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Hypersonic Lee Surface Flow Phenomena
over a Space Shuttle

V. Zakkay,* M. Miyazawa,t and C.R. WangJ
New York University, Westbury, N. Y.

Leeward surface pressure and heat-transfer, flow separation, flowfield, and oil flow patterns of a space shut-
tle model are investigated experimentally at 0° <«<40° and a freestream Mach number of 6. The freestream
Reynolds numbers were varied between 1.64 x 107 and 1.31 x 108 with different stagnation pressures. Results
of experiment indicate two distinct types of flow separation and surface heating, depending on the angle of at-
tack. Large axial components of velocity are also calculated in the separated flow region. Turbulent boundary-
layer theory with a separation shape factor of 1.9 agrees with the heat-transfer measurements for a> 0°. Inviscid
supersonic flow theory over an equivalent body geometry also agrees approximately with the profile
measurements of the flowfield on the leeward plane of symmetry.

Nomenclature
CP = pressure coefficient
L = body length of the model
M = Mach number
P — pressure
q = heat-transfer rate
R^ — freestream unit Reynolds number per meter
RooL — freestream .Reynolds number based on model

length
T — temperature
V = flow velocity
X, Y, Z, = body axes
a. = angle of attack
6C = cone half-angle

Subscripts

P — conditions at peak heating
s — separation
/ = total stagnation conditions
t2 = local stagnation conditions behind a normal

shock
w = conditions at the wall
w0 — laminar stagnation conditions
oo = freestream conditions
Ooo = freestream stagnation conditions

I. Introduction
A complete description of the leeward surface heating

xmof a space shuttle orbiter requires an understanding of 3-
dimensional flow separation, vortices lifting off the surface,
and effect of the freestream conditions on the flowfield.
Initial research on lee-surface heating and flow separation
over delta wing and several conceptual space shuttles has been
done. '~6 Effects of the freestream Mach number, Reynolds
number, and angle of attack were also discussed. Results of
this previous work have shown that coiled-vortex sheets on
the lee surface induce a downward flow of high energy air
toward the centerline, which then turns outward, drawing low
energy fluid from the center area. Two heating peaks, due to
the existence of vortex system and boundary-layer transition
of the reattachment flow, also were found. Wang7 has shown
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that, for a spheriod with moderate thickness ratio, a bubble-
type separation prevails at low incidence, a free-vortex-type
separation dominates at high incidence, and the separation
reverts to a closed-bubble-type as the incidence continues to
increase. Maskell8 studied the 3-dimensional flow separation
without using the boundary-layer concept. He has shown that:
a) Three dimensional separated flow consists of two basic
types: a bubble type and a free-vortex type, each of which is
characterized by a particular form of surface flow pattern, b)
The bubble-type separation requires the existence of a
singular point, c) Separation line for a free-vortex layer has
only regular points, d) A combination of these two types of
flow patterns is the general result of flow separation, e) The
flow separation can be inferred from a study of the surface
flow pattern if it does indicate the nature of limiting
streamlines.

Because there is a sparsity of experimental surface and
flowfield data for similar flow conditions on the space shuttle
and there is concern for the surface heating on the leeward
side, further research is required to verify the possibility of
using existing flowfield results over similar body geometries
to analyze space shuttle flow phenomena. In the present in-
vestigation, theory and experiment have been undertaken to
examine the following problems: a) The surface heat transfer
on the leeward side of the space shuttle with different
freestream Reynolds numbers and angles of attack, b) The
peak heating due to boundary-layer transition and flow
separation and comparison of the correlation of surface peak
heating over different space shuttle configurations, c) The
leeward flowfield in the vortex flow region and the method of
constructing an equivalent model for leeward flowfield
analysis.

II.
Present experiments

Experiment
were performed in a Mach 6

blowdown-type axisymmetric wind tunnel. The test section of
the tunnel is 30.5 cm in diameter. For all the tests of present
experiments, stagnation temperatures were nominally 500 K
and the stagnation pressure is varied from 1.38 x 106 to 1.38
x 107 N/m2. The resulting freestream Reynolds numbers
were in the range of 1.64 x 107 to 1.31 x 108 /m.

Models

Based on an early NASA shuttle design, two space shuttle
models with identical configurations were used in the tests.
The model used for surface heat-transfer measurements was
instrumented with chromel-alumel thermocouples welded to
the inside surface of the model. Thickness of the wall
(stainless steel) on the nose part varies from 0.053 cm - 0.081
cm. Stainless-steel shimstock of 0.025-cm thickness, was used
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for the other parts of the model. The other model, used for
surface pressure measurements, was equipped with pressure
taps having 0.16-cm orifice diameters. Scanivalves and tran-
sducers, calibrated for very small pressure range, were used to
sense pressure through the orifice. Pressure and temperature
data were recorded on a multichannel visicorder through
galvanometers with response time less than 0.01 sec.

A special support for the space shuttle model was con-
structed. It consists of two semicircular struts. The struts were
attached to the wing tips to avoid interactions which would af-
fect the base pressure, and the leeward flowfield. All leads of
thermocouples and pressure taps were taken through a groove
inside the strut.

Surface Heat-Transfer and Pressure Measurements
The transient thin-wall technique was used to calculate the

local heat-transfer rate from the slope of the temperature-time
record. In this technique, a sharp slope at zero time is
necessary. For this purpose the whole nozzle section was
evacuated well below the expected freestream static pressures
before each test and the flow became steady within a half
second after the tests started. Heat-transfer data obtained
were reduced to a dimensionless form qjqw0, with qw0 being
the stagnation heat-transfer rate on a sphere of 0.38-cm radius
calculated from Lees' theory.9 Local surface pressure
measured over the space shuttle model was normalized with
respect to the freestream static pressure.

Surface Heat-Transfer and Pressure Measurements

The transient thin-wall technique was used to calculate the
local heat-transfer rate from the slope of the temperature-time
record. In this technique, a sharp slope at zero time is
necessray. For this purpose the whole nozzle section was
evacuated well below the expected freestream static pressure
before each test and the flow became steady within a half
second after the tests started. Heat-transfer data obtained
were reduced to a dimensionless form qjq^ with Q»o being
the stagnation heat-transfer rate on a sphere of 0.38-cm radius
calculated from Lees' theory.9 Local surface pressure
measured over the space shuttle model was normalized with
respect to the freestream static pressure.

Flowfield Surveys
Total pressure, static pressure, and total temperature along

the leeward plane of symmetry were measured with three dif-
ferent boundary-layer probes. These measurements were per-
formed by traversing the probes perpendicularly to the body
axis. To minimize the error introduced by the shock bound-
ary-layer interaction due to the presence of the probe in the
supersonic region, streamline shaped probes were used. The
static probe has a conical tip faired into a 0.10-cm hypodermic
needle. Lateral orifices located 10-15 probe diameters down-
stream were drilled in the probe. The total pressure probe con-
sists of a hypodermic needle having a diameter of 0.1 cm flat-
tened at the tip with a thickness of 0.015 cm and an opening of
0.005 cm. The total temperature probe was made of an un-
shielded, open-tip chromel-alumel thermocouple.

Oil Flow Studies
Oil flow techniques were employed to determine the surface

(limiting) streamlines, and separation patterns on the surface
of the space shuttle. Before each test, a mixture of Dow Cor-
ning 200 silicone oil (50-100 centistokes) and carbon black
powder was sprayed over the entire model surface. In the oil

Table 1 Test conditions

Measurements a(deg)

Surface heat transfer 0—- 40
Surface pressure 0—40
Flowfield survey 20-* 30
Oilflow * 10-40

0.32-2.57
0.5 -2.42
0.61-2.31
0.92-2.39

flow studies, Dow Corning ^ilicone oil with the viscosity bet-
ween 70 and 100 centistokes was found to produce the best
results when properly mixed with black carbon.

III. Results and Discussions of Experiment
Details of the experimental data can be found in Ref. 10.

However, the test conditions are shown in Table 1, with

M^ =5.93
P0oo =1.38xl06-1.38xl07N/m2

T0oo = 450- 500 K
Tw/T0oo =0.6-0.7

Distribution of Surface Pressure and Heat-Transfer Rate on Lee Sur-
face

Examples of surface pressure distribution for a = Q°
and 30° along the leeward centerline are given in Fig. 1. At
zero angle of attack, the surface pressure distribution is
slightly influenced by the changes in the freestream Reynolds
number. For comparison, surface pressure on a sharp cone11

having the same cone half-angle, a: = 19.3° is also shown in
the figure. The cone values agree with present experimental
results over the nose region of the model at high Reynolds
number. As the angle of attack increases, Reynolds number
affects the surface pressure in the region after the expansion
corner; lower pressure level is found with a higher freestream
Reynolds number. Thus, the viscous interaction is significant
in this region. Similar results have been found in Ref. 12. The
strongest viscous interaction effect is found at a = 30° in the
present experiments, particularly in the region after the ex-
pansion corner.

All the heat-transfer data presented here were non-
dimensionalized by the theoretical laminar stagnation point
heat-transfer rate, qw0, on a sphere (r = 0.38 cm) having the
same nose radius as the model at the same test conditions. In
the present investigation, the theoretical value obtained from
Lee's method was used.

To assess the results of the heat-transfer data and compare
them with a reference point, some estimates have been made
based on the measured surface pressure distribution and 2-
dimensional or axisymmetric boundary-layer assumptions
neglecting the cross-flow effects. Two extreme entropy
relations were used to determine the local external flow con-
ditions; conditions were assumed based on a normal shock,
conical shock due to a sharp cone, Bc = 19.3°, at zero angle of
attack. The modified Lees method13 was used for laminar
calculation. Turbulent heat-transfer rates were calculated by
the Reshotko-Tucker method,14 and the Flat Plate Reference
Enthalpy Method.15 Estimates were based on the measured
surface pressure distributions corresponding to each heat-
transfer test and the assumption that attached boundary-layer
flow exists on the lee surface. Results are compared with ex-
perimental measurements in Figs. 2-4.

The effect of Reynolds number on lee-surface heat-transfer
rates at a specified angle of attack are also shown in Figs. 2-4.
Separation points determined from oil flow studies are shown
for cases with o; > 0°.

At a = 0° (Fig. 2) a comparison of the data with theory in-
dicates that a laminar boundary-layer flow exists over the
major portion of the lee surface. Although the space shuttle
orbiter is a 3-dimensional body and the laminar estimate13

assumes a highly cooled wall with the negligible effect of local
pressure gradient, the laminar axisymmetric calculation
agrees reasonably well with measurements in the front portion
before the shoulder. After the shoulder, scattering ex-
perimental data are found.

At a: = 10°, the maximum heat-transfer rate in the nose
region is approximately equal to that for a 2-dimensional tur-
bulent boundary layer for the case of R^<L = 2.42 x 107. For
other a = 10° cases, experiments are in good agreement with
laminar boundary-layer theory. Boundary-layer transition oc-
curs in the nose region as the freestream Reynolds number in-
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Fig. 1 Surface pressure distributions along leeward centerline.
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Fig. 2 Heat-transfer distributions along leeward centerline (a = 0 °).

creases. This tendency becomes more evident at an angle of
attack of 20° (Fig. 3) where turbulent boundary layer is
believed to exist over the nose portion at/?oo L = 2.42 x 107.
Peak heating also appears in the nose region for a= 10° and
20°. This suggested that peak heating is due to boundary-layer
transition for the case of small angle of attack. At a =
20°, another peak heating appears in the region after the ex-
pansion shoulder. This is due to the flow separation, and will
be discussed later.

For high angles of attack (a = 30°, 40°), peak heating
phenomena associated with flow separation, termed the vor-
tex-induced peak heating, are observed (Fig. 4). In both cases,
the maximum heating values are found to be nearly the same
order of magnitude as the local turbulent heat-transfer rates
calculated from attached boundary-layer analyses. A vertical
shear layer exists over the body surface beyond the shoulder.

Lee-surface heat-transfer results for Rm L =2.4 x 107 have
been plotted in Fig. 5 for different angles of attack. Heat
transfer rates obtained at angles of attack did not exceed those
of o! = 00 in front of the shoulder. After the expansion over

00010 0.2 0.4 0.6 0.8

Fig. 3 Heat-transfer distributions along leeward centerline (a =

0.001
0 0.2 0.4 0.6 0.8 1.0

x/L

Fig. 4 Heat-transfer distributions along leeward centerline (a = 30°).

the shoulder section, however, heat transfer rates increase
rapidly, indicating transition from laminar to turbulent flow.
Similar results were also found for other Reynolds numbers.
At relatively low angles of attack (a = 10°, 20°), and at low
Reynolds numbers, a laminar boundary layer exists over the
lee surface of the nose section before the shoulder. As the
Reynolds number increases, transition moves forward,
resulting in higher heating (peak heating) before the flow un-
dergoes an abrupt expansion over the shoulder section. Since
there is no siginficant Reynolds number effect on the pressure
field before the shoulder, the flow starts to expand at almost
the same position for all Reynolds numbers whether the
boundary layer is still transitional or has just become tur-
bulent.

Maximum and secondary peak heat transfer rates obtained
for various Reynolds numbers and angles of attack are shown
in Fig. 6. Peak heating is plotted as a function of Reynolds
number R^ L. A distinction is made between the peak heating
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Fig. 8 Effect of Reynolds number on location of peak heating.

Fig. 7 Oil flow photograph of space shuttle model, (a = 20°
= 2.21xl07 .

Fig. 9 Surface flow pattern near the nose of space shuttle (a = 30°,
R^L = 1.43xl07.

within a separated flow region and that due to boundary-layer
transition. These results show that peak heating values due to
transition are strong functions of Reynolds number and in-
crease with #00,1. Correlation of the boundary-layer tran-
sitional peak heating in terms of Reynolds number shows
similar behavior as that of Ref. 8. However, peak heating
within the separated region does not consistently correlate
with Reynolds numbers, and seems to increase for some
angles of attack and decreases for some angles of attack, as
may be observed from Fig. 7.

The peak heating due to the vortex surface interaction is ob-
served at high angles of attack (a = 20°, 30°, 40°). As shown
in Refs. 3-6, this type of peak heating is caused by the thin-
ning of the viscous shear layer as a result of outflow induced
by the vortices. The phenomenon which occurs here is con-
clusively not a result of the pressure distribution. This may be
observed clearly from Fig. 1 for a = 30° and agrees with
previous work.3"6 The trend is that lower pressures are ob-
tained as Reynolds number increases. Therefore, it can be
concluded that peak heating rate within a vortex region is not
caused by abrupt changes in the surface pressure distribution.
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The relation between the location of peak heating and
freestream Reynolds number of the present experiments is
shown in Fig. 8. The location is found independently of
freestream Reynolds number. Similar results have been found
in Ref. 6.
Oil Flow Studies and Separation Patterns

Details of the separation lines, limiting streamlines,
separated flow region, and feather-like high shear (heating)
regions at various angles of attack have been given.10 Only a
summary of the oil flow studies is presented here. At relatively
low angles of attack a<20°, the separation is a free vortex
layer type (Fig. 7). At high angles of attack (a>20°), the
separation on the front part is believed to be a bubble type
(Fig. 9). In this figure, the feather-like high shear (heating)
region near the leeward centerline is observed following the
separated flow region immediately behind the singular point
(starting point of separation). This high shear region, a kind
of reattachment flow region, is created by a vortex-surface in-
teraction, and it is here that the vortex-induced peak heating
phenomenon is observed in heat transfer measurements. It is
also seen that this high shear region is followed by another
separated flow region corresponding to a low heat-transfer
region, as confirmed by heat-transfer data.

Two pairs of separation lines were obtained for all the cases
tested here with the angle of attack ranging from 10° to 40°.
At a =10°, the inner separation line (<p = 150°) seems to be
the primary line. Stetson's sharp cone result16 is in good
agreement with the inner separation line. Primary and secon-
dary separation lines are distinguished clearly at a. = 20°. In
this case the effect of Reynolds number was found to be
rather significant compared to the other cases. The same pat-
tern of separation lines (primary and secondary) is also ob-
served at a =30° and 40°. In these cases, the locations of
secondary separation lines change along the body axis direc-
tion, but the primary separation lines are found to be stable
over a large portion of the body from the nose part. The
aforementioned results of separated flow patterns and the
boundary-layer phenomena at different angles of attack
suggested the possible patterns of separated flow in a cross
section of the space shuttle orbiter at different ranges of
angles of attack shown in Fig. 10. These patterns are deduced
from the flowfield data, and the oil flow pictures are similar
to those of Ref. 6.
Flowfield Surveys

Measurements of total pressure, static pressure, total tem-
perature, and velocity profiles within the separated flow
region in the leeward meridian plane have been presented.10

Locations of the external shock determined from Schlieren
photographs were also included. Large variations in both the
static pressure and pitot pressure normal to the surface of the
body are shown in Fig. 11 for a = 20°. The variation of the
pressure as a function of Reynolds number is quite large close
to the nose region. This is due to the proximity of the
measurements to the shoulder, and therefore to the location
of the separated region. From the observations of the oil flow
pictures for low and high Reynolds numbers, it was clearly
seen that the flow patterns in this region are quite different,
and therefore affect the normal pressure distribution. Further
back on the body, the pressure distribution varied slightly
with Reynolds number. In all measurements there seems to be
a region of constant pressure normal to the body surface. This
region of constant pressure could be characterized as the
height of the vortex, which seems to increase with Reynolds
number. Examples of total temperature and velocity profiles
at a = 20° are given in Fig. 12. The distinct variation of the
total temperature within the vortex gives an indication of the
height of the vortex. The stagnation temperature is quite high
even in the proximity of the surface, thus confirming the fact
that there is a large inflow of high energy air towards the
leeward side of the .body, which gives rise to the high peak
heating rates. The velocity profiles also indicate that the axial

ATTACHED VORTEX

Fig. 10 Schematic of interaction for laminar and turbulent con-
ditions.

Fig. 11 Leeward centerline pressure profiles (« = 20°).
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Fig. 12 Leeward centerline total temperature and velocity profiles
(<* = 20°).

velocity within the vortex region is quite large and must not be
considered as a dead air region, as usually is indicated within
a separated region.

The present total pressure measurements are also plotted in
the form of Cp pitot. When plotted in this manner the present
results agree very well with the results of Ref. 17 and show lit-
tle variation as a function of the normal distance from the
body. Profiles of static pressure have not been measured in
Ref. 17 and no conclusions could be made for the type of
velocity that can be obtained within the vortex region.
Therefore, it is concluded here that,in order to deduce the
velocity distribution within the vortex, stagnation tem-
perature, static pressure, and total pressure measurements
have to be obtained.
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Fig. 13 Comparison of leeward centerline heat-transfer rates be-
tween turbulent boundary-layer theory and experiments (a = 30°).
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Fig. 14 Comparison of the static pressure profiles between ex-
periments and inviscid flow theory (a = 20°).

IV. Theoretical Analysis of the Leeward
Centerline Heat Transfer

In the previous results and discussion sections, attached
boundary-layer theory has been used to estimate ap-
proximately the leeward centerline heat transfer rates. The ef-
fect of flow separation at various angles of attack has not
been considered. In this section, results of an existing tur-
bulent boundary-layer theory, taking into account the
separation, is presented. The momentum integral equation of
compressible turbulent boundary layer is solved numerically.
The expression of local skin friction in terms of reference
properties and boundary-layer shape factor14 is used. Local
heat-transfer rates are calculated from the Reynolds analogy.

Assumptions
The theory and numerical method for solving a turbulent

compressible boundary layer with pressure gradients and
cross flow have been developed by Zakkay et al.18 This
method is used to predict the present leeward surface cen-
terline heat transfer measurements. The following assump-
tions were made: a) The boundary-layer shape factor is 1.8 ~
1.9. b) An axisymmetric body, with local radius the same as
the distance from the leeward centerline of the model to its
body axis was used, c) The effects of cross flow and normal
pressure gradient are neglected, d) Two extreme stagnation

pressures were used to determine the local external flow con-
ditions. The local inviscid stagnation pressure was assumed
constant at the values behind either the normal shock or the
conical shock due to a cone of 19.3° half angle in Mach 5.93
free stream.

Comparisons between Theory and Experiments
Only the experimental results with the largest treestream

Reynolds number of 2.40 x 107 are considered. At an angle
of attack, present numerical results agree with measurements,
especially for the cases of large angle of attack, a = 30° (Fig.
13). This also indicates that transition of laminar to turbulent
occurs when the model is at small angle of attack (a= 10°).

The relation between the boundary-layer thickness and the
shape factor for turbulent 'boundary layer with pressure
gradient has been found by Truckenbrodt.19 The boundary
layer separated at H= 1.8 ~ 1.9. These values were used in the
present computation to account for the separation. The
variation of the shape factor, as a function of the local
momentum thickness, has not been considered. An initial
momentum thickness must be given to carry out the numerical
integration step by step and it was estimated by the method of
Ref. 14 for the present studies. Further improvement of the
numerical results can be made if detailed circumferential
pressure measurements are available to estimate the cross-
flow effect.

V. Analysis of Flowfield
Results of the present experimental investigation and the

discussions of the flowfield measurements over yawed cone10

provide some necessary ingredients to analyze the flowfield
over the space shuttle and the interaction between the
flowfield and the vortices. The method proposed here is a
semi-empirical procedure which utilizes an equivalent body
shape to develop the flowfield. The equivalent body is derived
from a combination of viscous turbulent boundary layer up to
the point of separation, and a correlation of flowfield data
within the separated region. From the equivalent body, the
flowfield is calculated using an inviscid program modified to
analyze the flow over the complicated geometry.

Physical Model
The physical model incorporated the concept of an

*'effective" body to represent the region of high shear layer,
including both the boundary layer and the vortices. It was
considered to be enclosed by a streamline or stream surface,
which divided the region of high shear from the outer inviscid
shock layer. Once the effective body shape was determined,
Kutler's method20 for analyzing the flowfield over 3-
dimensional configurations at high angle of attack can be
used to determine the inviscid flowfield over the effective
body surface.

To characterize the effective body shape in the separated
region and to define the surface conditions, a boundary-layer
computation scheme is required. The boundary-layer theory,
including the streamline tracing concept with small cross-flow
assumptions, can be utilized for this purpose because it
provides the 3-dimensional capability which is an essential
feature of the viscous flow phenomena in this study.

Determination of the Effective Body Shape

The effective body will be established by an iteration
procedure wherein different body shapes are prescribed as in-
put to a computer program until a satisfactory match of the
calculated surface pressure with measurements is obtained. As
had been indicated in studies of the oil flow and separation
patterns, the separation pattern over the space shuttle con-
figuration is similar to that over the yawed cone. Thus,
correlation of the surface pressure measurements over yawed
cones21 can be used to generalize the nominal body shape.
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Numerical Example

To evaluate the previous procedure in determining the
flowfield, a simplified analysis was performed for the present
space shuttle configuration. An axially symmetric body was
chosen having the body profiles of leeward plane of symmetry
of the model. An equivalent body was constructed over the
space shuttle model at a = 20°. The numerical pressure
distribution on the leeward plane of symmetry, obtained from
Kutler's method, is compared with the results of profile
measurements in Fig. 14. Comparisons indicate that: a) The
inviscid flow theory over the equivalent body predicts the ex-
perimental pressure profile satisfactorily for a = 20°, and
larger surface pressure was obtained from the theory, b)
Locations of the external shock obtained from the numerical
method and experiment are also in good agreement. The com-
plicated geometry of the space shuttle model has not been
properly considered in the present studies. However, con-
sidering the assumptions made for this analysis, it is
rewarding to see that results of the proposed method show the
trends of experimental measurements.

VI. Conclusions
Investigations of heat-transfer and flow separation

phenomena over a space shuttle model at large angles of at-
tack have been performed. The main efforts have been
directed toward the understanding of the leeward side flow
phenomena associated with flow separation. Experiments
have been conducted at Mach 6, with high Reynolds numbers
1.64 — 13.1 x 107/m and large angles of attack. From the
present studies, the following conclusions have been reached:

1) There is a large Reynolds number effect on the pressure
distribution on the leeward side of the space shuttle. A lower
pressure level exists for an increasing Reynolds number. The
largest variation is observed to exist at 30° angle of attack.

2) At small angles of attack (10°, 20°), the boundary layer
on the nose varies from laminar to transitional, then to tur-
bulent, as the Reynolds number increases. The separation of a
free-vortex-layer type occurs after the shoulder on the leeward
side. At larger angles of attack (30°, 40°) , bubble-type
separation, starting at a singular point, exists near the nose
region and is immediately followed by a feather-like high
heating region. This high heating region is reattachment
region created by vortex-surface interaction.

3) There are two distinct types of high heating rates on the
lee surface of a space shuttle configuration: peak heating due
to boundary-layer transition and peak heating associated with
vortex interactions within a separated flow region. The for-
mer appeared at relatively low angles of attack (10°, 20°), and
the latter was observed at relatively large angles of attack
(20°, 30°, 40°). At 20° angle of attack both types of heating
peaks appeared.

4) The peak heating due to boundary-layer transition
correlated with the freestream Reynolds number; the heating
value increases rapidly with the Reynolds number. The
maximum peak heating due to vortex-surface interactions
(vortex-induced peak heating) occurs for an angle of attack of
30°.

5) Large axial component of velocity is calculated in the
separated flow region over the space shuttle leeward surface.
These results were obtained from measurements of static
pressure, total pressure, and stagnation temperature. It is in-
dicated here that pitot pressure measurements alone are not
sufficient to deduce velocity profiles, since large static
pressure and temperature gradients exist normal to the sur-
face.

6) At large angle of attack turbulent boundary-layer theory,
with a shape factor of 1.8-1.9, predicts the heat-transfer rates
satisfactory, especially for the case with high Reynolds num-
ber.

7) The effect of vortex interaction on the pressure field of
the space shuttle can be evaluated by an inviscid analysis per-
formed over an appropriate fictitious "equivalent body" sur-
face, which accounts for viscous effects. Preliminary analysis
of this type of model for analyzing the flowfield seems to
agree with the flowfield measurements.
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