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HYPERSONIC FLOW ALONG TWO INTERSECTING PLANES?

Robert J. Cresci*

Polytechnic Institute of Brooklyn, Farmingdale, New York

SUMMARY

The present paper deals with an experimental study of the viscous-
inviscid interaction occuring in a corner region under hypersonic, low
density, free stream conditions. The tests were conducted in the Mach
11. 8 hypersonic tunnel at PIBAL over a range of free stream Reynolds
numbers between 0. 15 x 106 and 0.50 x 106/&. The model consists of
two sharp edged plates mounted at an angle of 90° with respect to each
other and with normal leading edges. Data obtained include surface
measurements of pressusre and heat transfer for values of the interaction
parameter (X ) between 1.0 and 20. The entire corner region is surveyed
at a value of X = 2.5 and measurements of total temperature, pitot, and
static pressure are obtained.

The r.elults indicate that the static pressure in the region of
intersection of the shock layers is as much as twice that of the local two
dimensional value. The local heat rates in this region are also consider-

ably larger than their two dimensional counterparts.

t This research was supported by the United States Air Force through

‘the Air Force Office of Scientific Research, under Contract No. AF 49

(638)-1391. This paper will be presented at the 1966 Heat Transfer and
Fluid Mechanics Institute, University of Santa Clara, California, June
22-24, 1966.

The author is pleased to acknowledge the staff of the hypersonic
facility and, in particular, Mr. C. Nardo for running the tests and analyzing
the data, and Prof. M. H. Bloom for his many discussions and suggestions
throughout the research program.

*Asgsociate Professor Aerospace Engineering

T



BLANK PAGE



TABLE OF CONTENTS

Section
1 INtrOdUCHioN: o 4 « o 9 6 6 5 o6 6o 5 60 505 56885 s

I Model Design and Test Procedure

111 Presentation and DiscussionofData. . . . . .........
IV Concluding Remarks. . ... .. HIOR I 0 ST 2 g
v References

ooooooooooooooooooooooooooooooo

i



Figure

7

10
11
12

LIST OF ILLUSTRATIONS

(a) Schematic Representation of Flow System. . . . . =5 5N

(b) Model Design and Instrumentation Details, , . . .. ..

Photographs of Model and Survey Probes, , . .......
Flat Plate Pressure Distribution (z~® ). ........
Flat Plate Heat Transfer (z = ). . . . ¢ v v v v v o v v o o

Static Pressure Profile on Flat Plate, X = ¢.5 (z= ). . .
Surface Pressure in Corner Region (a) z = 0.125in..
(b) z =0.4501in., ...
(c) z=0.3751in., ...
(d) z =0.500 in.. . .
(e) z-=1.0in., ..
(f) z=1.5in., ..

Local Heat Transfer in Corner Region (a) X=170.,...

(b) X =5.7
(c)X =14.6....
(d) X = 3.6
e)X=2.2....
X =19

Total Temperature Profiles in Corner Region, X - 2.5. ..
Pitot Pressure Profiles in Corner Region, X = 2.5. ...
Mach Number Distribution in Corner Region, X=25....
.. .33

Mach Number Contours in Corner Region, X = ¢.5. . . .

Skin Friction Variation in Corner Region, X = ¢.5. . . .

iii

il

¢2
23

44

32

4~



i

O O
"

Lo
"

2 7
" "

Subscrigts

e
8
w
z - o

2D

LIST OF SYMBOLS

Toou /Tum - Chapman - Rubesin Constant
ZTw/poo uma - skin friction coefficient

stagnation enthalpy

coefficient of thermal conductivity

Mach number

pressure

(k a'r/ay)w - heat transfer rate

pux/u - Reynolds number

qw/poo LI (Hoo - Hw) - Stanton number
temperature

velocity in the streamwise direction

coordinate in the streamwise direction

coordinate along horizontal surface normal to x axis
coordinate along vertical surface normal to x axis
boundary layer thickness

mass density

(uau/ay)w - shear stress

coefficient of viscosity

Moo3~/ C?ﬁex - Viscous - inviscid interaction parameter
(o o)

conditions external to the boundary layer
stagnation conditions

conditions evaluated at the surface
flat plate conditions (no corner)

free stream conditions

iv



I. INTRODUCTION

The flow along two intersecting planes, which form an interior
corner aligned with respect to the free stream direction, represents
a basic flow configuration of interest both to the applied and the theoretical
fluid dynamicist. This problem has applications with respect to the
intersection of typical fuselages and lifting or control surfaces of high
speed flight vehicles., As a result, there has been a reasonable amount
of literature generated with respect to various aspects of this flow system.

The inviscid flow field generated by such geometries has been
studied quite extensively in the supersonic flow regime, cf. references
(1) through (4), for planar surfaces intersecting at right angies with each
other. The associated viscous flow problem of a three dimensional
boundary layer in a corner has also been investigated in some detail in
references (5) through (8), for example. In the majority of these
studies, the interactions in the flow and the resulting interference effects
are either of a purely inviscid type or are due to, the viscous interactions
produced by the three dimensionality of the corner boundary layer.
Reference (9) presents a preliminary comprehensive study of a combined
viscous-inviscid flow interaction in a corner. The primary interest
therein is directed toward the hypersonic, low density flow regime
wherein the inviscid shock layer and the viscous boundary layer thickness
produced under these conditions are of the same order of magnitude. In
this case, the viscous and inviscid effects are interrelatefi and cannot be
treated independently. It is evident that for these conditions, the corner
flow is represented by a complex interaction between the induced inviscid
field, including intersections of cylindrical shock surfaces, and the three
dimensional, compressible boundary layer generated in the corner.

Reference (10) presents some preliminary experimental surface pressure
-1-



data obtained in helium under hypersonic conditions and reference (4)
presents some heat transfer data obtained at a Mach number of 8. 0.
The latter yields data in the weak interaction regime ( X ~ 1.0) on a
sharp flat plate, and thus provides some basic information on the combined
viscous-inviscid interaction problem.

The present study represents an experimental investigation of the
hypersonic, low density flow in a corner, at a free stream Mach number
of 11.8 and somewhat lower Reynolds numbers than those achieved in
previous tests; figure 1(a) presents a schematic diagram of the flow system.
Although a theoretical treatment of this protlem is as yet unavailable,
(indeed, even the more simple uncoupled viscous or inviscid problems have
not yet been solved in general form) the present investigation yields some
interesting details about the overall behavior that can be useful in determining
a theoretical model of the flow pattern in this region. Surface measurements
of pressure and heat transfer are obtained for various distances from both
the leading edge and the corner intersection. The value of the hypersonic
interaction parameter (X = M; JURT) achieved in these tests varies
between approximately one and twenty. Oxt large lateral distances from
the corner, the results compare favorably to the usual two dimensional
analyses corresponding to the strong and weak interaction regimes. In
addition to these measurements, the corner region is surveyed in a plane
parallel to the leading edges at a value of Y = 2,5. Total temperature,
and pitot probes are utilized in this survey and resulting plots of Mach
number, velocity, and temperature are obtained.

The following sections describe the model design, test apparatus
and procedure, a detailed exposition of the results, and finally the major

conclusions derived from this study.



II. MODEL DESIGN AND TEST PROCEDURE

The test model consists of two sharp flat plates mounted normal
to each other with the line of intersection aligned with respect to the
free stream. A schematic of the mndel showing instrumentation details
and locations is shown in figure (1) and photographs of the model as
installed in the tunnel are presented in figure (2). As seen in the
photographs, the model is sting mounted in the Mach 11. 8 blowiown
tunnel of the Polytechnic Institute of Brooklyn, Aerospace Laboratory.

The tests were conducted over a range of free stream Reynolds numbers
varying between 0. 15 x 106/ft. and 0.5 x 106/ft. The tunnel stagnation
temperature varied between 1700°R and 1900°R which produced a variation
in the ratio of wall to stagnation temperature (Tw/Tsoo) between 0. 29 and
0.32.

The pressure instrumentation consists of flush taps with the trans-
ducers mounted directly on the inside of the plate. This is done to
minimize the transducer response time since the total test time of the
hypersonic tunnel is on the order of two to four seconds. With this system,
the gauges respor.d in a fraction of a second to their steady state values.
Pitot pressures are measured by means of variable reluctance type
transducers mounted on a rake as shown in figure (2). These transducers
are accurate in a range between 2 and 30 millimeters of mercury; the
static pressures are on the order of a few hundred microns and thus
require the thermocouple type (Hastings) gauge for accurate measure-
ments. The heat gauges consist of thin stainless steel plates inserted
flush with the model surface. Fine thermocouple wire is spot welded
to the inner surface and the rate of temperature change is thus directly
related to the local heat transfer. Due to the relatively short test time,
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the heat transfer meters did not reach a high temperature and the entire
model surface can be considered essentially isothermal. Both the
pressure taps and the heat transfer gauges were installed in two rows
parallel to the line of intersection of the model. The moveable vertical
fin is then adjusted so that the local pressure and heat transfer is obtained
at different distances from the corner region by utilizing the same
instrumentation; .this increasesthe measurement accuracy since any

error in calibration or gauge behavior is consistent for all locations of
the gauge from the corner.

In order to obtain the viscous-interaction effect on a purely two
dimensional surface, the model was first tested with the fin removed.
Since both rows of pressure taps as well as heat transfer gauges are
asymmetrically located on the plate surface, this test also establishes
that there are no edge effects in the region in which the measurements
are taken. A row of heat gauges is also located on the fin to verify
the symmetry of the corner flow about the intersection line. Since
these gauges are a fixed distance from the corner, they are also
indicative of the flow uniformity as the fin is moved across the plate
surface,

In addition to the surface measurements, a survey of the entire
corner region was taken which includes the boundary layer as well as
the shock layer. Pitot pressure, static pressure, and total temperature
rakes are used in this survey. The total temperatures are measured
by open tip probes utilizing thermocouple wires 0,001 inches in dia-
meter, and with an unsupported length of 0.30 inches., This was found
to be sufficient to eliminate all conduction effects at the supports. These
probes also provide a sufficiently rapid response time to obtain steady

temperature measurements. An attempt was made to determine the

-4
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local static pressure in the corner region by using static probes; this

data was found to b2 inconclusive due partially to the low pressures
(and correspondingly long response time) and mainly to the high sensitivity
of the probes to the flow alignment. All data was recorded on recording

potentiometers throughout the duration of the test.

-5-
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III. PRESENTATION AND DISCUSSION OF DATA

The flat plate without the fin was tested initially to determine the
experimental surface pressure and heat transfer rates at various free
stream Reynolds numbers and distances from the leading edge. Data
from both rows of pressure taps and heat gauges are compared and found
to be consistent within experimental accuracy. This indicates that both
of the rows are sufficiently far from the edges of the plate to eliminate all
of the end effects. Tests were run at three different (nominal) free
stream Reynolds numbers; these range between 0. 15 x 106 and 0. 50
x 106/ft. The data are presented in terms of the viscous-inviscid
interaction parameter, X, so that there is an overlapping of data obtained
from various surface tap locations for different Reynolds number tests.

The local surface pressure, normalized with respect to the
free stream static pressure, is shown in figure (3) as a function of
X. Alsoincluded in this plot is the weak interaction theory of reference
(11), and the strong interaction analyses of references (12) and (13).

The data are seen to agree reasonably well with the predictions. The
local Stanton number is shown in figure (4) as a function of X with the
boundary layer predictions of reference (14) and the strong interaction
analyses of references (13) and (15) included for comparison. The data
is seen to be somewhat higher than the analyses predict particularly

for larger values of X. This is similar to the data trend observed in
reference (16) ‘vhich was obtained in a shock tunnel under cold wall
conditions; the data of reference (16) is also included in this figure,
Profiles of static and pitot pressure, and tota! temperature, were obtained
by the probes described in the previous section. These are presented
in figures (5), (8) and (9) for the probe located at a distance from the

leading edge corresponding to a value of X = 2.5. The static pressure

-



profile shown in figure (5) gives an indication of the shock location but

does not accurately depict the actual static pressure variation for distances
larger than roughly 3.5 inches from the surface. This is due to the shock,
which is at a shallow angle, intersecting the probe at various locations along
its length as the probe is moved vertically in this region. Examination of
the static and pitot profiles indicates that the shock displacement occurs in
the vicinity of 3,7inches from the plate surface. In order to obtain a
theoretical estimate of the shock location, the boundary layer thickness

was first calculated by the method described in reference (17). At a value
of X = 2.5, this yields a thickness of 1.56 inches which is consistent

with the two dimensional temperature profile of figure (8) and the pitot
profile presented in figure (9). Using this displacement thickness for the
effective body shape, the shock shape is determined by applying the analysis
of Friedrichs, cf. reference (18), which yields a shock displacement of 3. 70
inches at X = 2.5. The agreement with the experimental location is seen
to be reasonably accurate. Various blast wave analyses were applied,
however, as also observed in reference (19), for example, they under-
estimate the shock layer thickness for plates with sharp leading edges.

The surfacz data obtained with the fin in position is shown in
figures (6) and (7) while the boundary layer and shock profile are presented
in figures (8) through (10). The surface static pressures, shown in
figure (6), are normalized with respect to the free stream static as before
and are ~.lotted as function of X for various values of the lateral distance
from the corner iitersection.

The two dimensional pressure data of figure (3) are also included
in figure (6) with the :xperimental scatter indicated by the cross hatched
area. Along a line parallel to the corner intersection, and at a distance

v =0.125" [figure (6a)] from the corner, the pressure is seen to be as high

as twice the local two dimensional value. This ratio decreases as
7=




X increases and as the distance from the corner increases, as is evident
from figures (6b) through (6f). For a lateral distance approximately

equal to the local two dimens: unal boundary layer thickness, # = 1,5, it
is seen that for large values of X the pressure is essentially the two
dimensional value while at lower X, there is still a significant increase in
pressure in this region. This is in contrast to the data of reference (3)
wherein it was found that in a region close to the corner, the inaximum
pressure rise over the two dimensional value occurred at high values

of X while at some distance from the corner, the maximum pressure
increase occurred at lower ¥ .

In the present investigation, the maximum pressure ratio obtained
is roughly two; this can be tentatively explained if one considers a particular
shock configuration in the corner region. In essence, the two intersecting
shocks are assumed to produce a fillet shaped shock in the vicinity of
their intersection. Utilizing Newtonian theory, and applying this to the
local inclination of the shock fillet with respect to the free stream, it is
found that a pressure ratio of two is predicted in the corner shock layer.
The lateral region over which this higher pressure will extend depends
on the size of the fillet, which will increase with x if the flow in the corner
region is conical as suggested in references (1) and (2). It should be noted,
however, that the shock configuration assumed here is quite different
from that obtained in these two references. As the distance from the
leading edge, x, increases, the value of X decreases which is consistent
with the observed data trend indicating that the higher pressure in the
corner approaches the two dimensional value more rapidly with distance
from the corner at higher values of X.

Figure (7) shows the corresponding surface heat rates obtained

in the corner region at various values of X. Plots of Stanton number
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vs. distance from the corner are presented and it is again evident that
a large increase results in the corner region. In this case, however, -
the heat rate reaches a peak within the boundary layer intersection region
and then decreases, approaching zero at the corner. This latter effect
is consistent with the theoretical resul:s of reference (7), for example.
Increases over the local two dimensional heat transfer rates of more
than 300% are observed and these also appear to be larger at the lower
values of X. |

The total temperature profiles obtained in the corner region are
presented in figure (8) for various distances from the plate intersection.
Whereas the two dimensional profile is a monotonically increasing function,
the profiles in the corner are seen to reach a peak in the vicinity of the
two dimensional boundary layer edge and then decrease as the distance
from the surface is further increased. Close to the corner, the profiles
reaca the free stream stagnation tc..vperature more rapidly than in the
two dimensional profile indicating the existence of a hot core of gas within
the boundary layer interference region. Pitot pressures in the corner
region are similarl’ presented in figure (9) for various distances from
the corner. There is also seen to be a large overshoot in these profiles
within the boundary layer intersection region. Using the profiles and
determining a static pressure field (this was not measured in the corner
region) by extrapolating the surface pressure data assuming a conical
flow region, the Mach number distribution throughout the corner region
is computed. These profiles are shown in figure (10). Again it is
evident that there is a large velocity overshoot in the corner. The
incompressible, flat plate, boundary layer analysis in a corner, cf.
reference (5), predicts a velocity ratio (u/ue) in the corner equal

to the product of the two two-dimensional velocity ratios at the corres-

-9-



ponding distances in the boundary layer from each wall; this yields a
monotonically increasing velocity ratio throughout the corner region.

For the present test conditions, wherein the inviscid flow field is more
complicated due to the shock pattern and resulting non-uniform flow, it is
evident that a simplified boundary layer analysis of this type cannot predict,
even qualitatively, the viscous effects in the corner region. This is
readily observed in figure (1)) wherein the data of figure (10) are cross
plotted to give constant Mach number contours in the corner region.

A large distortion of the boundary layer is seen to occur in a region

on the order of the two dimensional boundary layer thickness from the
corner. The contours in this area become more closely spaced, thus
indicating an increase in the local shear stress. From the total
temperature and Mach number distributions in the corner, the velocity
distributions are computed and the surface shear stresses estimated. The
accuracy of the skin friction coefficient obtained by this method is not too
high but one can get a comparison between the two dimensional value and
the values in the corner region. If the local skin friction is normalized
with respect to the two dimensional value, the data shown in figure (12)
result. It is seen that although there is a decrease in skin friction

closc tc the corner intersection, an increase results at a distance from
the corner. The effect on the overall skin friction coefficient for the
entire corner configuration is not clear since the integrated effectis
undetermined; it appears however that a slight increase in the total skin

friction coefficient may result.

-10-



IV. CONCLUDING REMARKS

Several major conclusions may be drawn from the experimental
investigation of the corner carried out under hypersonic free stream
conditions. The surface data indicate that high pressure and high
heat transfer rates are generated in the corner region. The heat transfrr,
in particular, may be a problem in any configuration design in which such
a corner is utilized since increases over the two dimensional value thereof
by a factor of three or four have been obtained.

The surveys of the flow field at a value of X = 2.5 have also
produced some interesting results. In particular, a localized region
of high temperature, high velocity, air is found to exist in the vicinity of
the intersection of the two dimensional boundary layers on the flat surfaces.
These may be related to the existence of streamwise vortices that have
been obtained in theoretical analyses of the boundary layer growth in a
corner, e.g., reference (8).. In any case, this core of high energy
air tends to increase the local skin friction on the surfaces of the flat
plates in this region. Although the skin friction coefficient decreases
as the corner is approached, this increase farther away from the corner
may be more significant, thereby resulting in an overall increase in the

total skin friction coefficient of the corner configuration.

-11-
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