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Heat transfer from hypersonic turbulent flow at a
wedge compression corner

By G. T. COLEMAN AND J. L. STOLLERY

Department of Aeronautics, Imperial College, London
(Received 16 June 1972 and in revised form 27 September 1972)

A hypersonic gun tunnel has been used to measure the heat-transfer-rate dis-
tribution over a compression corner under turbulent boundary-layer conditions.
Attached, incipient and separated flows are considered. The results are compared
with other experimental data and with the predictions of a simple theory.

1. Introduction

Elfstrom (1972) has presented the results of a shock-boundary-layer study
at a Mach number of 9 using a compression corner model to simulate a deflected
control surface. He measured the pressure distributions for both attached and
separated flows, paying particular attention to the incipient separation condition.
His work confirms and extends the data of Batham (1972) and others in showing
the extreme resistance of a hypersonic turbulent boundary layer to separation.
Typically a wedge angle exceeding 30° is needed at M = 9 to cause separation.
Below the separation angle the upstream influence of the corner is less than a
single boundary-layer thickness. The heat-transfer results presented here con-
firm these observations and are complementary to Elfstrom’s study. The dis-
tributions of heat-transfer rate and pressure, when non-dimensionalized by the
appropriate flat-plate values, are very similar in form. This similarity even ex-
tends to the separated flow regions where, in contrast to laminar flow, the heat
transfer increases. The rise in heat-transfer rate in the separated region has been
noted by previous investigators, including Gadd, Cope & Attridge (1960),
Holloway, Sterrett & Creekmore (1965) and Holden (1972). The data presented
here give more detailed information on the heat-transfer rate in the separated
region in addition to extending the Mach-number and Reynolds-number range
covered in the previous tests.

2. Apparatus

The measurements were made at a Mach number of 9 in the Imperial College
no. 2 Gun Tunnel using nitrogen as the test gas. The design, operation and per-
formance of the tunnel has been described by Needham, Elfstrom & Stollery
(1970). The free-stream test conditions are given in table 1, where the subscripts
00, 0 and w refer to free-stream, reservoir and wall conditions respectively, Ee;,
is the Reynolds number based on L, the length of the flat plate to the hinge line,
and the other symbols are standard.
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My, Reg, (em™?) Rer, To(°K) T, (°K) T,(°K)
9-22 0-47 x 108 26-4 x 108 1070 645 295
8-96 0-12 x 108 5-9 x 108 1070 655 295

TaBLE 1. Free-stream conditions for heat-transfer measurements

The model was a sharp flat plate with an adjustable trailing-edge flap; both
were instrumented along the centre-line with closely spaced thin-film platinum-
on-glass surface temperature gauges. The signals were converted to measure the
heat-transfer rate by electrical analog circuits and the outputs recorded on
oscilloscopes.

3. Theory

The very severe adverse pressure gradients of the present experiments provide
a stringent test of any theory of compressible turbulent boundary layers. The
momentum-integral technique, developed by Todisco & Reeves (1969) from the
pioneering work of Lees & Reeves (1964) for laminar flow, seems capable of tack-
ling this problem but further progress requires a detailed knowledge of velocity
and temperature profile development in an adverse pressure gradient.

Theoretical prediction methods often begin with a known inviscid pressure
distribution and finally use some form of Reynolds analogy to predict the heat-
transfer rate. Roshko & Thomke (1969) and Ceresuela & Coulomb (1970),
amongst others, have pointed out that much of the turbulent boundary layer
behaves as an inviscid rotational stream. Elfstrom (1972) has used this idea in
devising a simple method for predicting the pressure distribution with attached
flow over the flap. A method of calculating the heat-transfer rate from the given
initial conditions ahead of the hinge line and the predicted pressure distribution
is now required.

Many investigators have noted that the behaviour of the turbulent boundary
layer in strong pressure gradients at hypersonic speeds can be described in terms
of local conditions. The flow around the nose of a blunt body is a classic example
in which the main effect of the (favourable) pressure gradient is assumed to be on
the thickness and not on the shape of the boundary-layer profiles. This encour-
ages the use of ‘local flat plate’ solutions based on fluid properties at the edge of
the boundary layer and the local thickness (). Although a method of this type
must fail at and beyond incipient separation it may well be useful for attached
flow.

The analysis followed here is similar to those originally proposed by Ambrok
(1957) and Walker (1960) with later development by Back & Cuffel (1970).
If the energy thickness ¢ is defined by

o= 22 (1-52)a, (1)

0 Pele - He

where H is the total enthalpy, the subscript e refers to conditions at the edge of
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the boundary layer and the other symbols are standard, then the integral form of
the energy equation (heat balance) may be written as

d(peueHe¢)/dx ={, (2)

where ¢ is the heat-transfer rate to the surface and z the distance along the flat
plate from the leading edge. To complete the solution a relation between ¢ and ¢
is needed. Ambrok suggested the use of the flat-plate value for the Stanton
number St, based on local conditions, i.e.

St, ~ {(peu,fp.) $} 3, (3)

which is analogous to the skin-friction equation in terms of the momentum-
thickness Reynolds number. According to Back & Cuffel, equation (3) is a
reasonable description of measurements subsequently made in both accelerating
and decelerating flows.

To obtain the precise form of (3) we made use of the Reynolds analogy

Q/peue(hr_hw) = Ste = %OfP'r_éy (4)

where %, and k,, are the recovery and wall values of the static enthalpy A. The local
skin-friction coefficient is given by

10, = 0-013Rez (1* [ )t p*p., (5)

the values denoted by * being evaluated at Eckert’s reference enthalpy condition.
For flat-plate flow, the energy and momentum thicknesses are related by

H,Pr¥

provided that the Crocco relations holds. Equations (5) and (6) may be substi-
tuted in (3) with the further assumption that g ~ T°% to give

Prt (T*)—0-81 (hr—hw)i B
—_— = 0-013| — L) Reyt. 7
peue(hr_ hw) T, H6P7‘§ e¢ ( )

[
Equation (7) can be re-written in the form
g =f(x)/(peue£’e¢)i> (8)

substituted in (2) and integrated to produce an expression for ¢ which may then
be introduced into (8). The result, which was also obtained by Walker, is

- 0-0296 peuelué(hr_hw)i(T*/Te)_o-sl

CRE
| X S A
0

(9)

For isothermal wall conditions, as in the present tests, k,.— b, is a constant and
may be cancelled. The variation of #Z° and (T*/T,)~%' in the denominator is
usually insignificant, so that (9) may be simplified to

§ o _ 00296 T*)—°'65 4
o =i = Y= A (? Rex, (10)

e
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x

where Rey = p,u,X[p, with p,u,X =f Polldx (11)
0

and T*|T, = 0-5(T,|T,+ 1) + 0-04dr M2. (12)

Of course, the lower bound of integration in the definition of X [equation (11)]
must be the effective origin of the turbulent boundary layer.

Equation (10) may be expressed in terms of the heat transfer to a flat plate at
zero incidence in a uniform free stream (¢,,). If we take

; . *\ —0-65 -4
G _OO296(T_) {pwumw} , (13)

pcouoo(hr_hw) B Pré T, P

then

G Potien | (1 Tyl Ty) + EME(O04+ T, T) X it
U]

q _ Pol, [(1+Tw/TOoo)+%Mi(0'4+Tw/T0w)]0'65{ Do U @ ﬂ}}' (14)

since Ty, = T, for homenergic external flow and

7 T\ M T,
?~05[(1+m)+?(04+m)] (12@)

assuming that the recovery factor » = 0-9. For cold-wall hypersonic flow the
relation (14) suggests that the increase in heat-transfer rate over compression
surfaces is primarily due to the increased local density and reduced local Mach
number. Similar comments may be made for expansion surfaces.

For the compression corner experiments reported here the chord of the flap
was modest in comparison with the length of the flat plate ahead of the hinge
line. Thus the last bracketed term in (14) is approximately unity. Moreover,
the tests were run under cold-wall conditions (7),/T}, ~ 0-3), so that the domi-
nant term in (12a) is the term in } M2 Hence (14) may be reduced to a very

approximate form, namely
; 13
i oo ] -

dip  Potie | M,

¢

Using the oblique shock relations to express the various ratios in terms of the

pressure ratio P equation (15) becomes
_ 49 . (GP +1 (M2 P(P +6)]>6
TGy \P+6)[(6P+1) M2 —5(P2—1)"15[ME(6P + 1)1

(16)

For small P equation (16) suggests that ¢ ~ P; however the turbulent boundary
layer can withstand large pressure rises before separating. For P > 1 equation
(16) may be simplified to

Q ~ 6:PU$5[6 — 5P| M2 1015, (17)

which indicates that as P increases ¢ will follow the same pattern but have a
smaller magnitude. It is interesting to note that Back & Cuffel suggested the
relationship @ ~ P%8, which predicts values very similar to those calculated
using (17).
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Ficure 2. Heat-transfer-rate measurement at a wedge compression corner. (@) M_ = §-96,
Re, = 1-2x 105cm™, T, = 1070 °K, T, = 295°K. (b) M, = 9-22, Re, = 4-7x 10% cm™1,
T, = 1070°K, T, = 295 °K.
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Ficure 3. Heat-transfer-rate distributions ahead of the hinge line at a wedge compression
corner. (a) M, = 896, Re_ = 1-2x 10%cm}, T, = 1070 °K, T, = 295°K. (b) M_ = 9-22,
Re,, = 47 x 105/em, T = 1070 °K, T, = 295 °K. Symbols as in figure 2.
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Fieure 4. Comparison of pressure and heat-transfer distributions for attached flow at
wedge compression corner. M = 9-22, Re = 4-7x 10°5cm™, T\, = 1070 °K, T, = 295 °K.
(a) Pressure distributions (Elfstrom). (b) Heat-transfer distributions (present study). [,
o = 30° O, a = 15°.

4, Results and discussion

Typical schlieren pictures of the flow are shown in figure 1 (plate 1) for both
attached and separated flow. The raw heat-transfer data, which have all been
tabulated by Coleman & Stollery (1972), are plotted in figure 2 for two different
Reynolds numbers. The figure shows that the heat-transfer rate just ahead of the
hinge line increases as separation occurs. Using this increase as a criterion, the
flow at flap angles up to and including a = 30° is attached and the incipient
separation angle lies between 30° and 32°. The increase in heat-transfer rate in
the separated region is of particular interest because it is in complete contrast
to the laminar result. This effect was suggested by Chapman (1956) but with the
reservation that it might not occur at high Mach numbers. Experimental evidence
of the increase has since been found by Gadd et al. (1960) at a Mach number of
2-44, by Holloway et al. (1965) at a Mach number of 6, by Appels & Backx (1971)
at M = 11-8 and more recently by Holden (1972) at Mach numbers in the range
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Ficure 5. Comparison of pressure and heat-transfer distributions for separated flow at
a wedge compression corner, under forced transition conditions. M, = 9-22, Re, = 4-7x 10°
cmL, T\, = 1070 °K, T, = 295 °K, o = 38°. O, pressure data; [], heat-transfer data.

6-5-13-0. Details of the heat-transfer distribution in the separated region ahead
of the hinge line are shown in figure 3.

An important feature of separated flow is the high peak heat-transfer rate
just downstream of reattachment, with values exceeding the two-dimensional
stagnation point (¢,,) value for laminar flow. These peaks correspond to the
large pressure overshoots measured by Elfstrom. For attached flow the similarity
between the pressure and heat-transfer distributions is evident from figure 4.
The upstream influence of the corner is extremely small right up to the incipient
separation angle. To eliminate any differences of transition location between the
pressure model of Elfstrom and the heat-transfer model of the present study,
some tests were made with forced transition. The boundary layer was tripped by
a row of vortex generators 1 cm from the leading edge. Figure 5 shows a compari-
son between the pressure and heat-transfer distributions for separated flow
with forced transition. Near separation both distributions rise, reaching a plateau
value in the fully separated region. A very rapid rise through reattachment to a
peak is followed by a drop towards the trailing edge of the flap.

The effect of increasing the Reynolds number based on the boundary-layer
thickness 8, at the hinge line (figure 6) is to extend the separated region
significantly once separation has occurred and to reduce the incipient separation
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Ficure 6. Effect of Reynolds number on heat-transfer-rate distributions at a wedge com-
pression corner. Res, = 093 x 105: [, a=38° (separated); O, x= 15° (attached).
Rey, = 3-8 x10%: O, a = 38° (separated); A, a = 15° (attached).
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Ficure 7. Determination of incipient separation angle by extrapolation of the separation
length L,,, measured from schlieren pictures, to zero. Q, ResL = 3.8 x 105%; [, ResL = (0-93

x 10°.
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Fieure 8. Incipient separation at a wedge compression corner. ©, Appels & Backx (1971),
T,=0-13T,; @, present study, T, = 0-3T,; O, Drougge (1953),T,, = T,; A, Elfstrom (1972),

T,=03 -07T,; D,Gray & Rhudy (1971), T, = T',; ———, Holden (1972), T',, = 0-17 ~
0-4T,; V, Kessler, Reilly & Mockapetris (1970), T,, = T,; &, Kuehn (1959), 7', = T,; [,
Roshko & Thomke (1969), T, = T,; ———, Spaid & Frishett (1972), T, < T,; O, Sterrett

& Emery (1962), T, = T,.

angle o, slightly (figure 7). This trend agrees well with that found by Elfstrom
(1972), Batham (1972) and many other investigators but, the opposite trend has
been measured by Roshko & Thomke (1969), Green (1971) and Hammitt &
Hight (1959) and may be associated with the slow variation of the turbulent
boundary-layer profile with momentum-thickness Reynolds number. Immedi-
ately after transition the wake component of the profile is absent and at hyper-
sonic speeds seems slow to develop. The corresponding profile is very ‘full’
and the boundary layer is difficult to separate. As the wake components develops
so the profile wanes and the incipient separation angle falls with rising Reynolds
number. However, once the wake component is fully developed a further increase
in Reynolds number causes the profile to expand again since the wall and wake
components grow at different rates. This is sometimes described by stating that
n increases in the power-law profile (u/u,) = (y/6)Y". Previous experiments by
Coleman, Elfstrom & Stollery (1971) have shown that all of the present data fall
in the range where the wake component is still developing. The incipient separa-
tion measurements confirm those of Elfstrom made under the same test con-
ditions. They have been added to other currently available results in figure 8.
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Ficure 9. Comparison of experiment and theory for the present results. (@) M = 8:96,
Re = 1-2x105cm™; Ty =1070°K, T, =295°K. (b) M_ = 9-22, Re, = 47 x 105em™1;
T, = 1070 °K, T,, = 295°K. [, @ = 30% O, @ = 15°; , predictions.

In order to use the theory described in §3 the pressure distribution is needed.
Elfstrom has described a simple method of calculating the pressure and the cal-
culation rather than his measurements have been used in order to test the heat-
transfer theory as a prediction technique. Having calculated p, and knowing the
downstream reservoir conditions from the obligue shock relations the local edge
conditions were obtained from the isentropic relations.

(&)(7‘1)’7 - (&) - T, _ (1+75 M)
Do Poz Toe 2

This calculation procedure has been used to predict the heat transfer for attached
flow at @ = 15° and 30° using a Reynolds analogy factor (Pr—%) of 1-16. The pre-
dictions are compared with the measurements in figure 9 and the agreement is
very encouraging.

Thomann (1967) used a similar theoretical method due to Crabtree, Dommett
& Woodley (1965) to make estimates for comparison with his own experimental
data taken at M = 2-5 using a curved compression corner model. Figure 10 (a)
shows this comparison together with the prediction of equation (6). Figure 10 (b)
shows one further comparison between the simple theory presented here and the
recent data of Holden (1972) at M = 8.6. Once again agreement is good.

5. Conclusions

Experiments have been made which extend the range of existing turbulent
boundary layer shock-wave interaction data. The heat-transfer-rate distributions
over compresgion corners closely follow the form of the pressure distribution,
the rise of heat-transfer rate in the separated region being a notable feature. Using
the method of Elfstrom to calculate the pressure distribution a simple theory
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Figure 10. Comparison of theory with other sources of data. (a) Thomann (1967). Flat
plate plus trailing edge flap: curved compression corner. M, = 2.5, T, = 290°K, T, = 212:5
°K, Re, = 1-01x 10fcm~?, L = 31-75¢cm, a = 20°, O, corner radius = 15em; [J, corner
radius = 30cm; , predictions of current method; " , predictions of Crabtree et al.
(1965). (b) Holden (1972). Wedge compression corner model. M, = 86, T, = 1011 °K,
T,/Ty= 03, Rey, = 3-22x 10°cm~1, L = 68:6cm, o = 27°. , prediction of current
method.

based on an overall heat balance plus local flat-plate similarity can give good
estimates of the heat transfer for attached flow. The peak heat-transfer rate in
the turbulent reattachment region can exceed laminar stagnation point values.

This research was sponsored by the Ministry of Defence under contract AT/
2037/057.
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