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Three-Dimensional Shock/Boundary-Layer Interaction
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A shock-tunnel experiment was conducted to examine the characteristics of three-dimensional � ow� eld on the
surface of a rocket in the vicinity of the nose of a booster. In particular, attention was paid to the interaction of
a boundary layer on the rocket surface with a bow shock generated by the booster. Three shapes of booster nose
were employed to change the strength of the bow shock, that is, to vary the magnitudes of heat � ux and pressure
on the rocket surface: hemisphere, cone, and hemisphere-cone. Results indicate that in the case of the hemisphere
booster nose the heat � ux and pressure have complicated distributions with locally lower values just upstream of
the major peaks because of strong interaction. This suggests that a separation bubble occurs with a secondary
separation inside it, which was con� rmed by oil-� ow visualization. This phenomenon was not discernable in the
other two cases because of weak interactions. In the comparison of heat � ux and static-pressure distributions, the
heat � ux was affected by the interaction more widely in the circumferential direction than the pressure, which
can be a three-dimensional effect. Quantitatively, more accurate data were acquired by using thin-� lm resistance
thermometers than previously published data, which were measured by thin-skin thermocouples. From these data,
a new correlation between heat � ux and pressure with regard to their peak values was obtained,where the upstream
� ow is laminar and interaction region is turbulent.

Nomenclature
c = speci� c heat of sensor base substrate, J/kg-K
D = diameter of main body, m
F = constant
H = convective heat-transfer coef� cient, W/m2-K
M = Mach number
n = constant
P = static pressure, Pa
P0 = total pressure of wind tunnel, Pa
Pq = heat � ux, W/m2

Re = Reynolds number
T = rocket surface temperature change from the start

of heating, K
t = time from the start of heating of the rocket surface, s
ta = half of time-averaged period, s
tr = time at which rocket surface static pressure takes the value

of 4 MPa, s
X = axial coordinate along main body center line with X D 0

at the shoulder of booster, m
Y = radial coordinateon the vertical plane including

the booster axis, m
µ = circumferential angle of main body from Y axis, deg
· = thermal conductivityof sensor base substrate, J/m-s-K
½ = density of sensor base substrate, kg/m3

¿ = time during time-averaged period, s

Subscripts

aw = adiabatic wall
i = interaction
k = constant (k D 1; 2; 3; : : : ; r )
l = laminar
pk = peak
r = the number of time interval steps (r D 1, 2, 3, : : :)
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t = turbulent
u = undisturbed
w = wall (rocket surface)

Introduction

R ECENTLY, new versions of supersonic and hypersonic � ight
vehicles such as rocket, supersonic transport, and spaceplane

have been proposed worldwide. In the development of those vehi-
cles, one often encounters shock/boundary-layer interaction prob-
lems caused by shock waves generated by the different parts of the
vehicles.

Over the past four decades many studies have been devoted
to examining these interactions by reviewing the distributions of
aerodynamic heating and pressure for two-dimensional and three-
dimensional � ows both in laminar and turbulent boundary-layer
states.1¡11 However, detailed � ow mechanisms especially in the
three-dimensionalinteractionshavenotbeenmadeclear yet because
of the complexity.Correlationbetween convectiveheat-transferco-
ef� cient and static pressure with respect to their peak values in the
interactionregion also has not been fully achievedbecauseof errors
in the measurementof heat � ux. The correlationdata that have been
reported by most researchers were measured with thin-skin ther-
mocouples. This measurement method causes relatively large data
error because of thermal conduction, especially at the location of
high temperature gradient along the surface.

In the present study heat � ux and static-pressuredata were mea-
suredexperimentallyfor a rocket-boostercon� guration,where three
nose shapes were employed for the booster.To help the understand-
ing of the complicated distributionsof heat � ux and static pressure
over the body surface, the � ow� eld was also visualized by the oil-
� ow method and schlieren photography. To reduce the error in the
measurement of heat � ux, thin-� lm resistance thermometers were
used in this study.This methodhas smaller thermal conductionerror
than thin-skin thermocouples.

In the resultsand discussionwe discussdetailed� ow mechanisms
in the interactedregion,which are differentbetween the three shapes
of the booster nose. In addition, a three-dimensionaleffect is noted
by comparing the transversechangesin heat � ux and static pressure.
In the case of the three-dimensionalinteraction � ow, the main body
model is curved in the transverse direction. Heat � ux depends not
only on static pressure outside the boundary layer but also on the
temperature gradient inside it. This characteristic produces three-
dimensional effects in the interaction that is of interest in this study.
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Fig. 1 Shock tunnel at Nagoya University.

Fig. 2 Model con� guration.

Finally, for the aerothermal design we discuss a new correlation
between heat-transfer coef� cient and static pressure with regard to
the ratio of a peak value to the corresponding undisturbed value in
experimental data.

Facilities and Models
The shock tunnel we used has a contoured nozzle whose exit

diameter is 350 mm, and the core � ow diameter is about 200 mm
(Fig. 1). This tunnel uses air as the working gas and can achieve a
Machnumberof 8.1.The freestreamReynoldsnumberbasedon half
a distance of square root of the nozzle exit area, 155 mm, is about
0:89 £ 106. The static pressure of the freestream is about 0.38 kPa,
and the static temperature is about 67 K.

A rocket model with a booster is shown in Fig. 2. The booster is
designed to be traversable in the model axis direction to change the
relative position of the booster with respect to the main body. The
distancebetween the rocket and the booster is � xed at 5 mm to keep
theboosteroutof theboundarylayeron themainbody.In the interac-
tion regionunder consideration,several sensors to measureheat � ux
and static pressure are mounted on the rocket surface. The distance
from the rocket nose to the head of the foremost sensor is 208 mm.
Moreover, the part of the main body where the sensors are installed
can be rotatedabout themain bodyaxiswithin the rangeof 0–90 deg.
Thus, the data of heat � ux and static pressure can be collected at
many locations with a limited number of sensors. Thin-� lm resis-
tance thermometers are used for the measurement of temperatures
on the rocket surface, and pressure transducers with a capacity of 2
psi are mounted about 10 mm in depth from the surface to measure
static pressure. To change the strength of the bow shock, three ge-
ometrical shapes of the booster nose were considered: hemisphere,
cone, and hemisphere-cone. The hemisphere-cone and the cone
have the same vertex angle. To specify the location at which data
were measured, the coordinate system employed here is shown in
Fig. 3.

Data Reduction
First, the heat � ux is calculated based on measured temperature

data by using the following equation12:

Pqt D tr D 2
½c·

¼

r

k D 1

T .tk/ ¡ T .tk ¡ 1/

.tr ¡ tk /
1
2 C .tr ¡ tk ¡ 1/

1
2

(1)

where t D 0 to tk .< tr ). By makinguse of this value for Pq , we obtain
the heat-transfercoef� cient

H D
Pq

Taw ¡ Tw

(2)

where Taw is the adiabatic wall temperature at a measured point on
the rocket and Tw is the wall temperature at the location.

On the other hand, the staticpressureis evaluatedby the following
equation:

P D
tr C ta

tr ¡ ta

P.¿/

P0.¿ /
d¿ ¢ P0.tr / (3)

where P.¿/ is the static pressure at the time t D ¿.tr ¡ ta · ¿ ·
tr C ta ) and P0.¿/ is the total pressure at this time. From one run to
another, the shock tunnel used in this experiment cannot reproduce
the same exact � ow conditions such as the total pressure. P0.tr /
in Eq. (3) is chosen as a mean value of 4 MPa during the time-
averaged period in the present experiment, and tr is the time when
the pressure takes a value of P0.tr /. The static pressure is averaged
in time between tr ¡ ta and tr C ta .

Results and Discussion
Distributions of Heat-Transfer Coef� cient and Static Pressure

Figures4 and 5 show the streamwisedistributionsof heat-transfer
coef� cient and static pressure for several values of the circumfer-
ential angle µ in the cases of hemisphereand conical booster noses,
respectively. The horizontal axis is the axial length normalized by
the main body diameter D, and the vertical axis shows either heat-
transfer coef� cient or static pressure, both of which are normalized
by their undisturbed experimental values, Hu and Pu , respectively.

The heat-transfer coef� cient is nearly constant at X=D · ¡1:1:
This value agrees with that without the booster, that is, the aerother-
mal effectof interactionis negligiblehere.Furthermore,thesevalues
show good agreement with the theoretical heat-� ux value on a � at
plate in the state of laminar boundary layer as predicted by Eckert’s
undisturbed � at-plate theory, as shown in Fig. 6. This agreement
indicates that this region has a laminar boundary layer. Further-
more, streamwise heat-� ux distribution along the main rocket sur-
face without a booster, which was acquired experimentally in our
laboratory, is almost � at and not increasing toward downstream.
This distribution also ensures that the upstream undisturbed � ow
state is laminar.

To clarify the characteristic features of interaction, the results
for the case of hemisphere nose at µ D 20 deg will be explained in
detail in the following paragraphs,referring to the analysesmade in
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Fig. 3 Coordinate system.

Fig. 4 Distributions of heat-transfer coef� cient and pressure on main body for hemisphere booster nose: RB, reattachment of boundary layer; RC,
reattachment of � ow between forward two recirculations in separation bubble; S, separation of boundary layer; SB, secondary separation between
downward two recirculations in separation bubble; and V, primary recirculation.
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a) µ = 0 deg

b) µ = 10 deg

c) µ = 20 deg

Fig. 5 Distributions of heat-transfer coef� cient and pressure on main
body for conical booster nose.

Refs. 3 and 7 (see Fig. 4c). In this case the interacted region can be
divided into four areas: regions of (I) upstream weak compression,
(II) separation,(III) reattachmentanddownstreamcompression,and
(IV) expansion. The separation region (II) could consist of three
distinctareas: (II-a) regionwith peaksof both heat � ux and pressure,
(II-b) region where heat � ux decreases, and (II-c) region where
pressuredecreases.This classi� cation is shown as a schematic view
in Fig. 4.

Region (I): Upstream Weak Compression Region
An increase in pressure caused by shock impingement propa-

gates upstream through the subsonic part of the boundary layer.

Fig. 6 Heat-� ux measurement at µ = 0 deg, compared with Eckert
theory.

Then the boundary layer becomes thicker, and weak compression
waves yield. The boundary layer does not separate from the surface
here in this region.Consequently,static pressuregraduallyincreases
with X , and the heat-transfer coef� cient slightly decreases, which
are observed at ¡1:5 · X=D · ¡0:4 at µ D 0 deg in Fig. 4a. Fur-
thermore the heat-transfer coef� cient reaches a minimum value at
X=D D ¡0:4, which corresponds to X=D D ¡0:35 at a larger cir-
cumferential angle of µ D 20 deg in Fig. 4c.

Region (II): Separation Region
Downstream of region (I), a strong adverse-pressuregradient oc-

curs caused by a large increase in pressure. This gradient leads to
boundary-layer separation shown at X=D D ¡0:35, denoted by S
in Fig. 4c. Pressure increase is observed at ¡0:35 · X=D · ¡0:15.
Inside the separationregion the followingcharacteristicfeatures are
observed. Both distributions of heat-transfer coef� cient and static
pressure have their � rst short peaks at X=D D ¡0:25, denoted by
RC in Fig. 4c.Then at X=D D ¡0:2, the heat-transfercoef� cient has
a minimum value, denoted by SB. The static pressure also reaches
a minimum value at X=D D ¡0:1, denoted by V in the same � gure.
This complicated distribution is presumably because of three con-
secutive recirculating � ows produced inside a separation bubble as
shown in the schematic view of Fig. 4. That is, the � rst peak RC oc-
curs as a result of the reattachmentof the � ow between the forward
two cells. The minimum value for heat-transfer coef� cient at point
SB is produced by the secondaryseparationbetween the downward
two recirculated cells, and the minimum value of pressure at point
V occurs near the most downstream recirculating � ow.

In summary,streamwiseheat � ux andpressuredistributionsalong
the main rocket surface with a booster show separation. The � ow
in this region is considered to be turbulent as well as in subsequent
regions (III) and (IV). The boundary-layer state in these regions
will be con� rmed to be turbulent in the correlation data between
peak heat-transfer coef� cient and peak static pressure, which will
be discussedlater in the � nal paragraphof “Results and Discussion.”

Region (III): Reattachment and Downstream Compression Region
Both the heat-transfercoef� cient and the static pressure increase

suddenly at X=D D ¡0:05 after regions (I) and (II). This phe-
nomenon is explained as follows. The boundary layer once lifted
from the wall because of a separation bubble comes back toward
the wall and reattaches it. This motion of reattachment makes the
boundary layer thinner, so that the temperature and velocity gradi-
ents increase at the wall, leading to a large heat-transfercoef� cient.
Moreover, because reattached � ow vectors have to be de� ected into
the direction parallel to the model surface, compression waves are
generatedabove the reattachmentpoint.These waves cause the large
increase in pressure.

Region (IV): Expansion Region
After reaching their peak values, the heat-transfercoef� cient and

the static pressure are forced to decrease by the expansion waves
generated from the shoulder of the booster. Incidentally, the heat-
transfer coef� cient and the static pressure start to decrease at the
same location.
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These features are also seen in the remaining � gures of Fig. 4.
Comparing Figs. 4a–4e, the separation region observed over
¡0:35 · X=D · ¡0:05 in Fig. 4c is enlarged in Figs. 4d and 4e and
reduced in Figs. 4a and 4b. The short peaks in region (II), denoted
by RC in Fig. 4, become more pronounced as µ increases.

On theotherhand,for the caseof conicalboosternosediscussions
on the main features are based on the results at µ D 20 deg, shown
in Fig. 5c. Comparing Fig. 4c with Fig. 5c, upstream of the major
peaks the heat � ux and the pressure have simpler distributions than
the case of the hemispherenose.Furthermore,by comparingFig. 4a
with Fig. 5a at µ D 0 deg, it can be seen that an increase in pressure
caused by the interaction clearly extends further upstream in the
hemisphere nose case. These differences can be explained by the
fact that the hemisphereboosternose producesa strongerbow shock
wave than the conical one.

The data for the case of the hemisphere-conenose are not shown
here in detail because the distributions of heat � ux and pressure
were basically similar to those of the conical nose case. However,
correlatedplots betweenheat-transfercoef� cient and static pressure
will be shown later.

Visualization of the Surface Flow
In addition to the measurements just mentioned, � ow patterns

were visualized in the shock tunnel to interpret the data of heat-
transfer coef� cient and static pressure better. The oil-� ow method
was employed to observe the streamlines along the main body. In
addition, schlieren method was also utilized to visualize the � ow-
� eld. The � ow visualization results are shown in Fig. 7 for the case
of the hemispherebooster nose.The oil-� ow pattern in the upstream
shows parallel streamlines, which are then turned away into the cir-
cumferential direction in front of the booster. These turning points
make the line S1 on this � gure, which corresponds to the point S
denoted in Fig. 4. From this agreement, this point S is con� rmed to
be the separationpoint. Moreover, a white thick line seen in front of
the shock impingement location, denoted by S2 in Fig. 7, also cor-
responds to the secondary separation inside the separation bubble,
denoted by SB in Fig. 4.

The contour lines of heat-transfer coef� cient and static pressure
over the main body surface for the hemispherenose case are shown
in Fig. 8. The heat-transfercoef� cient is affected by the interaction
more extensivelythan the pressure.Because the main bodymodel is
not � at, but curved in the transversedirection, the pressure is easily
damped in the circumferential direction of a cylindrical body. On
the other hand, the heat-transfercoef� cient depends not only on the
pressureoutside the boundary layer but also on the temperaturegra-
dient inside it. Therefore, the effectof the latter seems to persisteven
after that of the former vanishes. This phenomenon characterizes a
three-dimensionalinteraction that is of interest in this study.

Correlation Between Heat-Transfer Coef� cient and Static Pressure
It has been reported in Refs. 10 and 11 that in two- and three-

dimensional shock-wave/boundary-layer interaction � ow� elds
there are similar correlations between the ratios of the peak val-
ues of heat-transfercoef� cient and static pressure to their values in
undisturbed � ow. The correlation derived from Eckert’s reference
method is expressed as

Hi;pk

Hu
D F ¢

³
Pi;pk

Pu

´n

(4)

Fig. 7 Visualization of surface
� ow pattern.

a) Heat-transfer coef� cient

b) Static pressure

Fig. 8 Contours of heat-transfer coef� cient and static pressure on the
surface main body: L, geometrical cross line of bow shock and main
body; P, peak at each µ; S1, primary separation; and S2, secondary
separation.

where n D 0:7 for laminar interaction,n D 0:8 for turbulent interac-
tion,and F D 1, whichwereobtainedbycurve-� tting theexperimen-
tal data. In laminar/turbulent interaction,where the laminar oncom-
ing � ow is tripped by the shock impingement and become turbulent
in the downstream, the heat-transfer coef� cient ratio takes a much
higher value for the same pressure ratio than laminar/laminar or
turbulent/turbulent interactions.Figure 9, cited from Ref. 11, shows
the comparisonsof the present experimentaldata with existing data
for three-dimensional laminar/turbulent and two-dimensional lam-
inar/laminar interactions.

All data from the present experiment take higher values than pre-
viouslypublisheddata.Here we shouldnote thatmost of the existing
data were acquired with thin-skin thermocouples as mentioned in
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Fig. 9 Three-dimensional laminar peak interaction heating correla-
tion with measured pressure data: original (after Hung11 ).

Ref. 11. These sensors introduce relatively large errors in data at
the location at which a large temperature gradient exists along the
substrate surface. In contrast, thin-� lm resistancethermometersem-
ployed in the present experiment have about one-order smaller er-
rors of thermal conductionthan thin-skinthermocouples.Moreover,
the sensitivity of thin-� lm gauges to the wall temperature change
is about two order higher than that of thermocouples.On the other
hand, the time responseof thin-� lm resistancethermometers,which
is sub-microsecond, is the same order as that of thermocouples.
Therefore, the present data should have better accuracy than the
previous data.

The present heat-transferdata uncertaintiesare mainly composed
of the uncertainties in the following four sources: 1) the tempera-
ture dependence of the gauge base substrate properties (½c·/0:5

.·9.5%), where ½, c, and · is the density, the speci� c heat, and
the thermal conductivity of the gauge base substrate (Pyrex type
7740, Corning), respectively;2) the thermal properties of the gauge
base substrate (§3.5%); 3) the data recording system with constant
current circuits (§1%); and 4) the gauge calibration (§0.1%). As a
result, the maximum possible error becomes §10.2%.

Regarding the � rst error source just mentioned, (½c·/0:5, we ex-
amined � ve data measured independently by several researchers.
Among them, the maximum valueof (½c·/0:5 was about10% higher
than the value at 295 K, where the maximum temperature rise in
the gauge was about 35 K within a tunnel duration time of about
35 ms. The other effects of particle erosion and the curvature and
the thickness of the gauge base substrateare considered to be negli-
gible in the � ow� eld of this study. In the present data reduction
the thermal property has been assumed to be constant for sim-
plicity. Therefore, taking into account the effect of temperature
change in the data reduction, the heat-transfer coef� cient level is
estimated to increaseby about10%,which is shown as an I bar in the
� gure.13;14

As discussed in Refs. 10 and 11, in addition to shock impinge-
ment, laminar/turbulent � ow interaction is affected by boundary-
layer transition, leading to extremely high values of Hi;pk.t /=Hu.l/.
Therefore the former contributionmust be eliminated by taking the
ratio of Hi;pk.t/ to the undisturbed turbulent value of Hu.t/ instead
of the undisturbed laminar value of Hu.l/. By doing this, reasonable
comparison can be made with other types of interaction. The data
thus modi� ed are being added to the data from Ref. 11 in Fig. 10,
where Hu.t/ is computedwith Eckert’s referencemethod becauseno
measured data are available.Moreover, theoreticalturbulentpredic-
tions of Eq. (4) with n D 0:737 and F D 1.0, 1.4, and 2.0, which are
introduced in Ref. 11, are also shown here for comparison.

Fig. 10 Three-dimensional laminar peak interaction heating correla-
tion with measured pressure data: corrected (after Hung11).

Based upon the already mentioned modi� cation method, we � t
data obtained in this study to the correlation(4). This yields the cor-
relation parameters n D 0:96 and F D 1:5. These values are larger
than thepreviouslyreportedones11: n D 0:737 and F D 1:4. The cor-
relation between the peak heat-transfer coef� cient and peak static
pressureindicatestheboundarylayer to be turbulent� ow in the inter-
action regionby the shock-waveimpingement,and undisturbed� ow
is laminar as discussed in the paragraph of “Distributions of Heat-
TransferCoef� cient and StaticPressure.”Because relativepeakheat
� ux to peak pressure is much higher than those for laminar/laminar
and turbulent/turbulent interactions and still higher than those for
laminar/fully turbulent � ow interaction. In this correlation equa-
tion with the present values of parameters, the hemisphere booster
nose corresponds to a higher heating rate than the other two noses.
In addition, the hemisphere-cone nose takes a closer value to the
conical nose. Furthermore, if we take into account the circumferen-
tial distributionsof heat-transfer coef� cient and static pressure, the
correlation function can hold in a wider region by increasing F up
to 3.0 while keepingn at 0.737. The peak values of the heat-transfer
coef� cient and the static pressure at each circumferential angle are
indicated as small circles in Fig. 10. Selecting F as 3.0 might be
more practical in the aerothermal design of a multiple component
vehicle. These data show that a more severe aerothermal environ-
ment than what has always been consideredmay exist at least in the
interaction � ows like the present one.

Conclusions
A shock-tunnelexperimenthas been conductedto study the inter-

actionof a boundarylayerdevelopedalonga rocketwith a bowshock
generated by a booster. Three con� gurations of booster nose were
employed to change the strength of the bow shock: hemisphere,
cone, and hemisphere-cone. Distributions of heat � ux and static
pressurewere measured along the rocketsurface in order to examine
the characteristicsof the interaction region and correlate both peak
values. Furthermore, the three-dimensional shock/boundary-layer
interacting � ow� eld was also visualizedby the oil-� ow method and
the schlieren photography to help understand the data of heat � ux
and static pressure. From these results, the following conclusions
were drawn:

1) The heat � ux measured at the locations far upstream from the
shock impinging point shows good agreement with the theoretical
valueon a � at plate in the state of laminarboundarylayer byEckert’s
undisturbed � at-plate theory, which indicates that this region has a
laminar boundary layer.

2) In the case of hemisphere booster nose, both distributions of
heat � ux and static pressure have their � rst short peaks. Further
downstream, heat � ux reaches a minimum value, and so does static
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pressure. This distribution is considered to be caused by three con-
secutive recirculating � ows produced inside a separation bubble,
that is, the � rst peak will occur as a result of the reattachment of
the � ow between the forward two cells. This peak becomes more
pronouncedas the circumferentialangle µ increases.The minimum
value for heat � ux is produced by the secondaryseparationbetween
the downward two recirculated cells, which was con� rmed by oil-
� ow visualization. Furthermore, the minimum value of static pres-
sure at the surface will be created near the most downstream recir-
culating � ow.

3) For the case of conical booster nose, heat � ux and static pres-
sure have simpler distributions just upstream of the major peaks.
Moreover, the increase in pressure because of interaction clearly
extends further upstream for the hemisphere nose case than for the
conicalcase.The differencesbetweenthe two casescanbe explained
by the fact that thehemisphereboosternose producesa strongerbow
shock wave than the conical one. For the case of hemisphere-cone
nose, the distributionsof heat � ux and static pressurewere basically
similar to those for the conical nose case.

4) Heat � ux is affected by the interaction more extensively than
static pressure. Because the main body model is not � at, but curved
in the transversedirection,static pressureis easilydamped in thecir-
cumferentialdirectionof a cylindricalbody. On the other hand, heat
� ux depends not only on static pressure outside the boundary layer
but also on the temperaturegradient inside it. Therefore the effect of
the latter seems to persist even after that of the former vanishes.This
phenomenon characterizes a three-dimensional interaction, which
is of interest in this study.

5) More accurate data of heat � ux were acquired than the previ-
ously reported data. This is because the present data were obtained
with thin-� lm resistance thermometers that have smaller thermal
conduction errors than thin-skin thermocouples. In the correlation
betweenheat-transfercoef� cient and static pressure,usingtheequa-
tion derived from Eckert’s reference method, all of the present
data take higher values than the previously reported data on lam-
inar/turbulent � ow interaction, where the laminar oncoming � ow
is tripped by the shock impingement and become turbulent in the
downstream. By eliminating the effect of boundary-layertransition
from the present data, the correlation parameters n and F take the
values of 0.96 and 1.5, respectively.These values are larger than the
previously reported ones: n D 0:737 and F D 1:4. From these data
the � ow in the interaction region is considered to be turbulent, and
undisturbed � ow is laminar. Furthermore, if we take into account
the circumferentialdistributionsof heat � ux and static pressure, the

correlation function holds in a wider region by increasing F up to
3.0 while keeping n at 0.737. These data show that more severe
aerothermal environment than what has always been considered so
far exists, at least in the interaction � ows like the present one.
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