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ABSTRACT : Detailed distrbutions of heat flux in the region of shock wave and turbulent boundary layer
interaction induced by a cylinder were measured in the shock tunnel: Oil flow patierns and Schlieren photo-
graphs were taken . Empirical relations were given for determining separation shock angle, peaks of heat flux
and their locations on both cylinder leading edge and flat plate surface. and other characteristic parameters of
the interaction region .
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I. INTRODUCTION

In high speed vehicle design. the shock -turbulent boundary layer interaction heating
augmentation induced by protuberance is one of the most severe problems. For
three-dimensional protuberance the invisid-viscous interaction flow makes the analytical prediction
very difficult, even though the flowfields have been described by several authors 1751
Experimental data on protuberance interaction heat flux are very limited particularly for
hypersonic turbulent flow . Lack of heat flux measurements and its practical importance pro-
moted this study . Besides measurements of heat flux, a new oil flow technique for short dura-
tion facilities was developed to observe the direction of the flow on the model surface. The
data obtained from these tests and other investigations were used to form the relations for calcu-
lating the peaks of heat flux and their locations on both the leading edge of cylinder and the sur-
face of flat plate, and other characteristic parameters in the interaction regions .

II. EXPERIMENTAL TECHNIQUE

The 1.2m Shock Tunnel The tests were conducted in the 1.2m shock tunnel at Iastitute of
Mechanics , Chinese Academy of Sciences. The tunnel consists of a shock tube, a nozzle, a
test section and a vacuum tank as shown in Figl. In these tests, the free stream Mach number
ranged from 5 to 9, the corresponding Reynolds number ranging from 2 to 6 x 107/m with the
test time of about 5 to 7ms .
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Fig.l Schematic of the 1.2m shock tunnel

Model A flat plate ., 30cm wide by 70cm long. was mounted near the test section axial
line . The boundary layer on the model surface starts upstream far from separation initiation to
 transform to turbulence. The cylinder was mounted on the plate surface at 50cm from the
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plate leading edge . The height of the cylinder may be adjusted from 12 to 20cm and the cylin-
der may be inclined with an angle from 0 ° to 30 °. The disc of I5cm diameter was inlaid with
a series of thin film thermometer arranged in a column. which was a part of the flat plate .
and could rotated around the cylinder center. Thus the heat flux distributions at any
azimuth can be measured conveniently .

Heat Transfer Instrumentation Thin film resistance thermometer in the form of a strip
approximately 0.2mm wide by 2mm long was used as the heat flux measuring element. During
the tests a constant current of 20 milliampere passed through the gage. The value of the heat
flux was obtained from the film response processed by RC analogue network'® . The test data
were recorded with an A/D converter and processed with the microcomputer .

Flow Visualization on Model Oil flow patterns and Schlieren photographs were taken for typi-
cal models. The oil flow technique has been extensively applied to thé test in the long duration
facilities' 2 . A new oil flow technique for transient flow was developed to observe the flowfield
on the model surface . The oil mixture was made of titanium dioxide dust and silicon oil. The
models were painted black and small mixture dots were spread on the surface of the flat plate
to visualize the direction of shear force .

III. RESULTS AND DISCUSSION

1. Heat flux distribution and flow pattern on the symmetric plane

The heat flux distributions on the symmetric plane of interaction region for M;=5.2 are
shown in Fig.2a. The heat flux data on the leading edge of the cylinder and on the surface of
the flat plate are normalized by the undisturbed value on the cylinder leading edge ¢, and the
local plate value g, respectively . The oil flow pattern {Fig.3) show that the interaction of the
bow shock induced by the cylinder with the turbulent boundary layer on the plate causes wide-
spread upstream and lateral separations. The impingement of separation shock on the bow
shock (Fig.4) results in a lambda shock . The heat flux on the surface of the plate ahead of the
cylinder starts to rise at X,=1.94, reaches a plateau value ¢,,=2.8¢, at X, =0.84. goes
through a large dip’at about X, ,=0.584 and then rises sharply to a higher peak g¢,,=25¢,
at X,=0.12d4, after . which rapidly drops to a low value g=8.9q, at the foot of the cylinder.
The heat flux distribution along the cylinder leading edge from the foot to Z,=0.22d decreases
from g=gq, to 0.4q,, after which rises to a short plateau at Z,=0.5d, and then increases steeply
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Fig.2 heat flux disiributions (a) and imaginary scheme (b) of vortices on the symmetrc plane
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to attain a higher peak g,,=5¢, at Z,,=0.67d . After the peak point, it drops and returns to
the undisturbed value g, .

The maximum heat flux on the cylinder is considered to be due to the existence of the
interaction between the bow shock and the separation shock . The height of the peak position is
nearly equal to the height of triple point of the lambda and the impingement point of
the jet .

The multiple peak shape of the heat flux distribution in the symmetric plane of the separa-
tion region is related to the multiple vortex structure . Sedney“] imagined that there are four
vortices in the separation region. The comparison of Fig.2a with Fig.2b shows that three pair
of separation and attachment points (s, r; p, a; s,» a) in the flow field correspond to the
three pair of valley and peak positions of heat flux distributions (x.. z,; z,, X,; X, X,4,)
respectively . It is obvious that the heat flux rises to a high value where the stream line im-
pinges the wall and it drops 1o a low level where the stream line leaves the wall .

The plateau heat flux g,/g, on the flat plate for turbulent interaction is insensitive to Mach
number and Reynolds number . The plateau heat flux g, is equal to (2.8+0.4) ¢, in the range
of M;=5t0 9 and Re=(1— 3)x10"m. :

(a) Plate surface (b) Windward surface of cylinder

Fig.3 Oil flow patterns, M1=7.8, Re=3.5x 10" /m, h/d=3

rig.4 Schlieren pictures. M|=5.2. Re=2.3x 107 /m . h/d=3

2. Heat flux peaks on the flat plate
The test results show that the maximum-peak of the heat flux on the flat plate is very
. sensitive to Mach number . For example, the maximum-peak at the symmetric line is 46 times
over the undisturbed plate value at M, =9, 31 times over that at M,=6.6 and 25 times over
that at M,=5.2. The variation of the maximum-peak with Mach number and Reynolds
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number can be expressed by the approximate expressionm .

Gpi /g1 =1+25M"*Re™"? (1)

where the empirical constant are determined on the
basis of the present data. The comparison of the cal- 50 M,
culated values with the measured data is given in :g:g present data o
Fig.5. The data obtained from Burbank are lower 40r o522
than the value calculated according to formula (1). —Eq.1

The heat flux distributions along various azimuth
lines, which are similar to those along the plate
central line , are shown in Fig.6. The locus of the peak
positions obtained from the heat flux distributions
around the cylinder is shown in Fig.7a. The locus is _
a semicircle with a radius of 0.74d and its center lo- Défb a 2.4 Ref.07)
cates 0. 134 downstream from the cylinder center.
The locus is very close to the attachment line 00 l o l
observed from the oil flow pattern ( Fig. 3a). The MI®RE?
peaks on the plate decrease laterally downstream
from the central line . The variation of the peak value Fig-5 Comparison of calculated value with measured
along the locus is expressed as follows data of heat flux peaks on flat plate
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Fig.6 Heat flux distributions on plate along different azimuth angles (M=5.2. h/d=3)

The comparison of the calculated values with the measured data is shown in fig. 7b.
It shows a good agreement for < 80 °. The locus of the valley position on the plate is also
shown in Fig.7a. The data from Ref.[8] are also shown in the figure and are in good
agreement with the present results.

3. Characteristic parameters in symmetric plane

The discussed characteristic parameters in the symmetric plane of the interaction region
include the separation shock angle 6, the deflected angle 6, of the flow behind the separation
shock wave, the separation distanee x,, the position of the maximum- peak of the heat flux
on the flat plate x,, the height of the maximum heat flux peak point z,, and the minimum
heat flux point z, on the leading edge of cylinder . The dependence of these characteristic
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parameters on Mach number is shown in Fig.8. The followiflg conclusions can be drawn from
the figure .
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The separation shock angle , and the height of the peak point on the leading edge of the
cylinder z,, /d decrease with increasing Mach number of the free stream and approach gently to
asymptotic values. The latter can be estimated by the height of the triple point of the lambda
shock Z,,/d.

zpp Mz 2, /d=x, /d-B/d)tan 6, (3)
where B/d=0.193exp (4.76 /M }) is the standoff distance of the cylinder bow shock wave'®!.

The flow deflected angle 6, behind the separation shock wave. the turbulent separation dis-
tance x, , the position of the maximum heat flux peak x, on the plate and the height of the
minimum heating point on the cylinder z, are roughly independent of Mach number and
Renolds number of free stream .

P

4. Effect of cylinder backswept

The strength of the bow shock wave ahead cylinder, the extent of the separation region and
therefore the heat flux both on the flat plate and on the cylinder are reduced by the backward
sweep of the cylinder .For sweep angle of A=0 °, 15 °, 30 °, the heights z,, of the triple point
of lambda shock wave are 0.66, 0.36, 0.27 and the separation distance s.d are 1.9, 1.2, 0.8
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at M, =5.2, respectively .

The effects of backswept on the heat flux both on the leading edge of cylinder and on the
central line of the flat plate are shown in Fig.9 and Fig.10. As may be seen from the figures,
the heat flux and the height of the peak point on the cylinder leading edge are decreased obvi-
ously when the cylinder sweeps back from 0 ° to 30 °. Similarly, the heat flux peak on the
plate central line as well as the disturbed region decrease with the increasing backswept of the
cylinder . But the plateau heat flux on the plate has a slight variation . The effect of the cylinder
backswept on the heat flux peak along the plate central line is shown in Fig.Il. It seems that
the sweep effect depends weakly on Mach number .
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Fig.10 "Central line heat flux distribution ahead of Fig.11 Effect of cylinder sweep on heat flux peak
a swept cylinder. M|=5.2 at plate central line

IV. CONCLUSIONS

The aerodynamic heating environment in the region of the shock wave and the turbulent
boundary layer interaction induced by a cylindrical protuberance is extremely severe especially for
high Mach number. The maximum heat flux along the plate central line ahead of the cylinder
can be calculated according to formula (1) and it is 46 times over the undisturbed local value
at M,=9. The position of the maximum heating point is not at the foot of the cylinder but in:
stead at a distance of about 0.12 cylinder diameter upstream from it. The peaks of the heat flux
decrease laterally downstream from the central line . The locus of the heat flux peaks at different
azimuth on the plate is approximately a semicircle .

The multiple peak shape of the heat flux distributions in the interaction region is related to
the multiple vortex structure. The separation and attachment points in the disturbed flow
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field correspond to the valley and peak heating points, respectively .

The separation shock angle and the height of the peak point on the cylinder: leading edge
decrease with increasing Mach number and approach gently to asymptote values. The separated
flow deflected angle, the upstream separation distance: the position of the maximum heating
point on the plate and the height of the minimum heating point on the cylinder are roughly in-
dependent of Mach number and Reynolds number . !

The extent of the interaction region and the peak of the heat flux on both the plate and
the cylinder are reduced while the cylinder sweeps backward from 0 ° to 30 °.
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