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Leading-Edge Bluntness Effects in High Enthalpy,
Hypersonic Compression Corner Flow

S. G. Mallinson,* S. L. Gai,! and N. R. Mudford?
University of New South Wales, Canberra ACT 2600, Australia

An experimental study of the combined effects of leading-edge bluntness and real gas behavior on shock
wave/boundary-layer interaction has been performed. Pressure and heat transfer distributions have been mea-
sured over a compression corner for a range of corner angles, including the datum case of flat plate flow. On the
flat plate and upstream of the corner, the pressure and heat transfer for the blunt leading-edge configuration were
found to lie above the corresponding sharp leading values. On the ramp, there was a considerable reduction in
the pressure and heat transfer when the leading edge was blunt. Also, the extent of the interaction was seen to be
smaller with the blunt leading edge. These results are similar to those from perfect gas studies. The differences
between the sharp and blunt leading-edge data appear to be less pronounced at the higher enthalpy. This is thought
likely to be because of the reduced shock standoff, which occurs as a result of dissociation. A comparison between
the heat transfer data on the ramp face and predictions from the generalized reference enthalpy theory was seen
to be reasonable. The upstream influence and plateau pressure were found to be in fair agreement with data from

low enthalpy experiments.

Nomenclature

= constant in Eq. (2)

= Chapman—Rubesin constant, (i4/ftoo) (Too/ T)

= drag coefficient

= mole fraction

= leading-edge thickness

= enthalpy

= recovery enthalpy, ko + 0.5(Pr'/? — Du?,

= upstream plate fetch

= upstream influence

= Mach number

= Falkner-Skan pressure gradient parameter

= exponent in generalized reference enthalpy theory

= Prandtl number

= pressure

= heat transfer

= Reynolds number based on distance where x is
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= unit Reynolds number, pooUso/ [hoo
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K = modified bluntness parameter, e M go Cp/(x/d)

I = viscosity

0 = density

Ty = characteristic particle diffusion time

7, = characteristic reaction time

¢ = angular distance from the stagnation point

Xo = local hypersonic viscous interaction parameter,
M(C*/Re,,)'V?

Xe = modified hypersonic viscous interaction parameter,

£(0.664 -+ 1.73h,,/ ho) M2, (C*/Re,)'

Subscripts and Superscripts

= gas phase value

= nitrogen

= oxygen

= at the beginning of the interaction, x,

= plateau value

= surface catalyzed value

= conditions at the wall

= reservoir conditions

= conditions after expansion around the leading edge
= freestream conditions

= evaluated at the Eckert reference enthalpy

*QuUogew o OZN

Introduction

YPERSONIC vehicles may experience shock wave/boundary-

layer interaction in their canopy and inlet regions and on their
control surfaces. The interaction may cause the engine performance
and control surface effectiveness to be reduced. It may also induce
high heat loads. These factors need to be well understood when
designing such a vehicle.

To reduce the heat loads near the vehicle nose and to allow in-
stallation of a cooling system, the leading edge of the vehicle must
have some degree of bluntness.'™* A blunt leading edge gives rise
to a high temperature layer of gas near the nose, called the entropy
layer. The effects of the entropy layer are a lower Mach number, a
lower unit Reynolds number, and fuller boundary layer velocity pro-
files, the latter a result of an induced favorable pressure gradient.?-*
Thus, leading-edge bluntness may significantly alter the nature of
the shock wave/boundary-layer interaction.

The compression corner is a convenient configuration for exam-
ining shock wave/boundary-layer interaction. It has been widely
studied with both sharp®~!! and blunt*>~!¢ leading edges. Blunt-
ing the leading edge has been found to increase the pressure and
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heat transfer upstream of the corner, and to decrease them down-
stream of the corner, relative to the sharp leading-edge flows. For
small leading-edge bluntness, separation is promoted and the transi-
tion location is moved downstream, whereas for large leading-edge
bluntness, separation is delayed and the transition location is moved
upstream. Small and large bluntness may be conveniently defined
in terms of the combined bluntness-viscous interaction parameter
B, where*

B = /x> (0

with 0.5 > B8 > 0.1 for small leading-edge bluntness and 8 < 0.1
for large leading-edge bluntness. An examination of leading-edge
bluntness effects using triple-deck theory has found essentially the
same scaling laws.*

The flow over a hypersonic vehicle will typically be chemically
reactive. The majority of investigations of the compression cor-
ner have considered perfect gas flow, with only a few experimental
studies!”"" and theoretical studies? examining the possible effects
of real gas behavior. The experimental results seem to suggest that
real gas effects are negligible for the conditions considered, whereas
the theoretical studies predict significant differences between react-
ing and nonreacting flows. Computational studies of real gas ef-
fects for the more general problem of shock wave/boundary-layer
interaction?'=?7 predict the scale of interaction to be decreased when
the overall real gas effect is endothermic (dissociation, vibrational
excitation) and to be increased when the overall real gas effect is
exothermic (recombination, vibrational relaxation). Even consider-
ing the aforementioned studies, there has been little if any attention
paid to the combined effects of leading-edge bluntness and real gas
effects on shock wave/boundary-layer interaction, in general, and
compression corner flow, in particular.

Therefore, this paper examines the high enthalpy, hypersonic flow
over a compression corner with blunt leading edges. Two leading-
edge configurations were considered: hemicylindrical and square.
Experiments have been conducted using a free-piston shock tunnel.
The present data are compared with that from our previous studies
of sharp leading-edge compression corner flow conducted under
similar flow conditions.!®:*® The ramp heat transfer is analyzed in
terms of a perfect gas theory modified to account for the presence
of dissociated species in the flow. Also, important parameters such
as the upstream influence and plateau pressure are examined in
light of perfect gas theories, to see whether any real gas effect is
evident.

Experimental Details

Facility and Test Flow Conditions

Experiments have been performed using the free-piston shock
tunnel T3, located at the Australian National University.”® Tests
were performed at two conditions, designated B and G.?* These have
nozzle reservoir enthalpies of 18.0 and 2.8 MJ kg1, respectively.

The shock speed and nozzle reservoir pressure are obtained from
records of pressure transducers mounted in the shock-tube side wall.
These values, along with the shock-tube fill pressure and the chem-
ical and thermophysical properties of the test gas, are input to a
computational fluid dynamics (CFD) code,* which calculates the
nozzle reservoir conditions. The nozzle flow is then calculated using
nonequilibrium nozzle flow code,?' with the input data consisting of
the nozzle reservoir pressure and temperature and the chemical and
thermophysical properties of the test gas. The conical nozzle em-
ployed in the present investigation has an inlet diameter of 12.7 mm,
exit diameter of 305 mm, and a cone half-angle of 7.5 deg. The noz-
zle flow code is executed until the measured and calculated values of
pitot pressure agree to within 1%. Extensive pitot pressure surveys'®
have found this to be equivalent to reducing the geometric conical
half-angle to 7.3 deg for condition B and 6.9 deg for condition G

and expanding to the actual axial location. This procedure has been
adopted here.

Table 1 shows typical values of the reservoir and freestream con-
ditions. The uncertainties in these conditions, because of the un-
certainties in the input data and the nozzle flow divergence, are
of the order 5% for all of the parameters, except for the species
concentrations, for which the uncertainty is less than +1% (see
Refs. 18 and 19). These uncertainties are of the same order as the
shot-to-shot repeatability in the present facility. Further details on
the calculation procedure used to determine these values are pre-
sented elsewhere. '3 19

Conical nozzles can induce significant flow divergence effects,
which may give rise to a favorable pressure gradient. To examine
this, the Falkner-Skan pressure gradient parameter m was deter-
mined according to the method of Ref. 32. The axial variation in
nozzle flow properties was taken as that calculated by nozzle flow
code! For conditions B and G, the value of m thus calculated
was less than 0.01. This, along with the fact that pitot pressure
surveys'® revealed less than 1-deg flow divergence over the length
of the model, suggest that flow divergence effects are negligible for
the present experiments.

The free-piston shock tunnel has a short run time of the order
1 ms. This time may be reduced by driver gas contamination,**
It has been found, however, that there is sufficient time to estab-
lish steady separated flow in a compression corner provided the
reservoir enthalpy was less than approximately 20 MJ kg™! (see
Ref. 34).

Model and Instrumentation

The model employed in the present experiments is shown in
Fig. la. It consisted of a flat plate with a detachable leading edge
and a ramp plate. The mode! material was mild steel. These plates
rested upon gauge housings. The corner angle was adjusted by in-
serting wedges beneath the housings. This paper will discuss results
for corner angles of 0, 15, 18, and 24 deg.

-} —35 —Pa—95 —P
]

I gauges

flow plate ramp
' / support
plate
housing
wedge /
]
a) Model details
- 25 -
ZZZ77 sharp leading
Z
15—
hemi-cylindrical
20—

square leading
1 ¢ % edge

b) Leading-edge configurations

Fig.1 Experimental model, showing detail of leading edge configura-
tions (dimensions in millimeters).

Table 1 Typical reservoir and freestream conditions

ho, ro,  To.  Poos Toos  Poos Rex B2 B,
Mikg™! MPa K kPa K gm™? kms! My, x107°,m™!' yre a@o hleb slef
B 18.0 20.0 8100 0.85 1080 2.50 7.5 2.80 145 08 0.07 0.05
G 2,78 22.0 2300 0.65 150 16.0 9.1 31.0 140 0.0 003 0.02

4Values of 8 calculated at the hinge line, x = 80 mm. YHemicylindrical leading edge. ©Square leading edge.
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Upwash from underneath the model was prevented by side skirts.
Leakage through the corner was prevented by sealing from below
with an industrial sealing compound.

The model aspect ratio was slightly greater than 1 to ensure two
dimensionality in the model midspan region.® A numerical inves-
tigation of nominally two-dimensional compression corner flow>’
indicated that three-dimensional effects may be present even for
flows that satisfy the criterion of Ref. 8. Although it has been found
that the study of Ref. 35 was not conclusive,’ it is nevertheless
important to examine the possibility of three-dimensional effects.
The heat transfer and pressure were measured at an axial location
within the separated region both on- and off-centerline of the model.
It was felt that three-dimensional effects would be more pronounced
in the separated region and so these measurements would indicate
the extent to which three-dimensional effects would affect the re-
sults. These tests were repeated with side fences to prevent spillage
from the separated region. The side fences extended to just down-
stream of the nose to just upstream of the trailing-edge of the model.
The height of the fences was always at least greater than the local
boundary-layer thickness. The differences between data from on-
and off-centerline locations and from tests with and without side
fences were well within the gauge uncertainty and hence negligible.
This suggests that the flow in the model midspan region may be
considered to be nominally two dimensional.

Two blunt leading edges were employed: hemicylindrical and
square. The nose drag coefficients for these leading edges are Cp =
% and 2, respectively.’” These values are strictly valid for perfect
gas flows only, but serve as a reasonable first approximation for
the high enthalpy condition B employed here. The sharp leading
edge used in the previous experiments'® ! satisfied the sharpness
criterion proposed by Stollery.3® The three leading edges are shown
in Fig. 1b.

The surface pressure and temperature were measured using PCB
113M165 pressure transducers and coaxial chromel-alumel (type K)
thermocouples, respectively. Up to 12 pressure transducers and 20
thermocouples could be employed in a single run. However, not
all of the gauges were employed in every run because of problems
with the data collection system. The heat transfer was obtained from
the temperature variation with time, according to Ref. 39. Typical
pressure and heat transfer records are shown in Fig. 2. Using the
method described in Ref. 40, the thermocouple thermal product
was determined to be 9500 & 500 W s!/2 m~2 K~'. The uncertainty
in the measurements from these gauges is 10 and +15%, for the
pressure and heat transfer, respectively.!®4!

Ramp Face Heat Transfer Modeling for Blunt
Leading-Edge Compression Corner Flow
The ramp face heat transfer may be analyzed in terms of the gen-
eralized reference enthalpy theory. For flow in a pressure gradient,
this theory gives the heat transfer as*?

(1 —n) (1-2n)
A Ue e Too hr - hw
StRe" = ———< P —) (cry S =)
" Pras Uoopoo T* (h() - hw)
@

where A =0.332 and n = 0.5 for laminar flow and A =0.0296 and
n = 0.2 for turbulent flow.

Despite the fact that this model was originally intended for use
in attached flows only, it has been successfully employed to predict

Table2 Flow conditions after end of nose expansion

Condition, {1 — [hchem/

leading edge Chy — hy)l} cN co M

B, hemi- 0.72 0.035 0229 320
cylindrical

B, square 071 0.036 0.229 3.30

G, hemi- 1 0 0 2.94
cylindrical

G, square 1 0 0 2.95

the heat transfer to the ramp face for attached and separated flow
of a perfect gas over sharp and blunt leading-edge compression
corners.'21 In the latter study, the pressure external to the bound-
ary layer, p,, was taken as the measured wall pressure. The other
conditions were evaluated by assuming an isentropic expansion from
justbehind the corner shock to the measured pressure. The distance
x, was measured from the corner.!®

For condition B, a simple perfect gas calculation of the flow in the
nose region will not suffice. Itis important to include the effect of the
dissociation behind the leading edge bow shock and the recombina-
tion through the expansion around the nose. To do this, the pressure
distribution has been taken as that given by the modified-Newtonian
expression for the hemicylindrical nose! and an expression from
Probstein*’ for the square leading edge. It is further assumed that
the flow expands from ¢ =60 deg for the hemicylindrical lead-
ing edge, and from the corner for the square leading edge, to the
measured pressure on the flat plate. The flow through these speci-
fied pressure distributions may be calculated using a CFD code for
nonequilibrium expansions.?! The full details of this calculation are
presented elsewhere. '®

The important flow parameters after the expansion around the
leading edge are given for condition B in Table 2. Also shown are
the parameters for condition G, evaluated assuming perfect gas flow.

The local flow conditions on the ramp face may be evaluated by
taking the Mach number given in Table 2 and calculating the flow
through the oblique shock at the corner. The flow through this shock
can be assumed to be frozen as the flow lengthscale is much smaller
than any reaction lengthscale. Also, for the angles considered here,
the shock will be weak. Using the value of the Mach number behind
the shock, the local conditions may be calculated by assuming an
isentropic expansion to the measured pressure on the ramp face.

For condition B, the presence of dissociated species in the flow
may reduce the heat transfer below the levels predicted by Eq. (2).
This gives rise to two limits for the heat transfer: 1) the equilibrium
limit, where complete recombination of the dissociated species oc-
curs at or before the wall, and 2) the frozen limit, where there is
no chemical activity. The equilibrium limit is given by Eq. (2). The
frozen limit for the ramp face heat transfer will be given by Eq. (2)
multiplied by [1 — Acpem/ (B, — h,)], which is shown in Table 2.
Here, heem is the chemical potential enthalpy of the dissociated
species. Note that for condition G, Ay = 0 and so the two limits
are identical.

Results
Flat Plate (8,, = 0 deg)

The configuration where the corner angle is zero is equivalent to
a flat plate and is the datum for compression corner flow.

The pressure and heat transfer distributions for the flat plate with
hemicylindrical and square leading edges are compared with each
other and with the corresponding sharp leading-edge data'®! in
Figs. 3 and 4, respectively. The typical error bars shown represent
310% for the pressure and £15% for the heat transfer. The lack of
data points for the pressure distributions past the corner (x/L > 1)
for some runs is a result of gauge failure.

First consider the pressure. For the high enthalpy condition B,
the blunt leading-edge data seem to lie closer to the sharp leading-
edge data than is the case for the low enthalpy condition G. Also,
there seems to be less difference between the hemicylindrical and
square leading-edge data for condition B than for condition G.

Now consider the heat transfer. It is seen that the data for the
square leading edge liec above both the hemicylindrical and sharp
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Fig.3 Flatplate pressure distributions: A, sharp leading edge; o, hemi-
cylindrical leading edge; and O, square leading edge.
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Fig. 4 Flat plate heat transfer distributions; refer to Fig. 3 for an ex-
planation of the symbols.

leading-edge data. This difference is more pronounced for condi-
tion G. In fact, the sharp leading-edge data could be said to be
indistinguishable from the hemicylindrical leading-edge data for
condition B.

From these pressure and heat transfer distributions, it may be
said that the difference between the sharp and blunt leading-edge
flows was more pronounced at low enthalpy. This may be because
of the reduced shock stand-off experienced under high enthalpy
conditions.**** This would lead to a thinner entropy layer and,
hence, a smaller leading-edge bluntness effect.

The flat plate boundary layer for the sharp leading-edge flow
has been found to be laminar.'®!° For the blunt leading-edge flat
plate, the heat transfer does not exhibit the strong rise because of
transition to turbulence and the traces of pressure and heat transfer
do not exhibit characteristic unsteadiness associated with transition
to turbulence. Also, as will be seen in the following section, the heat
transfer upstream of the corner is seen to decrease for corner angles
6, > 0 deg. These observations would tend to indicate that the flow
is laminar for the blunt flat plate flow. Whether this remains the
case for the compression corner will be examined in the following
sections.

Compression Corner (6,, > 0 deg)

The pressure and heat transfer distributions for conditions B and
G at corner angles of 15, 18, and 24 deg are shown in Figs. 5
and 6 for hemicylindrical and square leading-edge compression
corners, along with corresponding data from sharp leading-edge
experiments.'®:!° The typical error bars shown represent =10% for
the pressure and 415% for the heat transfer. For some tests, the
error bars are smaller than the points themselves and are therefore
not visible.

It is clear that the pressure and heat transfer on the ramp face for
the blunt leading-edge configuration are lower than that for the sharp
leading edge. Overall, there does not seem to be much difference
between the levels of pressure and heat transfer on the ramp face for
the hemicylindrical and square leading-edge configurations. Also,
the upstream influence seems to be decreased whereas the plateau
pressure seems to be increased by blunting the leading edge. These
aspects of compression corner flow will now be examined in further
detail.
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Fig. 5 Pressure and heat transfer distributions for compression cor-
ner, condition B: A, sharp leading edge; o, hemicylindrical leading
edge; and O, square leading edge. Curves indicate predictions for blunt
leading-edge flows: light solid curve, equilibrium limit, laminar flow;
light dashed curve, frozen limit, laminar flow; heavy solid curve, equi-
librium limit, turbulent flow; and heavy dashed curve, frozen limit,
turbulent flow.

Ramp Face Heat Transfer

The predictions for equilibrium and frozen limits for both lami-
nar and turbulent flow obtained from Eq. (2) are shown in Figs. 5
and 6. Note that the data scatter is of the same order as the dif-
ference between the frozen and equilibrium limits. It would seem
that the ramp heat transfer for condition B lies between the frozen
and equilibrium limits for laminar flow at 15 deg, tending toward
the equilibrium laminar limit as the ramp angle is increased. The
condition B data lie below the frozen limit for turbulent flow for
6, =15 and 18 deg, indicating that the flow remains laminar; for
0,, =24 deg, the data appear to be within the experimental scatter
of both laminar and turbulent predictions. As the heat transfer and
pressure traces do not exhibit the characteristic unsteadiness of tur-
bulent flows, it would seem unlikely that transition has occurred
here.

The Damkohler number ¢ is the ratio of the characteristic times
for molecular diffusion and chemical reaction. For { « 1, chemical
reactions proceed slowly and the flow is said to be chemically frozen;
for £ > 1, chemical reactions proceed rapidly and the flow is said to
be in chemical equilibrium. When § = O(1), nonequilibrium effects
are important. By evaluating ¢ for gas-phase and surface-catalyzed
recombination, it may be possible to determine whether the mea-
sured heat transfer should correspond to frozen, nonequilibrium, or
equilibrium flow. Here, ¢, and ¢, will be calculated for nitrogen and
oxygen recombination according to Ref. 46. The gas-phase recom-
bination rates are taken from Ref. 29, whereas the surface catalycity
is taken as that for iron, which is given by Ref. 47 as k,, & 5 m s7!



2288 MALLINSON, GAI, AND MUDFORD

Table 3 Damkohler number for gas-phase and
surface-catalyzed recombination on the ramp face
for condition B, blunt leading edge (x, = 45 mm)

Corner angle, e Lo s (nitrogen
O, deg (nitrogen) (oxygen) and oxygen)
15 16 x 1072 1.5x1073 0.43
18 18x 1072 [7x107% 0.49
24 28x 1072 27x107? 0.61
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Fig.6 Pressure and heat transfer distributions for compression corner,
condition G; refer to Fig. S for an explanation of the symbols.

for both nitrogen and oxygen. The values of {, and ¢, halfway along
the ramp face (x, =45 mm) are shown in Table 3 for condition B at
the three corner angles tested. For condition G, there are only trace
levels of atomic species present in the flow; regardless, the flow is
nonreactive for this condition.

The values in Table 3 suggest that, for condition B, gas-phase
recombination is close to frozen, whereas surface-catalyzed recom-
bination is in nonequilibrium. Also, as the corner angle is increased,
both gas-phase and surface-catalyzed recombination appear to be-
come more important and, thus, the heat transfer should tend toward
equilibrium. It is not possible to say whether the equilibrium heat
transfer limit is reached at condition B, especially given the scatter
in the data.

For condition G the blunt leading-edge ramp face heat transfer ap-
pears to compare reasonably well with the prediction for the frozen
limit of blunt leading-edge turbuient flow at all three ramp angles
tested. For the sharp leading edge, the flow appears to remain laminar
throughout the interaction for conditions B and G.'® ! It is thus pos-
sible that for condition G, transition to turbulence may have been
shifted upstream relative to the sharp leading-edge configuration.
Certainly, the heat transfer on the flat plate upstream of the corner

decreases for both sharp and blunt leading-edge flows, which is
characteristic of laminar separation. It would therefore seem likely
that if transition to turbulence is occurring for the blunt leading-
edge flows at condition G, it does so near to reattachment. The up-
stream shift in the location of transition is consistent with previous
studies given the large bluntness indicated by the values of 8 (see
Table 1).

Note that the use of the simple correlation of Eq. (2) to predict
the heat transfer on the ramp face for the blunt leading-edge flows is
not a substitute for more elaborate methods such as the full Navier—
Stokes equations along with a Reynolds stress turbulence model.
Thus, only tentative conclusions may be drawn from comparison of
experimental data with this model.

Upstream Influence

The upstream influence [, may be defined as the distance upstream
of the corner where the pressure or heat transfer first deviates from
the flat plate distribution. It is a useful means of examining separa-
tion in shock wave/boundary-layer interaction. Upon close exami-
nation of Figs. 5 and 6, it would appear that the upstream influence
is reduced for the blunt leading-edge flows. This is consistent with
the large leading-edge bluntness indicated by the values of 8 for
conditions B and G (see Table 1).

It has been found that the upstream influence in hypersonic lami-
nar flow over sharp leading-edge compression corners is fairly well
described in terms of the following expression'®-1%;

l M,8,)?
o F|: ( ()_ w) ] (3)
8(1 Xo

Data for sharp leading-edge compression corner experiments at the
high and low enthalpy conditions of current interest and other low
enthalpy data have been found to compare well in this form, in-
dicating that the real gas effects on separation are small for the
sharp leading-edge flows.'®:1 This expression contains terms that
depend only on the corner angle and the conditions at the edge of
the boundary layer. It is therefore tempting to apply Eq. (3) to blunt
leading-edge compression corner flows.

Figure 7 shows the upstream influence data from the present ex-
periments, along with data from our previous sharp leading-edge
studies'®- ¥ and some data from perfect gas studies performed with
sharp®~!! and blunt'?-'® leading edges. For the present experiments,
the flow was deemed to be separated if the surface pressure had a
plateau in the distribution near the corner or if the heat transfer had a
cuspid, as opposed to sharp, minimum near the corner. These criteria
were also applied to the other studies. In some of the other studies,
skin friction and flow visualization data were also presented, and so
it was possible to determine whether the flow was separated in those
cases by determining if the skin friction had passed below zero, or
by examining the flow visualization data. For the present flow con-
ditions B and G, the flow parameters at the edge of the boundary
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Fig. 7 Upstream influence in hypersonic compression corner flows:
comparison between sharp and blunt leading-edge flows. The condition
D experiments with the sharp leading edge had a reservoir enthalpy
hy =~ 14 MJ kg*1 (see Refs. 18 and 19): o, condition B, sharp19; O,
condition D, sharpw; A, condition G, sharpw; +, condition B, blunt;
X, condition G, blunt; @, sharps; m, sharp“; A, sharp’; v, sharps; «,
sharp9; »>, sharp“’; [N sharp“; B, blunt'3; and @, blunt!S.
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Fig. 8 Correlation of plateau pressure for blunt leading-edge com-
pression corner flow: o, B, hemicylindrical; O, B, square; ®, G, hemi-
cylindrical; B, G, square; HH, hemicylindrical and square“; and &,
hemicylindrical.®

layer were obtained in the manner described earlier for the ramp
face heat transfer modeling. For all of the points, the value of 8¢
was calculated using an expression that compares reasonably well
with experimental data from high and low enthalpy flows.!®:1

The error bar shown in Fig. 7 represents £25%, which is typical
of the scatter at the point shown. For smaller upstream influence, it
is more difficult to evaluate the exact value of /, and so the scatter
in data is greater, as is evident from Fig. 7. Nevertheless, it is seen
that all of the data—sharp and blunt leading edge, low and high
enthalpy—appear to compare quite well amongst themselves. Two
of the points, one from the present condition G experiments, the
other from Ref. 16, are somewhat below the other data. This may be
because of the flow undergoing transition to turbulence upstream of
the corner for these flows.

The comparison in Fig. 7 suggests that 1) leading-edge bluntness
effects on upstream influence can be accounted for by examining the
interaction in terms of local variables just upstream of the interaction
and 2) provided the real gas effects near the nose are included when
determining the conditions external to the boundary layer, there does
not seem to be any further real gas or bluntness effect on upstream
influence. The latter is consistent with calculations of the charac-
teristic reaction lengthscales in the blunt leading-edge condition B
experiments, which reveal the flow to be chemically frozen,'®

Plateau Pressure

The plateau pressure is another means of examining separation
in shock wave/boundary-layer interaction. It has been found for
perfect gas flow over blunt leading-edge compression corners that
the plateau pressure may be expressed as*

(Po) pod e, [ 32 ) = F(B) @)

The plateau pressure data from the present experiments are com-
pared in Fig. 8, along with experimental data from two previ-
ous studies of blunt leading-edge compression corner flow at low
enthalpy.*' It appears that there is good agreement between the
high and low enthalpy data, which suggests that the real gas effect
on the plateau pressure is small for the present experimental condi-
tions. As a final point, note that the data shown in Fig. 8 appear to
be clustered around different pressure levels, with the changeover
in slope occurring near 8 = 0.1, that is, the border between small
and large bluntness.

Conclusions and Summary

The combined effects of leading-edge bluntness and real gas ef-
fects on flat plate and compression corner flow have been examined.

For the flat plate, the pressure and heat transfer lie above the sharp
leading-edge values, which is consistent with previous studies un-
der perfect gas conditions. The difference between sharp and blunt
leading-edge flows seems to be more pronounced at low enthalpy.
This may be attributed to the smaller bow shock stand oft, which
occurs due to dissociation, reducing the effect of leading-edge blunt-
ness at high enthalpy.

For the compression corner, the pressure and heat transfer on
the ramp face and the scale of the interaction were reduced, and the
plateau pressure increased, which is in accordance with the previous
studies performed under perfect gas conditions with similar values
of the combined viscous-bluntness parameter 8.

The ramp face heat transfer for the blunt leading-edge flows was
examined in terms of the modified reference enthalpy theory, which
includes pressure effects. For the high enthalpy flow condition B,
the heat transfer on the ramp face for the blunt leading-edge config-
urations appeared initially to be closer to the prediction for frozen
laminar flow, tending toward the equilibrium laminar limit as the
ramp angle was increased. This was in qualitative agreement with
the calculated values of gas-phase and surface-catalyzed Damkohler
numbers for this condition. For the low enthalpy flow condition G,
the ramp face heat transfer data for the blunt leading-edge configura-
tions seemed to be in good agreement with the prediction for frozen
turbulent flow. This suggests that the introduction of leading-edge
bluntness may lead to an upstream movement of transition relative
to the sharp leading-edge configuration for this condition. Although
this is consistent with previous studies conducted under perfect gas
conditions with similar values of 8, further detailed studies are re-
quired to examine the effect of bluntness on transition to turbulence.

The upstream influence for the present experiments was found to
be reasonably well described by a correlation previously used for
high and low enthalpy flow over compression corners with sharp
leading edges. For condition B, the flow parameters at the edge of the
boundary layer were determined by including the effects of chemical
reactions, whereas for condition G, a perfect gas calculation sufficed.
Also, the plateau pressure data were seen to compare quite well with
previous low enthalpy data in terms of a combined bluntness-viscous
similitude. It would therefore appear that once the real gas effects
in the nose region are accounted for, the flow behaved essentially as
a perfect gas upstream of the corner.
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