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Recent Aerothermodynamic Flight Measurements
During Shuttle Orbiter Re-Entry
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All four Space Shuttle Orbiters, which are currently operational, have limited instrumentation packages that
provide information about the aerothermodynamic environment. Heat transfer rates have been determined from
the measured temperature histories using a simple technique. The experimental rates thus determined have been
compared with previous flight data and with existing computations. The comparisons were used to evaluate the
data in general, to study viscous-inviscid interactions such as those due to body-flap deflections, and to evaluate
possible flight anomalies.

Nomenclature
b = span, 23.79 m (78.06 ft)
L = reference length of Shuttle Orbiter, 32.8 m (107.53 ft)
q = local heat transfer rate, W/cm2; Eq. (1)
qrcf = stagnation-point heat transfer rate, W/cm2; Eq. (3)
RN = nose radius, m
Tw = wall temperature, K
UQQ = freestream velocity, m/s
Uco = circular orbit velocity, 7950 m/s
X = axial coordinate for the Shuttle Orbiter; Fig. 1
Y = transverse coordinate for the Shuttle Orbiter; Fig. 1
Z = vertical coordinate for the Shuttle Orbiter; Fig. 5
OL = angle of attack, deg
«$BF = body-flap deflection angle, deg
s = surface emissivity
Poo = freestream density, kg/m3

Psi = sea-level density, kg/m3

a = Stefan-Boltzmann constant, 5.67 x 10~8 W/(m2 K4)

Introduction

T HE conventional approach to flight demonstration through in-
cremental expansion of the flight envelope is not feasible with

the Shuttle vehicle. Once the Shuttle is committed to flight, it must
complete all mission elements, including launch, ascent, orbit inser-
tion, deorbit, entry, and landing. Thus, during the preflight design
phase, NASA and Rockwell International gave careful attention to
the development of an aerothermodynamic database derived largely
from wind-tunnel tests, with detailed attention being given to defin-
ing uncertainties through statistical analysis of wind-tunnel data and
by comparisons of wind-tunnel predictions with flight data from
previous programs. The development schedule paid particular at-
tention to providing flight data as early as possible to verify that the
design procedures utilized reasonable models of the actual environ-
ment experienced by the Shuttle. In 1978, Bornemann and Surber1
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noted: "The first six orbital flights of the Shuttle are developmental
test flights, and the seventh flight in 1980 is considered the initial
operational capability flight." However, in fact, the use of the Space
Shuttle Orbiter as a flight research vehicle was limited to the first five
flights, designated STS-1 through STS-5 (for Space Transportation
System).

As discussed by Throckmorton,2

During the Orbital Flight Test missions (STS-1 through -5),
the Orbiter Columbia was equipped with a large complement
of diagnostic instrumentation that was referred to as the Devel-
opment Flight Instrumentation (DPI). DFI measurements were
intended to provide the requisite data for postflight certifica-
tion of Orbiter subsystems designs before the start of Orbital
operational missions. The DFI system was composed of over
4500 sensors, associated data-handling electronics, and data
recorder:

Included among the DFI and of particular interest to
aerothermodynamic researchers were measurements of the Or-
biter's aerodynamic surface temperature at over 200 surface
locations. These measurements were obtained from thermo-
couples mounted within the TPS materials, in thermal contact
with the TPS surface coatings. The DFI also included tem-
perature measurements in depth, within the TPS materials, at
some 19 locations, and along TPS tile sidewalls within the gaps
between tiles at 16 locations. Aerodynamic surface pressure
measurements were also made in numbers and distribution
similar to the surface-temperature measurements.

The data obtained during the flights of STS-1 through STS-5
have been used extensively by researchers to calibrate and to evalu-
ate techniques used to predict the aerothermodynamic environment
of a hypersonic vehicle. For example, the temperature histories pro-
vided by the thermocouples in thermal contact with the thermal pro-
tection system (TPS) surface coatings provided information about
boundary-layer transition and were used to assess the accuracy of
the Orbiter boundary-layer transition prediction methodology, an
example of which is presented in Ref. 3. In addition, special exper-
iments were conducted during these first five flights, including one
experiment in which a catalytic overcoat of black iron cobalt spinel
in a polyvinyl acetate binder was sprayed onto selected tiles.4 Sur-
face temperature histories were obtained for baseline tiles and for
tiles having an overcoat of high catalytic efficiency. By comparing
the temperatures from two such tiles, located side by side, one can
get an immediate and positive indication of the relative catalytic ef-
ficiency. However, one must compare the data with computed heat
transfer rates to obtain a quantitative measure of the catalytic ef-
ficiency. Such comparisons have been made by Scott5 and Rakich
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et al.6 For more than a decade, the results of such investigations of
the Shuttle aerothermodynamic environment have appeared in the
literature, including the proceedings of NASA conferences, e.g.,
Refs. 7 and 8.

Data relevant to the aerothermodynamic environment during the
re-entry of the Orbiter have been obtained for flights STS-26 to
the present. Although the number of sensors on the current fleet
of Orbiters is relatively small, the data have nevertheless provided
important information about anomalous behavior encountered dur-
ing specific flights. Surface thermocouples indicated that transition
began at 900 s into the re-entry of STS-28. Thermocouples on the
Orbiter structure also indicated an increased temperature, which
verified that the vehicle had experienced a higher heat load due to
turbulent heating. The premature onset of boundary-layer transition
during the re-entry of STS-28 was attributed to protruding gap fillers.
During the re-entry of STS-50, Orbiter elevon deflections and yaw
reaction control jet firings indicated that the vehicle experienced a
yawing moment at the same time transition occurred. Surface ther-
mocouple data confirmed that boundary-layer transition occurred
on the right side of the vehicle 80 s prior to its occurrence on the
left side.

To identify problems such as those described in the previous para-
graph in a timely and efficient fashion, it is important to be able to re-
duce the flight data using simple engineering procedures. Using the
approximation that the incident convective heating is proportional
to the heat radiated from the surface, the convective heat transfer
histories can be easily extracted from the surface temperature histo-
ries. This approximation will be used to reduce the data from recent
flights. These data will then be compared with data from the re-entry
of STS-2 and with computations of the heat transfer generated using
existing flowfield computations.9 A primary objective of this paper
is to demonstrate that this simple procedure can be used to produce
data that provide reliable information about the aerothermodynamic
environment of the Orbiter during a particular re-entry, soon after
the vehicle has landed.

Experimentally Determined Heat Transfer Rates
Each of the four currently operational Orbiters has thermocou-

ples mounted within the TPS, in thermal contact with the surface
coating. As shown in Fig. 1, there are 11 thermocouples on the

Endeavour (OV-105)

———————— L-107.53 ft.

Columbia (OV-102), 6 thermocouples on the Discovery (OV-103),
6 thermocouples on the Atlantis (OV-104), and 14 thermocouples
on the Endeavour (OV-105). These thermocouples are part of the
Modular Auxiliary Data System (MADS), which is similar to the
DPI system. Although the Orbiter flown for the STS-2 mission was
the Columbia (OV-102), the STS-2 aerothermodynamic instrumen-
tation was the more complete DPI package. Thus, the data from
the STS-2 flight will be considered as a special case (rather than
included with the post-DFT flights of the OV-102) when discussing
the flight-test data.

The temperature histories sensed by the thermocouples on the
current Orbiter fleet continue to provide information about the
aerothermodynamic environment of the windward surface. Because
the thermal conductivity of the Shuttle TPS tiles is low, the heat-
flux histories can be determined directly from the temperature histo-
ries provided by the thermocouples. The experimentally determined
local heat transfer rates presented in this paper for the STS-2 flight as
well as for the post-DFI flights were calculated using the measured
wall temperatures in the expression

q = 1 . (1)

The factor 1.06 was obtained using an inverse thermal math model10

to take into account conduction into the tile, storage of heat in the
surface layer, and the fact that the thermocouple was not precisely
on the external surface. In reality, this factor could vary by approx-
imately ±10% over the trajectory to reflect variations in the rate at
which heat is conducted and stored within the tile.

The heating rates calculated using Eq. (1) are very sensitive to
uncertainties in the surface emissivity. The heat transfer rates pre-
sented in this paper assumed that the emissivity is a linear function
of temperature:

s = 0.844 - 0.00004477,,, (2)

which is based on data presented by Bouslog and Cunnington.11

Edwards et al.12 used a radiometric technique (in which the energy
radiated by the subject specimen is compared with the energy ra-
diated by a standard reference at the same temperature and wave-
length) to determine the spectral normal emittance of a Space Shuttle
reusable surface insulation material. The surface emissivities deter-
mined by Edwards et al.12 show a strong dependence on tempera-
ture, decreasing from approximately 0.86 at room temperature to
approximately 0.71 at 1300 K. Other investigators use a value e =
0.9, which is based on emittance measurements made at room tem-
perature and on calculations at elevated temperatures, as described
by Throckmorton.13

There are other factors that can introduce errors in the exper-
imental heat transfer rates derived from a given temperature his-
tory. Uncertainties due to temperature measurements, to the mate-
rial properties, and to the actual thermocouple locations introduce
uncertainties in the experimental values of the heating rate of ap-
proximately 7-8%.

The heating rates determined using Eq. (1) were divided by the
theoretical heat transfer rate to the stagnation point of a 0.3048-m
(1.0-ft) sphere using the equation of Detra et al.14:

0.5
= 11.030/A»V"/fo.
~ RNS \ Asi / \U™

3.15

(3)

Fig. 1 Thermocouple locations on the current Orbiter fleet.

where the heat transfer rate is in W/cm2. Values of p^ and UQQ for
a specific time are taken from the Orbiter project best estimated
trajectory for that flight.

The temperature history and the nondimensionalized heat-
transfer-rate history for the thermocouple at X = 0.296L in the plane
of symmetry for the STS-54 flight of the Endeavour is presented in
Fig. 2. The angle of attack is approximately 40 ± 2 deg from 500 to
1100 s. For times from 500 to 900 s, the temperature and the nondi-
mensionalized heat transfer rate are essentially independent of time.
For times from 900 to 1100 s, the temperature at this location de-
creases significantly with time. However, although the measured
temperature decreases with time during this period, the dimension-
less heat transfer rate remains nearly constant. The sudden increase
both in the temperature and in the dimensionless heat transfer rate at
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Table 1 Trajectory points for STS-2 re-entry,
as taken from Ref. 9

m/s
Altitude,

km
Of,

deg deg
6920
5617
4168

72.4
64.4
54.8

24.30 39.4
18.07 41.2
12.86 39.7

14.91
13.54
12.92

<D
•5 800

a eoo

CO 200Q)

Heating rate ratio mdary-layer
transition onset
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Time from entry interface (s)

Fig. 2 Temperature and heating-rate histories for V07T9468A (X =
0.297L) for STS-54.

1200 s occurs because the onset of boundary-layer transition passes
this point.

Computed Heat Transfer Rates
It is always desirable to compare experimental values with com-

parable computed values, and vice versa. Flowfield computations,9
which had been generated for three trajectory points during the
re-entry of STS-2, were made available to the present authors. The
freestream conditions for these three points are presented in Table 1.
A multiblock, laminar heating analysis was performed using the
LAURA to generate the heating rates presented in Ref. 9. A seven-
species, chemical-nonequilibrium model was used to compute the
heating rates presented in this paper for all three flow conditions of
Table 1. A finite-catalytic-wall model appropriate for Shuttle tiles at
a radiative-equilibrium wall temperature was applied. The local heat
transfer rates, which were computed using a value s = 0.9 (Ref. 9),
were nondimensionalized by dividing them by the stagnation-point
heat transfer rate given by Eq. (3).

Comparisons of Heat Transfer Rates
For the present paper, time was chosen as the specific parameter

at which experimentally determined heat-transfer-rate distributions
from the different flights would be compared. Three times were
chosen with the requirement that the stagnation-point heat transfer
rate for these times most nearly matches that for each of the three
flight conditions of Table 1. Thus, data are presented for times of
550 s (which corresponds to Mach 24.30 of Table 1), 900 s (Mach
18.07), and 1050 s (Mach 12.86).

Comparing the experimental values of the heat transfer at a partic-
ular time during re-entry, as determined using the temperature mea-
surements in Eqs. (1-3), with existing values computed for the
STS-2 flight9 introduces additional considerations. Although the
re-entry trajectories are roughly similar for all missions, there are
flight-to-flight variations in various parameters that could have a
measurable effect on the heat transfer. Thus, whenever one selects
a particular variable (e.g., time) to specify the conditions at which
comparisons of the heat transfer distributions will be made, the
researcher should recognize that other important parameters may
differ from flight to flight. For instance, if one chooses to compare
the computed heat-transfer-rate distributions9 with the experimen-
tally determined distributions for STS-54 at a Mach number of 24.3,
other parameters for the STS-54 re-entry will be U^ = 7064 m/s,
altitude = 72.4 km, and a = 39.86 deg. Thus, the other parameters
will also be fairly close to those presented in Table 1. However,
for a Mach number of 18.1, other parameters for the STS-54 flight
will be UQQ = 5655 m/s, altitude = 64.3 km, and a = 39.68 deg.

Approximate heating calculations were made to estimate the effect
of changing the angle of attack from 41.2 deg (the Table 1 value) to
39.7 deg. This difference in the angle of attack produced a change
of approximately 7% in the heating rates.

Heat-Transfer-Rate Distributions
Nondimensionalized heat transfer rates from recent flights of the

Columbia (OV-102) and of the Endeavour (OV-105) are presented in
Figs. 3 (distributions along the plane of symmetry) and 4 (transverse
distributions). These two vehicles were chosen, because they have
the greatest number of thermocouples in the present MADS instru-
mentation package; see Fig. 1. The data designated OV-102 data in
Figs. 3,4, 8, and 9 are taken from flights STS-28, STS-32, STS-35,
STS-40, STS-50, STS-52, STS-55, and STS-58. Those designated
OV-105 data are taken from flights STS-47, STS-49, STS-53, and
STS-57. Included for comparison are the experimentally determined
heat-transfer-rate distributions for the STS-2 [which were recom-
puted using the emissivity of Eq. (2)]. As noted earlier, the data for
the STS-2 mission will be treated as a special case even though the
Orbiter flown for the STS-2 mission was Columbia (OV-102), since
its aerothermodynamic instrumentation package was the more com-
plete DPI package. Also included for comparison are the LAURA-
computed heat transfer rates for Mach 24.30, 18.07, and 12.86.
The reader should refer to Ref. 9 for comparisons of the LAURA
computations with Orbiter re-entry data, based on a common set of
assumptions.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Fig. 3 Heating-rate distributions along the windward plane of sym-
metry: ——, LAURA; o, OV-102 data; D, OV-105 data; A, STS-2 data;
and A, STS-2 data.
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Fig. 4 Transverse heating-rate distributions for the Orbiter at 900 s:
—— 9XIL = 0.30— LAURA; - - -,XIL = 0.60— LAURA; - - - -,X/L = 0.87—
LAURA; o, X/L = 0.30— flight data; D, XIL = 0.59— flight data; A, XIL
= 0.87— flight data; •, X/L = 0.30— STS-2; •, X/L = 0.60— STS-2; and

S-2.

The experimentally determined heat transfer rates for thermo-
couples located in the plane of symmetry are presented in Fig. 3
for re-entry times of 550, 900, and 1050 s. With a few exceptions,
these rates exhibit little scatter. For several flights of the OV-102, the
temperature histories for the thermocouples at X = 0.894L and at
X = 0.987L indicate that transition has already occurred at these lo-
cations by 1050 s. In fact, as indicated in the heat transfer distribution
presented in Fig. 3c, the transition front has moved upstream of the
thermocouple at X = 0.592L by 1050 s for STS-28. The nondimen-
sionalized heat-transfer rates determined from the temperature mea-
surements of the thermocouple at X = 0.894L are relatively high
for all three times for flights STS-47 and STS-49 of the Endeavour
(OV-105). The present authors have made approximate calculations,
assuming the local flow to be fully turbulent. The local heat transfer
rates, thus calculated, are in reasonable agreement with the exper-
imental values. However, the existence of a roughness element (or
elements) of sufficient size to trip the flow as early as 550 s (when
the freestream Reynolds number based on vehicle length would be
less than 106) on two different flights is very hard to believe. Unfor-
tunately, this is the downstream-most thermocouple on OV-105, so
there are no data farther downstream to provide additional informa-
tion regarding the character of the boundary layer. The possibility
that the high heat transfer rates were due to viscous-inviscid inter-
actions created by the deflected body flap was considered. How-
ever, as will be discussed subsequently, with the exception of the
measurements for these two flights, the experimentally determined
heat transfer rate for this thermocouple was equal to the undisturbed
value when the upstream boundary layer is laminar. Thus, there is no
clear fluid-dynamics-based phenomenon that would explain these
relatively high heating rates. Perhaps there was an instrumentation
problem.

Transverse distributions of the heat transfer rates at 900 s for
recent flights of the OV-102 and of the OV-105 are presented in Fig. 4
for three X stations, viz., X w 0.3L, ^0.59L, and ^O.SIL. These
are the three X stations where there are at least three thermocouples
in a transverse plane for the post-DFI flights. At first glance, there
appears to be considerable scatter in the data. However, careful
examination indicates that this is not the case. Consider the heat
transfer rates from the plane of symmetry, i.e., Y/(b/2) = 0. With the
exception of two measurements that exceed 0.1 lgref, the measured
values of the heating rate vary from 0.03gref to 0.09#ref. Referring
to the data for these three stations, as presented in Fig. 3b, it can be
seen that most of the apparent scatter of the data presented in Fig. 4
reflects the fact that the heat transfer decreases with increasing X.
The two measured heat transfer rates from the plane of symmetry
that exceed 0.11^ref are from STS-47 and STS-49. As discussed
earlier, the reason why these two measurements are consistently
high is not known.

Furthermore, the experimental laminar heating rates presented
in Fig. 4 exhibit the same dependence on the Y coordinate as do
the computed heating rates (taken from the existing solutions9).
Thus, the simple data-reduction procedure utilizing Eqs. (1-3)
provides reasonable experimentally determined heat-transfer-rate

distributions (both longitudinal from the plane of symmetry and
transverse from a plane on the wing). Measurements that departed
significantly from the correlation between experiment and compu-
tation were from flights for which the data need further investigation
or for which early transition occurred.

Viscous-inviscid Interactions
Due to Body-Flap Deflections

The positive deflection of the Orbiter body flap creates a shock
wave, which interacts with the boundary layer on the Orbiter. The
adverse pressure gradient produced by the shock wave causes the
approach boundary layer to thicken and, for many conditions, to
separate, as shown in the sketch of Fig. 5. The extent of the upstream
influence of the shock-wave-boundary-layer interaction depends on
the size of the subsonic portion of the approach boundary layer and
on the strength of the shock wave produced by the turning of the
flow. Thus, as noted in Ref. 15, the parameters that influence the
extent of an interaction are 1) whether the approach boundary layer is
laminar or turbulent, 2) the Mach number of the approach flow, 3) the
Reynolds number of the approach flow, 4) the surface temperature,
5) the deflection angle of the ramp, and 6) the chemical state of
the gas. Data from the post-DFI Shuttle flights will be examined in
this section to see if the simple data-reduction procedure utilizing
Eqs. (1-3) applied to the sparse instrumentation can be used to
provide insights into the viscous-inviscid interactions due to body-
flap deflections.

The current Columbia (OV-102) has four thermocouples in the
vicinity of the body flap. Since none of the other three cur-
rently operational Orbiters has more than one thermocouple in the
body-flap region, the discussion of post-DFI data considers only
the OV-102 flights. The OV-102 has three thermocouples in the
plane of symmetry (Y = 0): one at X = 0.894L (V07T9498A), an-
other at X = 0.987L (V07T9492A), and the third at X = 1.024L
(V07T9502A). The locations of these three thermocouples are
shown in Fig. 5. The fourth thermocouple in the body-flap region
is at the aftmost station (X = 1.024L), off the plane of symmetry
near the edge of the body flap (27 = 0.237&). Refer to Fig. 1 for the
location of all four thermocouples. By correlating the body-flap de-
flection histories with the experimentally determined heat transfer
rates from the Columbia's thermocouples, one can obtain informa-
tion about the viscous-inviscid interactions due to the body-flap
deflections. Data from the flights of STS-28 and of STS-50 will be
examined in this section. These two flights of OV-102 were cho-
sen because their body-flap deflection histories were so different
that they produced significantly different viscous-inviscid interac-
tions. The histories are presented in Fig. 6. Note that the body-flap
deflection angles for STS-28 are more than twice those for STS-50.

STS-28
For times less than 840 s of the STS-28 flight, the body flap

is deflected 12.5 deg. As can be seen in Fig. 7a, the heating rate
at the upstream-most thermocouple (V07T9489A, X = 0.894L) is
constant during this time interval and is approximately 0.04<7ref. The
experimental heating-rate distributions for the plane of symmetry in
this region are presented in Fig. 8 for the various flights of OV-102.
Since the measurements from the thermocouple at X = 0.894L are
in reasonable agreement with the computed values, it is believed
that the approach boundary layer is attached and laminar. The heat-
ing rate at the thermocouple nearest the hinge line (V07T9492A,

6BF=12.5°

X Shock wave

1000 1050 1100 1150 1200 1250 1300 1350 1400
X(in)

0.95

X/L

Fig. 5 Sketch of the proposed viscous-inviscid interaction flow mod-
el for STS-28 at t = 500 to 800 s, 6BF = 12.5 deg: A, V07T9489A; •,
V07T9492A; and •, V07T9502A.
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Fig. 6 Orbiter body-flap deflection histories for STS-28 and for STS-
50.

0.00
500 600 700 800 900 1000 1100 1200 1300

a) STS-28 Tlme from entry interface (s)

X/L 2Y/b

a V07T9489A 0.894 0.000

O V07T9492A 0.987 0.000

A V07T9502A 1.024 0.000

500 600 700 800 900 1000 1100 1200 1300

b) STS-50 Time from entry interface (s)

Fig. 7 Experimentally determined heating-rate histories in the body-
flap region.

X = 0.987L) is also constant, but relatively low, indicating that this
thermocouple is in a region of separated flow. This is consistent
with the computed heat-transfer-rate distribution presented in Fig. 8,
which indicates a separation bubble in the vicinity of X = L. For
times of 840 s or less, the heating rates for the two thermocouples
at X = 1.024L are significantly higher than the attached, laminar
value upstream of the separation bubble (i.e., at X = 0.895L). Refer
to Fig. 7a. At X = 1.024L, the heating rate near the edge of the flap
(V07T9508A, 27 = 0.2376) is much higher than that in the plane
of symmetry (V07T9502A, 7 = 0). These last two facts suggest
a three-dimensional flow with reattachment occurring somewhere
in the vicinity of these two downstream-most thermocouples. The
sketch of the flowfield model for the plane of symmetry, presented
in Fig. 5, is consistent with these observations. A question mark
appears in the sketch to reflect the uncertainty as to where the flow
reattaches (and/or separates, for that matter).

At 840 s, the body-flap deflection is increased to approximately
14.0 deg and then decreased to 11.0 deg, where it remains for

• LAURA M = 12.86

-- —-— LAURA M = 18.07

............. LAURA M=24.3

& OV102 Data- (=550 £

0 STS-2 - t = 550 s

X/L

Fig. 8 Heating-rate distributions in the body-flap region.

times from 860 to 1060 s. The body-flap pulse generates a signif-
icant increase in heating sensed by the two thermocouples at X =
1.024L, as is evident in the measurements presented in Fig. 7a.
Again, the thermocouple near the edge of the body flap experiences
the greater increase in heating, indicating that the interaction is
three-dimensional. The authors believe that the higher heating at
the thermocouple at 2Y = 0.2372? indicates that reattachment oc-
curs at a smaller X/L value near the edge of the body flap than
near the plane of symmetry. The heating rates sensed by the two
upstream-most thermocouples are essentially unchanged by the
body-flap pulse. Thus, the approach boundary layer and the up-
stream end of the separation bubble are not significantly affected by
the slight increase and subsequent decrease in body-flap deflection
angle.

Just after t = 900 s, the heating rates determined from temper-
ature histories of thermocouples V07T9489A, X = 0.894L, and
V07T9492A, X = 0.987L, increase abruptly with time. See Fig. 7a.
Coupled with the heat-transfer distribution presented in Fig. 3a, it
appears that boundary-layer transition has moved forward of the
two upstream-most thermocouples. The concurrent increase in the
heating rate at the thermocouple just upstream of the hinge line
(V07T9492A, X = 0.987L) indicates that it is no longer in a sepa-
ration bubble at this time, but is subjected to an attached, transitional
boundary layer.

STS-50
Although the body flap undergoes many cycles during the STS-50

flight, the deflection angle remains between 3 and 6 deg, as shown in
Fig. 6. With the body flap deflected approximately 4.5 deg at 500 s,
the fact that the heat transfer rate at X = 0.987L (V07T9492A) is
only slightly less than that at X = 0.894L (V07T9489A), as can
be seen in Fig. 7b, indicates that the boundary layer is laminar and
attached at both locations. However, at approximately 530 s, the tem-
perature sensed by thermocouple V07T9492A (X = 0.987L) de-
creases measurably, while that sensed by thermocouple V07T9502A
(X = 1.024L) increases measurably. These changes in the temper-
ature histories are reflected in the experimentally determined heat
transfer rates presented in Fig. 7b. There is no significant change
in the temperatures recorded at this time by the other two thermo-
couples located in this region, i.e., V07T9489A (X = 0.894L) and
V07T9508A (X = 1.024L, 2Y = 0.237&). This is also reflected in
the heating rates presented in Fig. 7b.

At 620 s of the STS-50 re-entry, when the body-flap deflection
angle is increased from 4.5 to 6.0 deg, there is a sudden decrease
both in the temperature sensed by V07T9492 A (the thermocouple at
X = 0.987L, just upstream of the hinge line) and in that sensed by
V07T9502A (the thermocouple at X = 1.024L, downstream of the
hinge line). These temperature histories indicate that the upstream
thermocouple is in a separation bubble and the downstream ther-
mocouple is near (perhaps slightly upstream of) the reattachment.
Therefore, the flow should be similar to that depicted in the sketch
of Fig. 5, even for this relatively small body-flap deflection.

Although it is not as clearly evident in the heat-transfer-rate histo-
ries for V07T9492A (X = 0.987L) presented in Fig. 7b, the histories
of the temperature sensed by this thermocouple (which are not pre-
sented in this paper but were used to calculate the experimentally
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determined heat transfer rates presented in Fig. 7b) clearly track the
body-flap motion. Each time there was a change in the body-flap de-
flection angle (refer to Fig. 6), there was a change in the slope of the
temperature history recorded by this gauge. However, because of the
differing time scales for body-flap motion and for wall-temperature
response, one should not expect the convective heating rate to fol-
low closely the reradiative heating rate for these regularly changing
flowfields. Nevertheless, it appears that, by the holding the body-
flap deflection constant at 3.0 deg for times from 705 to 750 s, the
temperature sensed by the thermocouple just upstream of the hinge
line (i.e., V07T9492A at X = 0.987L) has had time to adjust. Thus,
the fact that the heating rate at V07T9492A at 750 s is only slightly
less than that at V07T9489A (X = 0.894L) indicates that there is
no separation bubble for this low body-flap deflection angle, i.e.,
3.0 deg.

Concluding Remarks
The temperature histories from selected thermocouples for flights

STS-26 through STS-58 of the Space Shuttle Orbiter have been ana-
lyzed. Equations (1-3) were used to determine nondimensionalized
heat transfer rates from these temperature measurements. A primary
objective of the analysis conducted for the present paper is to evalu-
ate the heat transfer rates calculated using this simple, state-of-the-
art engineering procedure. The rates so determined have been com-
pared with existing computed values and with data from the re-entry
of STS-2. They have also been used to relate the motion of the body
flap to the viscous-inviscid interactions produced by that motion.

It is believed that the nondimensionalized heat transfer rates pro-
vided by Eqs. (1-3), if consistently applied, are of suitable accuracy
for the purposes of the present paper. Thus, this procedure can be
used to examine (in a timely fashion) all of the temperature mea-
surements from each of the Shuttle Orbiter flights for indications of
anomalies in the re-entry environment, as described briefly in the
Introduction. Examples of such anomalous behavior include early
and/or asymmetric boundary-layer transition and viscous-inviscid
interactions, such as the effects of body-flap deflections on the local
heat transfer.
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