan, some less significant heat-transfer sen-
sitivity to Reynolds number is noted. Along this chordline, the
results from all three flights are qualitatively similar.

Moving further downstream to the 60% chordline (Fig 2c),
the nondimensional heat transfer is observed to be relatively
insensitive to Reynolds number variation except, surprisingly,
inboard at the 50% semispan and near the wing tip. Once
again it is noted that the results from all three flights are
qualitatively similar.

The correlation of heat transfer with Reynolds number at
locations both without and within the disturbance region is
more clearly illustrated in Fig. 3. At a location outside of the
disturbance region (Fig. 3a, Y/b/2=0.40, x/c=0.40, is
typical), the nondimensional heat transfer is observed to be
constant and independent of Reynolds number. At a location
within the disturbance region (Fig. 3b, Y/b/2=0.50,
x/c¢=0.60), the nondimensional heat transfer is observed to be
strongly dependent on Reynolds number. Comparisons of
data from the three flights indicate that the heat-transfer rates
increased from flight to flight at similar flight conditions. This
has been observed by other investigators®’ and attributed to
changes in the TPS surface emissivity and catalycity due to ac-
cumulated surface contamination.

Heat-Transfer Contour Plots

Contour plotting of the heat-transfer data provides a much
clearer presentation of the heat-transfer distribution over the
wing and also provides ‘‘mapping”’ of the downstream in-
fluence of the bow-shock/wing-shock interaction. Contour
plots of the heat-transfer data at three STS-2 flight conditions
are contained in Fig. 4 (where the flight conditions are the
same as those at which the data were presented in Fig. 2). At
the highest Mach number/lowest Reynolds number condition
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Fig. 2 Flight-derived spanwise heat-transfer distributions on the wing lower surface (o=40 deg).

(Fig. 4a), there is no evidence of shock interaction effects on
surface heat transfer. As Reynolds number increases,
however, the downstream influence of the shock/shock in-
teraction on surface heat transfer begins to become apparent
(Fig. 4b). At a still higher Reynolds number (Fig. 4c), the in-
terference heating pattern resulting from the shock interaction
becomes more distinctly defined and the nondimensional level
of the heat transfer in the interference region becomes more
severe.

On an Orbiter re-entry trajectory, an increasing Reynolds
number relates to decreasing altitude and attendant increasing
atmospheric density. At the flight condition of Fig. 4a, the Or-

biter altitude was 75.9 km, an altitude at which the vehicle was

flying in a very low density flow that could considered ‘transi-
tional.” (The value of the viscous interaction parameter ¥ was
approximately 0.025 at this flight condition. The flow is
classically considered to be “‘transitional’’ for conditions of V'
greater than about 0.010.) At this flight condition, the
flowfield within the vehicle shock structure is probably not
characterized by distinct regions of inviscid flow and
boundary-layer flow. Rather the flow is possibly better
characterized as being a fully viscous shock-layer flow with no
distinct surface boundary layer. Thus, it is not surprising that
the shock-interaction disturbance should be quite diffuse and
therefore not strong enough to manifest itself in a disturbance
to the downstream surface heat transfer. At the flight condi-
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Fig. 3 Reynolds number dependence of wing lower surface heat
transfer.

tion of Fig. 4b, ¥ ~0.012; thus, the flow state is probably near
continuum. At the flight condition of Fig. 4c, the viscous in-
teraction ‘parameéter value (¥~ 0.006) would indicate that the
vehicle was flying in a continuum flow. Thus, the progressive
strengthening of the downstream influence of the shock in-
teraction on surface heat transfer is to be expected as the vehi-
cle flowfield develops distinct inviscid and boundary layer
regions between the shock envelope and the body.

Although, as has been shown, the nondimensional surface
heat transfer to the wing is increased significantly by the
downstream disturbance emanating from the shock-
interaction region, it must be noted that this phenomenon oc-
curs after the vehicle has passed the entry period of peak
aerodynamic heating. Thus, the absolute magnitude of the in-
teraction surface heat transfer is less than either the peak, un-
disturbed laminar heat transfer or, following boundary-layer
transition, the turbulent heat transfer.

Ground Test Results

Typical spanwise distributions of heat transfer to the wing
derived from wind tunnel tests are contained in Fig. 5. These
data were obtained at Mach 8 on a 0.0175 scale model in-
strumented with thermocouples. Along the 30 and 40%
chordlines (Figs. 5a and 5b), there is no evidence of locally
enhanced heating due to any downstream effect of the bow-
shock/wing-shock interaction. At the 60% chordline (Fig. 5c),
inboard of the 50% semispan, there is some increase in the
heat transfer with increasing Reynolds number; however, in-
spection of the chordwise heating distributions (not shown
herein) at these spanwise positions indicates that the heating
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Fig. 4 STS-2 wing lower surface heat-transfer distributions.

increases are related to the boundary-layer transition and not
to the shock-interaction disturbances. Apparently, in these
wind-tunnel tests, either the shock interaction disturbance was
not sufficiently strong to affect the surface heat transfer or the
thermocouples were not positioned where the shock-
interaction disturbance would be evident.

Another example of wind-tunnel-derived heating results is
shown in Fig. 6. These data were obtained'” on a 0.0175 scalc
‘‘phase-change-paint’> model also at Mach 8. It can be seen
that with the spatial detail of information obtained using the
phase-change testing technique, the surface heat-transfer
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Fig. 5 Wind-tunnel-derived spanwise heat-transfer distributions on
the wing lower surface (o =40 deg).

response to the shock-interaction disturbance is readily ap-

parent. The test conditions at which these data were obtained -

are roughly equivalent (in freestream Reynolds number) to
those of a flight condition between those of Figs. 4b and 4c.

A comparison of the wind-tunnel (Fig. 5) and flight (Fig. 2)
results indicates not only differences in the observed in-
terference heat transfer, but also reveals some differences in
the ““undisturbed’’ spanwise heating distributions. The dif-
ferences are especially evident outboard of the 50% semispan
at both the 40 and 60 % chordlines. The heat-transfer results
derived from the wind tunnel tests (expressed in the nondimen-
sional form q/q,.;) are, in general, significantly lower than the
flight results along these chordlines. Not unexpectedly, this
suggests that the direct application of wind-tunnel-derived
q/q..s values at flight conditions is not appropriate for the
wing lower surface data. Rather, a method of scaling the
ground-derived data to the flight environment is required. The
heating methodology applied to orbiter TPS design utilized
wing tunnel results to ‘calibrate’ simple two-dimensional
flowfield solutions.!® These ‘‘calibrated’’ two-dimensional
flowfield methods were then applied at the flight conditions to
predict the flight heating environment. The limited results
presented in Ref. 9 at these chordwise locations suggest that
this scaling approach was adequate for the Orbiter TPS
design.

J. SPACECRAFT
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Fig. 6 Wing lower surface heat-transfer distribution derived from
wind tunnel data.

Computational Predictions

Weilmuenster and Hamilton!® have developed a numerical
procedure for computing the three-dimensional, inviscid
flowfield about Shuttle-like configurations at high angle of at-
tack. The computer code, referred to as HALIS (high alpha
inviscid solution), has been shown? to produce accurate
predictions of flight surface pressures on the Orbiter wing
lower surface and detailed flowfield information in the wing-
shock/bow-shock interaction region. The HALIS procedure
has not yet been linked to a boundary-layer solution to pro-
vide computation of surface heat transfer. However, in a com-
plex flowfield like that existing on the Orbiter wing, one might
expect that the values of inviscid flow parameters at the
boundary-layer edge would provide a qualitative indication of
the complexity of the expected surface heat-transfer distribu-
tion. With this assumption in mind, HALIS results were used
to produce contour plots of static enthalpy at approximately
the boundary-layer edge over the entire wing lower surface for
several STS-3 entry flight conditions. The HALIS computa-
tions were performed using an ideal-gas formulation with
assumed ‘‘effective gammas’’ to account for real-gas effects.

Typical comparisons of the HALIS flowfield results with
STS-3 flight-derived heat-transfer results are contained in Fig.
7 for two flight conditions. At a moderate Mach/Reynolds
number flight condition (Fig. 7a), the HALIS results indicate
the presence of a distinct ‘‘minimum’’ in the spanwise distri-
butions of boundary-layer edge static enthalpy downstream of
the shock/shock interaction region. The developing influence
of the shock/shock interaction at this flight condition is also
evidenced in the ‘“‘maximum’’ streak in the flight-derived
downstrcam surface heat transfer. The spatial location of the
“minimum’’ in the computed boundary-layer edge enthalpy
correlates well with the location of the ‘“‘maximum’’ in the
flight-observed surface heat transfer. At a lower Mach/higher
Reynolds number condition (Fig. 7b), the “minimum’’ in the
HALIS enthalpy results is observed to have moved slightly
outboard when compared to the previous case, primarily as a
result of the change in effective gamma. The flight-derived in-
terference heat-transfer region is observed to be quite distinct
at this flight condition. Again there is excellent correlation
between the locations of the HALIS-computed enthalpy
“minimum’’ and the flight-observed heat-transfer
“maximum.’’

A local minimum in boundary-layer-edge static enthalpy
relates to a local increase in boundary-layer-edge velocity. Ap-
parently, the shock interaction generates a downstream “‘jet”’
of fluid moving at an increased velocity. In flight, this could
be expected to result in local thinning of the boundary layer
and thus increased heat transfer to the the underlying surface.
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Fig. 7 Comparisons of STS-3 flight-derived heat-transfer distribu-
tions and computed boundary-layer-edge enthalpy distributions for
the wing lower surface.

No comparisons are made between the HALIS-computed
flowfield and the flight heat-tranfer results at high Mach/
altitude conditions (such as that of Fig. 4a). The HALIS solu-
tion assumes a continuum, inviscid flow in the shock layer
with a thin, distinct boundary layer. As has been previously
discussed, along an Orbiter entry trajectory at high
altitude/Mach numbers, the flow about the Orbiter is not
necessarily a continuum and the inviscid and boundary-layer
regions of the flow are probably not distinct. The flowfield is
probably better described as a fully viscous shock layer.
Therefore, one would not expect good correlation between
HALIS and flight results at those flight conditions.

Conclusions

Flight-derived aerodynamic heat-transfer data for the Or-
biter wing lower surface, from STS-2, -3, and -5, have been
presented and compared with both ground-based experimental
results and state-of-the-art computational flowfield results for
a nominal angle of attack of 40 deg. The flight heat-transfer
data show clearly the progressive development, as its re-entry
trajectory carries the Orbiter deeper into the atmosphere, of
the interference heat-transfer region on the wing lower surface
resulting from the downstream effects of the bow-
shock/wing-shock interaction. At 40 deg angle of attack, the
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interference heating pattern on the wing appears to be much
more distinct in flight than in the wind tunnel. Quantitatively,
at locations on the wing surface not affected by the shock in-
teraction disturbance, the nondimensional heat transfer
(q/q.) in flight is significantly greater than that measured in
ground-based facilities. This suggests that direct application
of wind-tunnel-derived q/g,.; values at flight conditions is not
appropriate for wing lower surface data. Rather a method of
scaling the ground-derived data to the flight environment is re-
quired. Comparison of flight heat-transfer contours on the
wing surface with boundary-layer-edge enthalpy contours
produced by a state-of-the-art inviscid computational pro-
cedure reveals an excellent correlation between locations of
measured ‘‘maximum’’ heat transfer and predicted
“minimum’’ edge enthalpy. The magnitude of the shock-
interaction-induced interference heat transfer is no greater
than the undisturbed laminar heat transfer that occurs during
the ‘‘peak aerodynamic heating’’ portion of entry.
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basic properties of gases and materials.
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