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Upstream Influence and Peak Heating in Hypervelocity
Shock Wave/Boundary-Layer Interaction

S. G. Mallinson,* S. L. Gai,t and N. R. MudfordJ
University of New South Wales, Canberra ACT 2601, Australia

Two important characteristics of separated flow, namely, the scale of interaction and the peak heat
transfer, have been examined under high-enthalpy, hypersonic conditions. Experimental data have been
obtained in a free-piston shock tunnel using a compression corner model. The data are examined in terms
of established perfect gas theories, and are seen to be in reasonable agreement with these theories and
also with data from perfect gas experiments. This indicates that, for the present conditions, the real gas
effects on separation and reattachment are small.

Nomenclature
C - Chapman-Rubesin constant, i
d = leading-edge thickness
h = enthalpy
hr = recovery enthalpy, h0 + 0.5(/V1/2 - l)t/2

kR = specific recombination rate coefficient, AT~M

k — Ik T™KRQ — £KRI

L = upstream plate fetch
Le = Lewis number
£Pk = growth length of the reattaching boundary layer to

the location of peak heating
4 = length of the separated region
lu ~ = upstream influence
M = Mach number
m = pressure gradient parameter
n = index of peak pressure ratio
Pr = Prandtl number
p = pressure
qw = heat transfer
Rex = Reynolds number based on distance jc,
/teoc = unit Reynolds number, pJUJ^
R0 = universal gas constant
St - Stanton number, qwl[p0JJJJir — hw)]
T = temperature
U = velocity
x = distance from leading edge
a0 = oxygen dissociation fraction
/35 = shear-layer detachment angle
yf = frozen ratio of specific heats
d = boundary-layer thickness
8S = shear-layer thickness at reattachment
£ = Damkohler number, rdlrr
9W = corner angle
fji = viscosity
p = density
rd = characteristic particle diffusion time
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rr = characteristic reaction time
Xo = hypersonic viscous interaction parameter,

Ml(C*IRexf2

a) = exponent in recombination rate

Subscripts
e = conditions at the edge of the boundary layer
fp = flat-plate value
g = value for gas phase
pk = peak value
s = value for surface material
w = conditions at the wall
o - value at the beginning of the interaction, x0
0 = reservoir conditions
o° = conditions in the freestream

Superscript
* = evaluated at the Eckert reference enthalpy

Introduction

SHOCK wave/boundary-layer interaction can seriously de-
grade the performance of air-breathing engines. The phe-

nomenon can result in inlet unstart,1 engine choking,2 and
cause localized high pressure and heat loads on the engine
structure.3'10 Although shock-induced separation has been
considered extensively under cold hypersonic conditions (see
Refs. 3 and 5 for excellent reviews of this subject), it has
received little attention at high-enthalpy conditions that will
typically be encountered in hypersonic flight, in general, and
by supersonic combustion ramjets (scramjets), in particular.

Previous studies of separation and the attendant reattach-
ment process in reacting flows have been mainly numerical in
nature.2'11'20 To summarize these studies, when the bulk real
gas effect is exothermic (e.g., vibrational relaxation, recom-
bination, and combustion), the scale of separation is found to
increase, whereas for endothermic processes (e.g., vibrational
excitation and dissociation) a decrease in the scale of separa-
tion is observed. It is also reasonable to say that whatever
differences exist between the peak heat transfer for reacting
and nonreacting flows appear to depend significantly upon the
catalycity of the reattachment surface.

The picture is somewhat more complicated when we con-
sider the sparse experimental studies. Stalker and Rayner21 per-
formed experiments with a compression corner set at incidence
in a free-piston shock tunnel. They found the separated length
to be well predicted by perfect gas theory, even for total en-
thalpies up to 25 MJ kg"1. Rayner22 noticed some differences
at higher enthalpies, but these may be attributed to the con-
tamination of the test flow by cold helium driver gas.23 Krek
et al.24 and Davis et al.25 have recently found a substantial
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Table 1 Reservoir and freestream conditions

Condition

B
D
G

h»
MJ kg"1

19.0
13.7
2.83

A>,
MPa
22.2
22.2
22.4

To,
K

8400
7200
2400

P-,
kPa

0.99
0.99
0.73

Tx,
K

1160
940
160

Poo,

g m 3

2.60
3.43
16.0

Mao,

kms'1

5.47
4.72
2.28

Mx

7.5
7.5
9.1

/tec,
XKr'nT1

3.10
4.08
32.2

7/oc
1.45
1.43
1.40

«0

0.8
0.4
0.0

180 - gauges

flow

housing

support
housing \ P*ate

Fig. 1 Schematic of the model (side plates not shown).

difference in the separated length at high enthalpy for flows
over axisymmetric configurations tested in the large free-piston
shock tunnel facilities at the DLR-Gottingen and Graduate
Aeronautical Laboratories-California Institute of Technology
(GALCIT), respectively. Given the relatively high values of
Reynolds numbers external to the boundary layer in their ex-
periments, the results may also have been affected by transition
to turbulence near separation.

For the present investigation, a compression corner model
has been chosen as it has been previously studied under a wide
range of perfect gas conditions and, also, it is typical of engine
inlet and fuel injector configurations for scramjets.26"29 This
article will examine the data in terms of established perfect
gas theories to look at the possible role of real gas effects in
hypersonic separation and reattachment. It must be noted that
the flow was laminar throughout,30 and thus, any real gas ef-
fects should not be masked by the competing effects of tran-
sition to turbulent flow.

Experimental Details
Experiments have been conducted using the Australian Na-

tional University's free-piston shock tunnel, T3. Details of its
operation are to be found elsewhere.31'32 The test gas was air.
Three conditions were employed, designated B, D, and G.33

These conditions have total enthalpies ranging from 2.8 MJ
kg"1 for condition G to 19.0 MJ kg"1 for condition B, giving
freestream speeds of 2.3-5.5 km s"1, respectively. The non-
isentropic expansion through the nozzle gives a freestream
flow that is partially dissociated. For condition B, there was a
high level of atomic oxygen in the freestream; for condition
D, there was a moderate level of atomic oxygen in the free-
stream; whereas the freestream for condition G contained no
atomic oxygen. Note that the levels of atomic nitrogen were
negligible for all three conditions and that there were small
amounts of nitric oxide (NO) in the freestream for conditions
B and D (approximately 3 and 1%, respectively). The maxi-
mum enthalpy was chosen so that there was sufficient time to
establish steady separated flow34 before driver gas contami-
nation became significant.23 Details of the procedure used to
determine the reservoir and freestream conditions, as shown in
Table 1, are given elsewhere.30'35

The model (see Fig. 1) was composed of a flat plate and a
ramp plate that rest upon gauge housings. The corner angle
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Fig. 2 Heat transfer signals for centerline and off centerline lo-
cations within the separated region: a) with and b) without side
fences.

was adjusted by inserting wedges beneath the housings. Ramp
angles considered in the present study were 6W = 10, 15, 18,
and 24 deg, along with the datum case of flat-plate flow, that
is, 9W = 0 deg. The junction beneath the flat plate and the ramp
plate was sealed from below to avoid leakage problems. In-
terference of the test surface flow by the flow from beneath
the model surface was prevented by side plates. The Reynolds
number based on the leading-edge thickness Red was less than
100. This satisfies the criterion for sharpness proposed by Stol-
lery,36 and therefore, bluntness effects may be neglected.

An axisymmetric conical nozzle, with a throat diameter of
12.7 mm, exit diameter of 304.8 mm, and a half-angle of 7.5
deg, was employed in the present experiments. A pilot survey
of the nozzle showed the flow divergence over the model
length to be approximately 1 deg. This will induce a slight
pressure gradient of the form Ue ~ xm. The value of m was
calculated using an expression from Ref. 37 and found to be
approximately equal to 0.01 for all three conditions. The flow
divergence effects are therefore considered small.

The compression corner is a nominally two-dimensional
flow problem. However, spillage or outflow from the top of
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the model, particularly near the separated region, may result
in significant three-dimensional effects.38 To examine the three
dimensionality of the present flows, experiments were con-
ducted with and without side fences, which prevent outflow
from the upper surface of the model. The heat transfer was
measured within the separated region at on- and off-axis lo-
cations. The results, shown in Fig. 2, indicate that the addition
of side fences did not have any significant effect, and that the
heat transfer both on- and off-axis is very similar in the levels
and in the time variation. This would seem to suggest that for
the present experiments, the flow in the model midspan may
be considered approximately two dimensional.

The pressure and heat transfer distributions were measured
using PCB 113M165 pressure transducers and in-house man-
ufactured coaxial chromel-alumel (type K) surface junction
thermocouples. Details of their calibration are to be found else-
where.30'35 Some flow visualization data were obtained using a
Mach-Zehnder interferometer. The interferograms were ana-
lyzed using fast two-dimensional Fourier transform techniques
developed at the Australian National University.39

Upstream Influence
It is not always a simple task to determine the ls from flow

visualization data, and in many instances, the data are not
available. The lu may be defined as the distance upstream of
the inviscid shock location where the pressure and heat transfer
distributions first deviate from the flat-plate distributions (i.e.,
the distributions observed in the absence of the shock). This
parameter varies in practically the same manner as the length
of separation and is therefore a useful means of characterizing
the scale of the interaction. An example of how lu is deter-
mined from the pressure and heat transfer distributions is
shown in Fig. 3. From both the pressure and the heat transfer
distributions, the value of lu is given by /„ = L — x0 *** 85 —
54 = 31 mm.

It has been shown30'35 that the upstream influence for a per-
fect gas flow may be described using the following relation-
ship:
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Fig. 3 Determination of /„ and x0: a) pressure distribution; b)
heat transfer distribution, corner located at x/L = 1.0. o, experi-
mental data (condition B, 8W = 24 deg, see Ref. 35); ———, weak
interaction theory40; ————^reference enthalpy theory, modified
to include the effect of freestream dissociation.33

IJB = F[(M06J2/Xo] (1)

Equation (1) may be obtained from consideration of the
governing parameters for hypersonic flow over an inclined flat
plate.41 The variation of lu as expressed by Eq. (1) is similar
to that for the length of ls found by Katzer,42 which was sup-
ported by the triple-deck theory for separated flows. Kumar43

has employed essentially the same parameters to correlate a
wide range of cold hypersonic shock wave/boundary-layer in-
teraction data. It is interesting to note that the incipient sepa-
ration condition44'45 is of the same form as Eq. (1).

When real gas effects become significant, the interaction
may be affected by 1) a change in the incoming boundary-
layer thickness, 2) a change in the shock strength, 3) real gas
effects in the recirculating region, and 4) a change in the
boundary-layer thickness near or after reattachment. The last
of these should not significantly affect the upstream influence,
but may alter the heating levels on the ramp face. This point
will be examined in the next section.

The boundary-layer thickness for nonequilibrium flow dif-
fers from the perfect gas value by an amount that depends
upon the level of nonequilibrium in the boundary layer.30'46 For
dissociation-dominated boundary-layer flow, the boundary-
layer thickness would be reduced, whereas for recombination-
dominated flow, the thickness would be increased. According
to Eq. (1), this would mean the upstream influence would be
reduced for dissociation-dominated flows and increased for re-
combination-dominated flows. This is in agreement with pre-
vious numerical studies.11~14'16'20 The high-enthalpy boundary
layers in the present study were found to be essentially chem-
ically frozen.30'46 This means that the upstream influence

should not be significantly affected by real gas effects in the
boundary layer for the present high-enthalpy conditions.

The shock angle, and therefore shock strength, may be re-
duced because of dissociation and vibrational excitation
through the separation shock. The distance required for this to
happen, however, would be many body lengths. Significant
nonequilibrium effects of this nature are to be expected only
for wedge angles much larger than those used here.47 Even
then, the difference between frozen and equilibrium shock an-
gles is only a few degrees,48'49 and so the effect on the pressure
would be small.

Lastly, let us consider the possible real gas effects on the
recirculating region. If the length scale for the nonequilibrium
chemical processes /chem is of the same order as the scale of
separated region, then it becomes an additional variable in Eq.
(1). For frozen flow, reaction times are much larger than the
characteristic flow time and lchem/d —» x. For equilibrium flow,
reaction times are much less than the characteristic flow time
and /Chem/S —» 0. The chemical length scale is therefore not a
determining variable for the scale of interaction when the flow
is frozen or in equilibrium. When the flow is in equilibrium,
the length of the separated region will still be affected by the
change in boundary-layer thickness as discussed in the previ-
ous paragraph. The boundary layer for the present high-en-
thalpy conditions is essentially chemically frozen, which in-
dicates that the chemical length scale is much larger than the
boundary-layer thickness. Thus it is not expected that relaxa-
tion in the recirculating region would affect the scale of inter-
action.

The upstream influence for separated flows for conditions
B, D, and G is compared in Fig. 4 using the form of Eq.
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Fig. 4 Upstream influence in hypersonic laminar compression
corner flow.

(1). Also shown are the experimental data from the low-en-
thalpy44'50'55 and high-enthalpy22 experiments, along with an
average line through the data. The data from the other exper-
iments are known to be for laminar flow throughout the sep-
arated region. The flow was deemed separated if either the
pressure distribution had a plateau, the heat transfer showed a
rounded minimum, the skin friction decreased below zero, or
the flow visualization data revealed a separated region. The
value of the boundary-layer thickness was calculated using an
expression given in Refs. 35 and 46, which was in good agree-
ment with data from low- and high-enthalpy experiments. The
low- and high-enthalpy data from the present experiments cor-
relate well in the form of Eq. (1) as do the low-enthalpy data
from the other experiments. Some of the data from the high
enthalpy experiments of Ref. 22 lay significantly below the
other data. These points were obtained at enthalpies in excess
of 25 MJ kg'1 in the T3 facility, for which it is known that
there are unacceptable levels of driver gas contamination.23

From Fig. 4, the high-enthalpy flows appear to behave as a
perfect gas. The observation from a previous study,56 that the
upstream influence in the present high-enthalpy flows was less
than that for perfect gas flows, was because of the use of an
incorrect correlating parameter.

Peak Heating on the Ramp Face
The relationship between the peak heating and peak pressure

near reattachment is often presented in terms of the two ratios
gpk/#fp and ppk/PfP. Neumann57 and Holden3 gave expressions
of the form

(2)

where different values of n are applicable to laminar and tur-
bulent interactions. Taking n = 0.7 gives the best agreement
with laminar data, whereas n = 0.85 seems to be the most
appropriate value for turbulent flows. This expression has been
successfully applied to data from a wide range of shock wave/
boundary-layer experiments.3'5'57

10-

1 10
Fig. 5 Correlation of peak heating vs peak pressure, o, condition
B; n, condition D; 0, condition G; ————, Neumann-Holden
correlation, Eq. (2), laminar flow, n = 0.7; ——, Neumann-Hol-
den correlation, Eq. (2), turbulent flow, n = 0.85; crossed symbols,
values from Simeonides et al.63 relation, Eq. (6), laminar flow, s =
0.5.

Data from the present experiments are shown in Fig. 5. Note
that the ratio of peak-to-flat-plate heat transfer is expressed in
terms of the corresponding Stanton number ratio to eliminate
any small shot-to-shot differences between the flow conditions.
Also shown are the predictions for laminar and turbulent flow
given by the Neumann-Holden correlation, Eq. (2). It can be
seen that for the low-pressure ratios, there exists a good agree-
ment between the laminar theory and experiment, although the
scatter is of the same order as the difference between the lam-
inar and turbulent predictions. For the experiments with the
higher peak pressures, the measured peak heat transfer lies
above even the prediction for turbulent flows. For these ex-
periments, the heat transfer traces do not exhibit the charac-
teristic unsteadiness observed in transitional and turbulent
flows.43 Given the high Mach number and low Reynolds num-
bers of the flows examined here, it would seem reasonable to
assume that the elevated heating is not because of turbulent
flow.

The elevated heating levels may be because of the heat
added to the flow by recombination of the atomic oxygen that
is present in the freestream for conditions B and D. Atomic
nitrogen is present in negligible amounts (<10~5%), and so its
effect will be small. The relative importance of recombination
may be determined by calculating £, which is a ratio of the
characteristic times for diffusion and reaction. For chemically
frozen flows £ « 1, for flows in chemical equilibrium £ »
1, and for flows in nonequilibrium £ = 0(1). The Damkohler
numbers for gas-phase and surface-catalyzed recombination in
the flow on the ramp face have been calculated using the fol-

58.lowing expressions :

rr

Prpwkw(2x)l/2 rd
** Le(peUefJieCwy/2 rr,w

where the gas-phase reaction rate has been taken as3

kR = 1.13 X io20r-3/2 cm6 g'1 mol~2 s"1

(3)

(4)

(5)

whereas the surface reaction rate has been taken from Ref. 59
as kw « 5 m s"1. Calculations of £ have been performed for
the high corner angles of conditions B and D only, as the
condition G flow has negligible levels of atomic species in the
freestream. The distance x in Eqs. (3) and (4) is assumed to
have its origin at the corner. This is reasonable as previous
results46'60 have found the flat-plate configuration to be chem-
ically frozen to recombination. The calculation was performed
at x = 47.5 mm (i.e., at halfway along the ramp face).
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Table 2 Gas-phase and surface-catalyzed Damkohler
numbers for conditions B and D halfway along

the ramp face

Condition 6U deg
B

D

18
24
18
24

5.6 X 10~3

4.5 X 10~3

1.5 X 10~2

1.2 X 10~2

1.2
1.6
1.3
1.7

peak heating

Fig. 6 Determination of 8S and ft (after Bushnell and Wein-
stein65).

The results of the calculations, shown in Table 2, reveal that
the gas-phase recombination is still quite frozen on the ramp,
yet the surface-catalyzed recombination seems to be in non-
equilibrium. The chemical potential enthalpy for conditions B
and D is 2.5 and 1.2 MJ kg"1, respectively, which represents
15 and 10% of the recovery enthalpy for these flows. Thus,
recombination could explain at most 10-15% of the differ-
ences between the experiment and the Neumann-Holden cor-
relation, Eq. (2), observed in Fig. 5. However, much larger
differences than this are evident for some of the flows. It is
also important to note that for the higher than expected heating
levels experienced at condition G, this explanation will not be
applicable.

Similar unusually high heating levels have also been ob-
served in connection with stagnation point heat transfer on
blunt bodies,61'62 where the mechanism has been described in
terms of surface roughness. Such a mechanism may also be
possible here as the reattachment point is similar to a stagna-
tion point. However, this phenomenon is difficult to quantify.

Simeonides et al.63 noticed that at high-peak pressure ratios,
the length scale of the reattaching boundary layer influenced
the peak heating. They successfully compared a wide range of
peak heating data with the following expression, which may
be obtained from the generalized reference enthalpy theory64:

(6)

Here, s = 0.5 for laminar interactions and s = 0.2 for turbulent
interactions. The value of Lpk may be calculated using65

Lpk = 8s/sin(0w - ft) (7)

The values of 8S and ft may be obtained from flow visuali-
zation data, where available. A schematic of this procedure is
shown in Fig. 6.

The predicted peak heat transfer ratios based on Eq. (6) are
shown in Fig. 5 as crossed symbols. As is clear, the high-
pressure ratio data that lay above both the laminar and tur-
bulent predictions from the Neumann—Holden correlation [Eq.
(2)], are in reasonable agreement with the predictions from Eq.
(6). It would therefore seem that the reduction in the scale of
the reattaching boundary layer explains the higher than origi-
nally expected heating levels and thus a recourse to roughness
or real gas effects or transition to turbulent flow appears un-
necessary. Note that the scatter is of the same order as the
experimental uncertainty of ±15%.

Further examination of Eq. (6) reveals that variations in the
reattachment scale ~Lpk will alter the peak heat transfer. As
mentioned in the previous section, the real gas effects may
affect the boundary-layer thickness near reattachment. For
flows where the overall real gas effect is endothermic, a
smaller 8S and, therefore, a higher peak heat transfer could be
expected. This has been predicted by several numerical inves-
tigations.11,12,14,16,18,20 For flows where the overall real gas effect
is exothermic, the boundary layer will have a greater thickness,
and so a lower value of peak heating could be expected. Gru-
met et al.19 found for exothermic flows that the peak heat trans-
fer was actually increased. The reason for this is not clear, but
one may speculate that the exothermic processes added suffi-
cient heat to the flow to exceed the loss because of the thicker
boundary layer.

Conclusions
The separation and reattachment of a high-enthalpy, hyper-

sonic laminar boundary layer has been examined for the case
of compression corner flow.

It was found that the scale of the interaction was well de-
scribed by a simple expression that was consistent with the
triple deck theory of separated flow, and that the differences
between high- and low-enthalpy flows were negligible for the
present experiments. It was also demonstrated that any real gas
effects on separation would be mainly because of the changes
in the boundary-layer thickness upstream of the interaction or
nonequilibrium effects in the reversed flow region. The results
from numerical studies of real gas separating flows are con-
sistent with the present hypothesis.

The peak heat transfer on the ramp face was well described
by the Neumann-Holden correlation for perfect gas flows
when the peak pressure ratio was small. For higher peak pres-
sures, the reattachment process was more severe, promoting
higher heat transfer rates. The peak heating, in this case, was
in fair agreement with an expression based on the generalized
reference enthalpy method, which included the scale of the
reattaching boundary layer as a variable. Using this expression,
it was also possible to reconcile the higher heat transfer rates
from numerical predictions of real gas shock wave/boundary-
layer interactions.

From these results, it may be concluded that the real gas
effects on separation and reattachment are negligible for the
present flows. Compression corner experiments are planned by
other researchers for the large free-piston shock tunnel facili-
ties at the DLR-G6ttingen24 and GALCIT25 and it will be
interesting to see whether the results from these tests show any
real gas effects.
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