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ABSTRACT

An experimental investigation of the boundary layer separation
associated with a compression corner was conducted in the GALCIT
Mach 6 wind tunnel, and a supplementary study was performed in the
JPL supersonic wind tunnel. Special emphasis was placed on the
development of a wind tunnel model which approximated true two-
dimensional flow, and which could be run in either a highly cooled
or an adiabatic configuration. The basic measurements consist of
the model surface pressure and temperature, and Pitot surveys of
the boundary layer. The surface pressure distributions for the adia-
batic wall configurations are compared with the theory of Lees and
Reeves (modified by Klineberg and Lees). The surface pressure
distribution for the cold wall was compared with the adiabatic con-
figuration for a laminar interaction, and the dependence on Reynolds
number for both laminar and transitional interactions are observed.
The "'free interaction'' similarity suggested by Chapman is empirically
tested and found to be a good approximation for the adiabatic configu-
ration, but it fails to correlate the cooled with the adiabétic case,

The scaling suggested by Curle was tested and found to eliminate

this deficiency.
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1. INTRODUCTION

When a boundary layer encounters a region of increasing pres-
sure, it may under certain conditions, ''separate'. The fluid near the
wall decelerates and is actually reversed, forcing the boundary layer
to leave or ''separate' from the wall. At supersonic speeds, the pres-
sure disturbance may come in the form of an incident shock wave or a
compression corner. The objective of the present experimental inves-
tigation was to measure the effect of cooling on the separation and re-
attachment of a boundary layer at hypersonic speeds. If one is to gain
understanding .into this very complicated problem, it is necessary to
eliminate as many unknowns and secondary parameters as possible,
clearly identifying those remaining, in order that one can ascribe the
observed effects to the main parameters. It was felt that this objective
could be best accomplished by observing the flow separation of a well
defined boundary layer on a body of fixed geometry, both with and
without cooling. Many experiments have been made of the phenomenon
of boundary layer separation at supersonic and even hypersonic speeds.
for adiabatic models [ Chapman, Kuehn and Larson (1), Gadd (2),
Hakkinen, et al { 3), and Sterrett and Emery {4), to mention just a few].
However, to the author'’s knowledge, all experiments involving highly
cooled walls have been performed in transient facilities, e.g. the
works of Bogdonoff and Vas (5), Miller, et al (6) and more recently
Needham (7), which preclude any observation of an adiabatic mode.

Two commonly used idealizations in theoretical analyses, as

for example the integral or moment solutions of Lees and Reeves (8 ),
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are two-dimensionality and purely laminar flow. Clearly, an experi-
mental work which is amenable to analysis is of far more value than
one that is too complex to allow analysis. With these goals in mind
the first objective of this investigation was to establish the conditions
under which an experiment satisfied the previously mentioned con-
straints, and then to observe the effect of cooling.

A geometry consisting of a flat plate with a sharp leading edge
allowed for the formation of a boundary layer well defined by the exper-
imental work of Kendall (9) and the theoretical work of Lees and
Probstein (10) and others. The boundary layer was then separated by
a fixed angle ramp placed at a distance far enough from the leading
edge of the plate as to insure the separation occurring in a region of
otherwise weak interaction.

The finite span model which the experimentalist must accept
will not in general conform to the criteria of two-dimensionality be-
cause of outflow and/or interaction with wind tunnel boundary layers.
One can eliminate these effects by mounting side plates on the model
large enough to contain the entire separation interaction (inviscid ex-
ternal flow as well as separation bubble) and then determining and
minimizing (if possible eliminating) the disturbances caused by the
side plates themselves. The disturbances caus{ed by the side plates
were determined by measuring their effect on an otherwise perfect
flow which approximated the two-dimensional phenomenon; an axi-
symmetric ""stovepipe''-flare in the JPL supersonic wind tunnel.

During the present study the Reynolds numbers encountered

on the plate insure the existence of laminar flow preceding separation
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for both adiabatic and cold wall configurations at Moo = 6. However,
separated layers undergo transition at much lower Reynolds numbers
than do attached boundary layers, so it is necessary to confirm that
the flow remains laminar throughout reattachment. Since the charac-
teristics of the mean flow of a turbulent boundary layer are quite
distinct from the laminar case, it is possible to ascertain whether the
flow undergoes transition by surveying the boundary layer at a station
"far downstream'' of reattachment.

Reeves (11) has pointed out the similarity between the shock
wave-boundary layer interaction and the compression corner for small
angles. The experimental pressure distribution of the adiabatic flow
separation associated with a compression corner can be compared to
the prediction of the Lees-Reeves theory for an equivalent shock wave-
boundary layer interaction (Rey . . = Rex ) ook and poo+/p°o- identical).
A comparison of transitional interactions with the laminar theory will
allow one to infer the effects of transition.

The "free interaction' similarity suggested by Chapman (1)
for the flow upstream of the separation inducing disturbance is empir-
ically tested and found to be a good approximation for the adiabatic
configuration but fails to correlate the cooled case to the adiabatic
case. The scaling suggested by Curle (12} is tested and found to elim-
inate this deficiency and finally, this scaling is examined on the basis
of the Lees-Reeves formulation and the approximations necessary to

obtain similarity are clarified.
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2. EXPERIMENTAL APPARATUS

2.1. Wind Tunnels and Free Stream Conditions

The experiments reported here were conducted in two contin-
uous flow wind tunnels:
(a) The Jet Propulsion Laboratory's 18" X 20" Supersonic Wind
Tunnel at a nominal Mach number of 4.00 (with some additional
measurements at Mach 5.00).
(b) The GALCIT 5" X 5'" Hypersonic Wind Tunnel at a nominal

Mach number of 6.06.
Pooteo

The unit Reynolds number , was varied by changing the

0
stagnation pressure, keeping the stagnation temperature approxi-

mately constant: at JPL (M_ = 4.00), 33,000 < Re_/inch < 300,000,

68,000 < Rex < 894,000; at GALCIT (Mw = 6.06), 60,000 < Rem/inch
c
<200,000, 150,000 =< ReX < 1,000,000,
c
2.2. Models and Surface Instrumentation

2.2.1. Models Tested in JPL Supersonic Wind Tunnel

Model AR -1 (Figures 1,2) is an annular stovepipe flare con-

sisting of a 3 inch long plate with a sharp (t < .003'") leading edge,
wrapped around a 10 inch diameter, followed by a 4 inch long i0°
flare. The model was sting mounted and the internal diameter was
large enough to allow internal supersonic flow. The model was made
of stainless steel and instrumented with 30 static pressure orifices

. 012 inches in diameter, located in a single radial plane but never
less than .125 inch (approximately 10 diameters) apart.

Model AR-2 (Figures 1,2) is a flat duplicate of AR-1 consist-

ing of a 3 inch long plate with sharp {t < ,003'") leading edge followed
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by a 4 inch long, 10° ramp. The model is 18 inches wide and spanned
the JPL tunnel. It was supported on each side and rubber O-ring type
seals were used to prevent outflow. The pressure instrumentation
was identical to that of AR-1.

Both models were fitted with side plates or fins swept to an
angle of 15°; the leading edges of these plates or fins were sharp.
The fins were bonded to the models with Eccobond which insured a
seal and allowed for easy removal (Figure 2).

The surface pressures were measured with a multiple pres-
sure measuring system designed by J. M. Kendall, Sr. (13). The
device consists of a minimum volume (to reduce response time)
pressure transducer which is mechanically moved from one pres-
sure lead to the next and is capable of handling over 100 such meas-
urements. One calibration point was checked against the reading on
a mercury manometer for each run.

Schlieren and Spark-Shadowgraph photos were taken of AR-1
for all conditions.

2.2.2. Models Tested in GALCIT Mach 6 Wind Tunnel

Model C-1 (Figures 3,4) is a model made of nondeforming
tool steel (Ketos), consisting of a 2.50 inch plate with a sharp
{t <.003"") leading edge followed by a 10. 25%, 3.0 inch long ramp.
The model is 5 inches wide and spanned the GALCGIT tunnel. It is
hollow and capable of allowing the internal flow of liquid nitrogen
(T~-320°F). It is instrumented with 22 static pressure orifices
along its centerline and 6 copper-constantan thermocouples. The

pressures were recorded on a multiple tube silicone manometer
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board and the repeatability of these measurements for both the
adiabatic and cold wall configurations is shown in Figure 5. The
thermocouple output was measured on a Fairchild DVM after it was
found to give readings to within a few percent of those made with a
Leeds-Northrup K-2 potentiometer. The operation of the DVM re-
quired much less time and effort. The calibration data given in the
Leeds-Northrup handbook taken from the National Bureau of Stand-
ards circular 561 for a copper-constantan thermocouple were used;
the calibration was checked at 3 points (Figure 6). A schematic of
the LNZ pumping system, which was designed by R. Batt® for his
studies of wakes of highly cooled bodies, is shown in Figure 7.

Models X-1, 3 and 4 (Figure 8) are of a similar cross-

sectional geometry: a flat plate with sharp (t < .003"") leading
edge followed by a 10° ramp at a fixed distance from the leading
edge of the plate. All the models spanned the 5 inch wide GALCIT
tunnel and the distances from the leading edge of the plate to the
beginning of the ramp are respectively 5, 3 and 2 inches; the ramp
lengths 5.5, 5 and 4 inches. The models were instrumented with
surface pressure orifices and the pressures were measured on a
silicone manometer.

Model S-1 (Figure 9) is a flat plate instrumented with sur-
face pressure orifices which allowed for the positioning of steps
of various heights at several stations. This model was utilized

to obtain more extensive separated flows for the free interaction

* Graduate Student, California Institute of Technology



study.

2.3. Probe Measurements

2.3.1. Pitot Measurements

A Pitot probe with a flattened (.003'' X ,05'"") tip was used
for the boundary layer and external flow surveys. The pressures
were measured on a Statham 5 psia pressure transducer which was
calibrated before and after the test program. The measurements
were recorded on a Moseley autograph and the positi?n of the probe
was indicated ‘by a helipot connected to the actuatingvmechanism of
the tunnel. :Foi" each trace, the probe was positioned with respect
to the model by electrical contact, the model being insulated from
the probe untii there was contact with the probe tip.

2.3.2. Fluctuation Measurements

The hot-wire probe consisted of two needle tips, attached to
a brass holder designed by C. F. Dewey, Jr.(14) to which a hot wire was
soft soldered. The wires were platinum-10% rhodium, .0001 inch
in diameter and had an aspect ratio of approximately 100, The
measurements presented were made with a single wire so that
qualitative comparisons could be made without regard for the |
characteristics of the wire itself. A Shapiro-Edwards Model 50B
constant-current hot-wire set was utilized to convert the voltage
fluctuation across the hot wire caused by flow fluctuations into a
D.C. output which is proportional to the mean square voltage fluc-
tuation.

The hot wire was placed at the edge of the boundary layer,

the time constant measured and the time lag compensated for at an
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overheat corresponding to a 10% increase in the wire resistance.

The probe was then transversed across the boundary layer at this

constant current and the output, AVZ, recorded on a Moseley auto-
graph as a function of position. For the hot-wire measurements,
the probe was positioned visually with respect to the model, with a
few mils allowed for clearance to prevent wire breakage.

2.4. Data Reduction

Tunnel free Pitot surveys were made of both the JPL SWT
and the GALCIT Mach 6 wind tunnels under the operating conditions
encountered in the model tests. The local static pressure was then
calculated by assuming the flow to expand isentropically from the
stagnation conditions. The measured surface pressures were then
normalized by using the local tunnel free static pressure as p_.

The Pitot measurements in the subsonic region of adiabatic

wall boundary layers were corrected for Reynolds number effeacts

(Appendix 1},
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3. TWO-DIMENSIONALITY

3.1. Definitionand Approach

The purpose of this investigation was to observe the effect of
cooling on the separation and reattachment of a laminar boundary
layer at hypersonic speed. In order to study the effect of cooling
alone, it is necessary to eliminate as many other parameters as
possible. A two-dimensional geometry consisting of a flat plate
and a compression corner formed by a ramp of infinite extent was
chosen as the basic idealized configuration for this study (Figure 10).
Unfortunately, the two infinite lengths required for this idealization
do not conform to the constraints of our experimental facility.
However, the finite extent of the ramp should not appreciably aifect
the interaction provided that the ramp terminates many boundary
layer thicknesses aft of the reattachment region. By limiting the
angle of the ramp to small values, the ramp can be made long enough
to satisfy this criterion and yet not exceed the maximum permissible
blockage of the tunnel.

The constraint of two-dimensionality is more difficult. The
cross-section of the GALCIT Mach 6 tunnel is about 5 inches X 5 inches
with approximately 1 inch boundary layers, leaving a uniform core of
about 3 inches X 3 inches {somewhat less than © X!}, Thus, out-
flow and other interactions with the tunnel boundary layers must be
considered. In order to eliminate these effects, side plates large
enough to contain the entire separation interaction, including the
inviscid external field as well as the separation bubble, were mounted

on the model (Figure 11). This configuration effectively isolates the



10
interaction with the tunnel boundary layers, but now the disturbances
from the side plates themselves must be quantitatively determined.
By choosing side plates with sharp leading edges swept at an angle
slightly larger than the angle of a local Mach wave (just large enough
to contain the separation shock), the disturbance should be minimized.
For large enough aspect ratios the flow at the centerline of the model
should approach the two-dimensional phenomenon.

3.2. Preliminary Measurements

Figure 12 shows the actual external flow field of an adiabatic
model with side plates, including off-center measurements at a sta-
tion far aft of reattachment. Within experimental variation, the
boundary layer edge and shock locations are independent of the span-
wise location over the center 2 inches of the model (this distance
corresponds to about 20 boundary layer thicknesses}. Since the
boundary layer thickness and the length of the separated region de-
crease with cooling, the adiabatic configuration is believed to require
the largest aspect ratio (AR = W/Xc) for a given configuration and
flow conditions. Hence, the stﬁdy of two-dimensionality will be
restricted to adiabatic models.

The behavior of the centerline pressure distribution when
the aspect ratio is varied by placing the side plates at various span-
wise locations is shown in Figure 13. It appears that a limit is
being approached as the aspect ratio is increased. However, be-
cause of the relatively small range of aspect ratio available there
remains some question as to whether a limit has been attained:

Furthermore, it is not obvious that the ''limit'' attained is not
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dominated by some end effect, so that the flow does not really cor-
respond to the infinite aspect ratio configuration. The model was
instrumented also with pressure orifices over the center 2 inches
in the spanwise direction at several stations. No perceptible span-
wise variation was observed for any of the aspect ratios, except for
the orifices i}nmediately adjacent to the side plates, although the
centerline distribution is changing with aspect ratio. This obser-
vation points up the interesting fact that although spanwise uniformity
is a necessary condition for two-dimensionality, it is by no means
sufficient.

Removing the side plates entirely resulted in very little
difference to the reattachment region, but appears to have almost
collapsed the separated region (Figure 14).

3.3. JPL Aspect Ratio Study

Although some insight into the problem was gained by these
preliminary experiments, no evidence was found that would conclu-
sively support the premise of two-dimensionality. In order to
supply such evidence, a series of tests was performed in the JPL
20 inch Supersonic Wind Tunnel. Two models were constructed
for this test; AR-1, a '"two-dimensional'’ model consisting of a
flat plate with sharp leading edge followed by a 10° ramp beginning
3 inches from the leading edge of the plate, the model spanning the
18 inch wide tunnel; AR-2, an open-end cylinder with flare — "'stove-
pipe''— with the identical cross section of the two-dimensional model.
The diameter of 10 inches for the cylinder was chosen large enough

to allow internal supersonic flow and keep the parameter -RA—N < 16



12
(r = RN + A). In the limit as —Rél—\l— — 0 this configuration corresponds
exactly to the two-dimensional configuration.

First the ''stovepipe'' was fitted with fins at various aspect
ratios. This configuration approximates the two-dimensional phe-
nomenon and there are no end effects. Thus the disturbances caused
solely by the side plates to an otherwise ''perfect'' flow which approx-
imates the idgalized flow can be determined, at least in regard to
their effect on the centerline surface pressure distribution. The
results of this test for a typical interaction at M = 4.0 are shown
in Figure 15. Under these conditions (Moo’ Rex , etc.) one cannot
distinguish the surface pressure distribution from the ''clean’’ con-
figuration for AR >1. It is concluded that the disturbance caused by
the fins can ‘bé neglected.

Secondly, the ''two-dimensional'' model was also tested with
varying aspect ratios under identical freestream conditions. Again
a limit was approached for AR =2 1. Furthermore, for the case
shown (Figure 16) this limit corresponds closely to the pressure dis-
tribution attained on the stovepipe, up to a location approximately 2
inches along the flare, where the effect of the axisymmetric config-
uration begins to become important and the static pressure approaches
the cone value instead of that of the wedge.

By using fins similar to those indicated in Figure 11 and by
systematically varying the aspect ratio under the operating conditions
to be encountered, it is concluded that: (1) a limit will be reached
at moderate aspect ratio; (2) this limit truly corresponds to the two-

dimensional phenomenon.
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3.4, Reynolds Number Correlation

As an additional verification that this limit had been obtained.
in the GALCIT Mach 6 tunnel, a Reynolds number correlation'was
made with three geometrically similar adiabatic models (flat plate
with sharp leading edge, followed by a 10° ramp) with different chord
lengths and unit Reynolds numbers. FEach model had a different
aspect ratio and a different ratio of ramp length to chord length (Fig-
ure 17). Since the chord length was taken to be the only characteris-
tic length in this correlation the results obtained appear to confirm:
(1) the supposition that the termination of the ramp in no appreciable
way affected the interaction (length of ramp/length of plate varied
from 1.0 to 1.5); and {2) the two-dimensional limit had been attained.
It should be emphasized that the necessary ramp length and aspect
ratio will of course vary with flow conditions, extent of separation,
etc.

Finally, it should be noted that all of these conclusions were
drawn from interactions believed to be Purely laminar. Transitional

interactions and their correlations will be discussed later.
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4, PURELY LAMINAR FLOW WITH AND WITHOUT COOLING

4.1. Confirmation of Laminar Flow

The Reynolds numbers encountered on the plate of Model C-1
insure the existence of laminar flow preceding separation for both
adiabatic and cold wall conditions at M = 6. However separated
flows are known to undergo transition earlier than attached flows,
so it was necessary to confirm that the flow remained laminar
throughout the reattachment region by a direct measurement. In
this section the experimentally measured pre-separation and post-
reattachment Mach number profiles are presented for a series of
tunnel supply pressures, or Reynolds numbers, Rex s for both the

c
adiabatic and cold wall condition. Once the range of ReX for the

purely laminar interaction is established, the main featu:'es of the
interaction caﬁ be compared with the theoretical calculations of
Lees-Reeves (8 ) as modified by Klineberg and Lees (15).

Since the characteristics of the mean flow of a turbulent
boundary layer are quite distinct from the laminar case, one can
ascertain if the flow undergoes transition by surveying the boundary
layer at a station far downstream of reattachment. If the flow re-
mains laminar, the boundary layer will approach a seif-similar,
zero pressure gradient laminar profile which can be theoretically
predicted. The predictions are limited to this asymptotic down-
stream profile. However, any experimental profile which exhibits
a '"fuller'' distribution than the asymptotic prediction has been dis-
torted beyond what would have occurred if the flow had remained

purely laminar.
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4.1.1. Adiabatic Model (C-1)

When no internal flow was allowed, the temperature of the
model surface at a station 1 inch from the leading edge, which is
upstream of separation, varied between 636°R and 6450Rg or within
2 percent of the temperature predicted for an adiabatic plate at Mach
6. The temperature of the model aft of separation is discussed in
the following section.

Pitot surveys were made upstream of separation and com-
pared to a theoretical prediction (16) assuming zero pressure gradient
and using the Sutherland viscosity law (Figures 18,19). The agree-
ment is found to be reasonably good down to M ~ 1, below which the
experimental fneasurements indicate a higher Mach number than is
theoretically p;redicted. When the probe is farther than ~3h from
the plate, the difference is attributed to viscous effects and a cor-

rection of the form Cp. = éé-% {Appendix 1) has been applied to all
h

adiabatic profiles.
The Mach number distributions obtained throughout the re-

6

attachment region for the adiabatic configuration at ReX =,15X10
(pooo = 30 psia) are shown in Figure 20 together with thectheoretical
estimate of the laminar asymptotic profile. Included in Figure 20
is the surface pressure distribution in this region showing the cor-
responding locations at which the profiles were taken. Choosing
station 5.0 as a ''test station', the profiles obtained at higher Rey-
nolds numbers are shéwn in Figure 21, and the distortion beyond
the predicted asymptotic profile is interpreted as the appearance of

transition.
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4.1.2 Cold Model (C-1)

As previously indicated, the model was designed to allow the
internal flow of a liquid coolant. When liquid nitrogen was used in
conjunction with the flow system designed by R. Batt, a uniform
model temperature of -310°F = 5° was obtained, with the possible
exception of the leading edge of the flat plate. After a few minutes
run time a light frost, only a few mils thick, was formed over the
entire surface of the model, with the exception of a region extending
aft ~1/4 inch from the leading edge, indicating in all probability a
""hot'' leading edge. The thermocouple nearest to the leading edge
at x = 1 inch indicated the uniform temperature, and since separation
did not occur until about twenty boundary layer thicknesses aft of
this station, it was assumed that this non-uniformity did not appre-
ciably affect the interaction.

The Pitot surveys of the cold model were subject to a typical
positioning error of approximately . 003 inch. This error may have
been caused by the operational procedure followed for the ''cold"’
configuration. The Pitot probe was positioned by an electrical con-
tact with the surface of the model, It was then moved away from the
surface into the external flow, where it remained while the model
was brought to uniform temperature, after which the survey was
carried out. The entire process took approximately 10 to 15 minutes.
It was not possible to check the position of the probe at the end of
the run because the light frost did not allow the electrical contact
to be made. The positioning error might also be caused by a change

in the effective location of the wall when the frost layer is present.
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The positioning error, though small in absolute magnitude, leads

to an appr'eciable relative error in the boundary layer. For example,

for a typical condition

€ = %.,003
= y - ¥ €
& .050 £ £ (1 iy)
Yy = Y
at 6 - 50 (6)measured = ,45 — ,55

The detection of possible distortion of the velocity profile is limited
by this "spreéd. '" The preseparation profiles for the cold wall con-
figuration are shown in Figure 22. The spread in the data is of the
order expected from the positioning error. However, all cases fall
below the theoretical prediction (Figure 23), which might tend fo
support the idea that the frost formation caused a change in the
""effective'' location of the wall. The effect of cooling causes the
subsonic region to lie almost entirely within 4 probe heights of the
surface, and no Reynolds number correction has been attempted for
this case.

The Mach number distributions downstream of reattachment
at ReX = .15 X 106 are repeated for the cold wall configuration and
again (?ontras‘ted with the predicted asymptotic profile (Figure 24).
Because of the scale reduction which occurs during cooling, the
pressure gradient has nearly vanished by station 4.0 and this station
is chosen as a ''test station.'' For this configuration no obvious
distortions exist (Figure 25) until Rex = .50 X 106 (Pooo = 100 psia),

c

and it is assumed that below this Reynolds number the interaction

is effectively laminar.
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It must be emphasized that the length of the separated region
has been greatly reduced in the cold wall configuration (by approxi-
mately a factor of 3) and hence the overall effect of stabilization does
not support ahy conclusion as to the stabilizing effect of cooling when

applied to either boundary layers or free shear layers.

4,2 Laminar Flow

4.2.1. Experimental Correlations

4.2.1.1. Effect of Cooling

For one condition the flow was judged laminar for both

the adiabatic and the cold wall cases (ReX = .15 X 106). The bound-

c
ary layer edge and the shock waves in the external flow for each case

are shown in Figures 26 and 27. The effect of cooling on the surface
pressure distribution of a laminar, two-dimensional, complete (in
the sense of an infinite ramp) boundary layer separation for a fixed

geometry, Re_ and M__ is shown in Figure 28. In order to eliminate
X 0

two obvious effects of the reduction of the initial pressure level
(viscous interaction) and the reduction of the boundary layer thickness

and thereby bring out the additional effects of cooling a new pressure
p-p

—_—FL and plotted versus a coordinate

Py Py

scaled by a characteristic thickness associated with an undisturbed
X-X

plate boundary layer, holding the corner fixed, § < *C . The data

b¢c
{Figure 29) show a remarkable similarity when viewed in this light;

parameter is defined,

the cold wall case exhibits less upstream influence than the adiabatic
case, but the two are almost identical throughout the reattachment

region. (See later discussion of ''free interaction'' scaling.)
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4,2.1.2, Effect of Reynolds Number

Unfortunately the appearance of transition at higher
Reynolds numbers for the adiabatic model rules out any observation
of the effect of Reynolds number on the purely laminar interaction
for this case. However, over a limited range of Reynolds numbers
the flow was jﬁdged laminar for the cold wall model and for a fixed
Moo, -,—I,-‘ﬁ and geometry (—Efi; 3.81), Figure 30 shows the effect of
Reynolzlos number. The m:;t striking feature is the upstream prop-
agation of separation with increasing Rexc, which is in agreement
with the trenci predicted for the adiabatic case by the Lees-Reeves

theory, and that observed experimentally by Needham {7 ).

4.2.2. Comparison with Lees-Reeves Theory

Similarity between the separation associated with a compres-
sion corner and that of an incident shock wave-boundary layer inter-

action was noticed by Reeves (11).

/////////////////////

plate-ramp shock wave-boundary layer

If the strength of the shock in the shock wave-boundary layer inter-
action is small enough so that the entropy loss can be neglected, we
see that within a small displacement the geometry of the boundary

layer is quite similar to that of the plate ramp configuration,
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provided the overall pressure rise is matched.

.A comparison of the experimental pressure distribution of
the laminar interaction on the adiabatic plate-ramp to the theoretical

prediction for an equivalent shock wave-boundary layer interaction

Re = Re and p_+ - identical) is shown in Figure 31,
( Xcorner Xshock Pog /p°° *) g

In addition the form factor #H = ‘;91/6i ;
where

& 5.
9. = Cu (1-%yay, &= 1(1 2 )dy dY = p _d
i~ u v u ’ i T u ’ pat = p 9y
2 e e d e

has been calculated from the experimental Mach number distribu-

tions by approximating the temperature field by

1+ r XL P
== 25,  r=.845
e l-é-rlzf—

and the variation of this parameter is also compared to the theory
in Figure 32. During the aspect ratio study at JPL, at M = 4.0 we
had a visual (shadowgraph) indication that flow may have remained

6

laminar below Rex = .17 X10" and these pressure distributions,

c
including those obtained on the stovepipe configuration (AR-1) which
approximated the two-dimensional flow, are shown in Figures 33,

34, 35. Finally the condition at which we obtained Reynolds number
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correlation at I\/I00 = 6,06 (¢ = 100) is included (Figure 36). In all
these cases the moment method of Lees and Reeves gives a satis-
factory description of the surface pressure distribution throughout
the interaction region. The discrepancy between the experiment
and the theory at M = 6.06 and RexC = .15 X 106 (Figure 31) is
believed to be due to improper initial conditions utilized in the
theoretical analysis. The initial viscous interaction (xo: . 75)
makes the assumption of Blasius initial conditions suspect and this,
including the details of the corner problem, is presently being con-

sidered by D, Ko™ at Caltech.

* Graduate Student, California Institute of Technology
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5. TRANSITION

5.1. Observations of Transition and its Effect

In order to ascertain the effect of transition, and in particular
its effect on the surface pressure distribution, interactions known to
be transitional have been contrasted with the theoretical prediction
for the laminar shock wave -boundary layer interaction. Within the
limitations of this theoretical prediction for the laminar flow, such
a comparison will show the effect of transition.

The shadowgraphs taken of Model AR-1 at JPL during the
aspect ratio study show evidence of turbulence aft of reattachment
for Rexc = ,27 X 106 at M_= 4.0 (Figure 37). A qualitative change
occurs in the characteristics of the boundary layer in the region aft
of reattachment, as compared to the boundary layer forward of sepa-
ration. The boundary layer upstream of reattachment, including the
separated layer, exhibits a distinct edge. This edge vanishes in the
region aft of reattachment. Also, a structure becomes plainly visi-
ble, beginning with striations at the lower Reynolds numbers and
becoming ''grainlike'' at the higher Reynolds numbers (Figure 38).
It would seem plausible that the striations are caused by a vortex-
like structure and the grains are turbulent eddies. The surface
pressure distributions for both Models AR-1 and -2 are contrasted
with the laminar theory for ReX‘C = ,27 X 106 {Figure 39). For this
Mach number and ramp angle, the next highest Reynolds number
exceeds the limitations placed on the theory by the one parameter

description; for higher Reynolds numbers (more highly separated

flows) the appearance of a predicted static pressure maximum in
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the ''free interaction'' region is deemed physically unrealistic (8 ).

The surface temperature of the GALCIT model C-1 was re-
corded for the adiabatic configuration (in which no internal flow was
permitted) and the local recovery factor was calculated; the results
are shown in Figure 40. The pre-separation (x = 1 inch) recovery
factor increases from r = ,845 to .859 as the unit Reynolds number
is increased. This deviation is believed to be caused by heat con-;
duction within the model, which extends into the tunr,%él boundary
layers {turbulent for Poow > 40 psia). The post-reattachment
(s = 1.46) value of r shows an increase with increasing unit Rey-
nolds number, and it approaches a value exceeding the expected
turbulent recdvery factor by about the same amount as the plate
value exceeds ’the laminar prediction. This behavior is associated
with the transitional nature of the boundary layer in addition to heat
conduction within the model.

The Pitot surveys in the reattachment region for the higher
Reynolds numbers exhibit the characteristic properties of transi-
tional or turbulent boundary layers. The edge becomes poorly
defined and the profile becomes increasingly full. A region near
the wall appears in which the profile is similar to the laminar bound-
ary layer profiles, and this region is believed to be the laminar
sublayer of a turbulent boundary layer. This qualitative change in
the Pitot surveys is seen in Figures 41, 42, 43, 44, which include
a pre-separation laminar profile for comparison.

All the pressure distributions, including that of the laminar

case for comparison, are shown with the laminar theoretical
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prediction. The Mach number distributions obtained in the reattach-
ment regions are also included in Figures 45, 46, 47, 48, 49.

The effect of transition appears to be threefold: (1) the up-
stream influence has been retarded; (2) the pressure gradient in the
reattachment region has steepened; and (3) the pressure overshoot
(above inviscid pst) has increased.

The appearance of transition at higher Reynolds numbers for
the adiabatic configuration ruled out any observation of the effect of
Reynolds number on a purely laminar interaction. The cold wall con-
figuration, which remained laminar over a limited range of Reynolds
numbers, exhibited the upstream propagation of separation with in-
creasing Reynolds number which has been predicted by Lees and
Reeves. The effect of transition on upstream influence is to reverse
this trend (Figgre 50), a result which has also been observed by
Needham ( 7).

5.2s Fluctuation Measurements (GALCIT, Model X-1, adiabatic wall,
M _=6,06)
e o]

The location of a point of transition would allow one to define
a sufficient criterion for an effectively laminar interaction. The Pitot
profiles exhibit a continuous variation from separation-like profiles
to profiles of a transitional or turbulent nature. In order to establish
whether there exists a point of transition, fluctuation measurements
were made across the boundary layer at several stations and tunnel
conditions {Reynolds numbers). The measurements were made using
a Shapiro and Edwards constant-current hot-wire set. The sensitivity

of the measurements to local conditions, which change greatly across
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the boundary layer, require numerous measurements under differing
conditions (e.g. wire overheat) in order that one can be certain what
portion of the hot-wire voltage output is truly flow fluctuation. Such
measurements were not carried out during this investigation and these
measurements are necessarily of a qualitative nature. The hot wire
was placed just outside the boundary layer and the time constant was
determined by the square wave method at an overheat corresponding
to 10% increase in the wire resistance above its adiabatic value,
With this fixed current, the hot wire was then traversed across the
boundary layer and the mean square voltage output recorded on a
Moseley autograph versus the position of the hot wire. The measure-
ments represent contributions from all frequencies between 1 cycle
and 300 kilocycles. Pitot surveys were taken under identical condi-
tions and with the boundary layer thickness, &, defined as the maxi-
mum slope intercept (Figure 51); the mean square voltage fluctuation
was then plotted versus y/8 and is shown in Figure 52.

Well defined maxima occur within the boundary layer for
stations located at or near the corner of the model for all 3 Reynolds
numbers, At the lowest Reynolds number (pcw = 30 psia), this
behavior remains the same as one moves aft, with an increase in
the magnitude of the maxima and a slight shift of the location of the
maxima toward the wall. At the higher Reynolds numbers, the pic-
ture undergoes a qualitative change. The maxima are less well
defined and tend to ''spread out'', with a marked increase in mag-

nitude. At the highest Reynolds number, Poow = 100 psia, the meas-

urement (AV2) reaches a maximum and then begins to decrease as




26
one moves aft (Figure 53).

No criteria, such as an abrupt increase in fluctuation, were
observed which would allow one to define a ''point of transition'' and
hence a sufficient criterion for an effectively laminar interaction.

The Pitot surveys show a distinct sublayer at x~ 2.0 for

Rexc =1,0 ><‘106 and x ~3,.0 for Rexc = ,50 X 106 {none at Re, =

c
.30 X 106), which, accompanied by the peaking of the fluctuation
measurement at Rexc =1.0X 106, suggests the existence of a fully
developed turbulent boundary layer. The severity of the effect of

this level of transition on the interaction is seen when the pressure
distributions are contrasted with the laminar theory. (Figures 54,
55, 56) The deviation from the laminar prediction increases with

increasing Reynolds number while simultaneously the fluctuation

measurements undergo the qualitative changes previously described.

5.3. Model Correlations

5.3.1. Two Model Correlation (IPL:, Models AR-1 and 2,
Adiabatic Wall, Mg = 4.0)

The correlation between the pressure distributions of the two-
dimensional and annular models used in the aspect ratic study at JPL
has been demonstrated at ReXC = ,068 X 106., As the Reynolds number
was increased this correlation becomes increasingly poor. (Figures
57, 58, 59). The only parameter (I—?I;-) which governs the difference
between the two models remains relatively unchanged. At the highest
Reynolds numbers the stovepipe is known to be transitional (shadow-

graph observation), and it is concluded that this lack of correlation

is directly attributable to the degree of transition which each model
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experiences. The stovepipe model is mounted approximately 2 feet
aft of the two-dimensional model, and its surface is as close as 2
inches from the tunnel boundary layer (Figure 60), while the surface
of the two-dimensional model is approximately 7 inches from the edge
of the tunnel boundary layer. It is believed that this variation in
location is subjecting the stovepipe configuration to a higher level
of '"noise'’ from the turbulent tunnel boundary layers, thereby more
effectively tripping the separated flow.

5.3.2. Reynolds Number Correlation (GALCIT, Models
X-1, 3 and 4, Adiabatic, Mg = 6.60)

As previously shown, a good correlation of surface pressure
distributions was obtained with different size models when free
stream cénditions {unit Reynolds numbers) were adjusted such that
Rexc was invariant (see Figure 17), For Rexc> .30 X 106, where
the flow was in a state of transition, this correlation failed (Figure
61). When a given model (X-3) was moved approximately 9 inches
aft in the wind tunnel it exhibited a different pressure distribution
(Figure 62) thereby confirming the sensitivity of model location to
the phenomenon of transition. Behrens (17) has made fluctuation

measurements in the GALCIT Mach 6 tunnel which show an increase

in the free stream fluctuation (AVZ) of approximately a factor of 3
(I cycle/sec to 20 kilocycle/sec) over this distance.

The apparent sensitivity to model location within a given
tunnel, and to tunnel conditions (unit Reynolds number, etc.) and/or
model size makes it impossible to ascribe a critical Reynolds number

to the transition phenomenon in a separation interaction in wind
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tunnels. One must have the capability to run a tunnel with laminar
tunnel boundary layers so that there would be no ''noise,'' and then
vary Reynolds numbers by changing model size in order to arrive
at a criterion which would be of value under flight conditions. This
procedure has not been attempted during this investigation because

of the limitations of the existing experimental facilities.

i
|
i
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6. FREE INTERACTION

Once a boundary layer has been separated by some disturbance
(step, shock, etc.), the flow field in the region near separation is
dominated by the equilibrium interaction between the boundary layer
and the external supersonic flow. Although the location of the point
of separation is very much a function of the location and strength of
the disturbance, the pressure distribution throughout the region re-
moved from the immediate neighborhood of the disturbance is governed
by local interaction, and in this sense is independent of the disturbing
mechanism. This phenomenon is commonly referred to as a ''free
interaction'' (Figure 63)

Chapman et al, ( 1) obtain a similarity scaling by the following
unrigorous but suggestive approach. Taking the linearized pressure
coefficient referred to conditions at some reference point X

PP, 2(9-—90)

Y 2
2 poMo VMg—l

and the momentum equation evaluated at the wall,

ii;E;_(?;I)
dx ~ \ 9y
w

the introduction of the following dimensionless variables,

- - - &R
g-—x—xo-ﬂx dy—ﬁody
6*
T=T T g-0 = =2
o o 1

where ﬂi is as yet undetermined, leads to
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& =00, and P=20
9y
3 %

p-p. & 6 2 T
rovided P= —2 _° and 2) = —©° VM2 |
p

T 4. £, Y 2 o

© Yoo ' ZpoMo

C  (M%-1)%

. Po © %o P
that is =9 and X = —2 YT (MZ-1)
)’Cf 60 o

In hypersonic flows, the linearized representation of the pres-
sure coefficient is of limited use and for our purposes it will be neces-
sary to include the next term, that is

p-p

Py

O

= yM AB{I VN E % M®>> 1, M_Ag<< 1
o 4 o o o

The similarity form now becomes
P = z@{l + X2 MO3/2 Ve, @}
o

Hence, even from this crude argument a parameter has arisen which
cannot be eliminated and in general we must expect P to depend on
this parameter as well as on X, i.e., P = P(X; Mo3/2 )/6;_).

Since the experimental measurements were limitedoto p = p(x),
it was necessary to predict the initial scaling parameters. Restrict-
ing the argument to the separation of a boundary layer formed on a

flat plate, in a moderately hypersonic flow (Mi>>’ 1) and occurring

in the weak interaction regime of the boundary layer, Mw(qd?:

}<< 1,
it can be shown (Appendix 2a) that the Chapman similarity variables

become,
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1

c, (Mf;-l)4 bop
p=—2 = 1.75 o 1 {1+0(M00§§X."i)}

ch Py )/5(:
0

XX, 2 .3 %51 -1 Tw

X = — Y (ME-1)% =o0.82—2 L g M, =)
o o o )Xo ©

{1 + O, %if)}

_&):;ajc_ Rex
0 Too

where G (M = —-—2-——-

is a relatively insensitive function of Mach number for the adiabatic

wall and Moo =4,

Adiabatic
M_ = 4.00 Ge= .443+ 1730 _ g5
00 2
MOO
= 5,00 = .512
= 6.06 = .472
- — . 443

The function G does change significantly for a cooled wall, for

example ;
Tw
M00=6°06 —,IT—=}.G7O G:-.ZOO
00
T
{As Moo - 00, TY’_ - fixed, the scaling function G becomes independent
o0

of wall temperature, corresponding to a physical scale approximately

one-quarter that of the adiabatic configuration, G — .116).
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For the flat plate boundary layer the additional parameter,
Mo3/2 )’_6;— » which entered because of the nonlinear term in the
pressure c?oefficient is just )’)-(; and P = P(X; xo).

Restricting attention at first to the adiabatic mode, the pres-
sure distributions obtained on three models (the stovepipe - 10° flare
at M = 4.0 and 5.0, a plate - 10° ramp and a .10 inch step placed
on a plate at x = 3 inches and x = 5 inches at M = 6.06) have been
reduced according to this similarity scaling. In all cases transition
appears to occur in the neighborhood or downstream of reattachment
(Figure 38), leaving the ''free interactions'' laminar. Hence, the free
interactions of transitional as well as purely laminar overall inter-
actions have been correlated.

Figures 64, 65 show typical preséure distributions obtained
with these configurations, and Figure 66 shows the Chapman corre-
lation including all values of Xo In order to investigate the depend-
ence on the interaction parameter, X, the values of P occurring at
each of 3 fixed values of X (obtained by curve {it) are plotted versus
Xo (Figure 67). The variation observed amounts to approximately
10% for each value of X, and appears to be a definite trend, such
that P decreases with increasing Xo®

The effect of wall temperature on Chapman's scaling has
been assumed to enter solely through its effect on the reference
qguantities (6%, etc.) of the scaling. The pressure distribution ob-

T

tained on a plate upstream of a 10° ramp at M_ = 6.06 with -T—?-V-—g 1.70

o0
is correlated in the same manner and presented in Figure 68 together
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with the band of adiabatic data. Although data taken at all Reynolds
numbers for this fixed wall temperature collapse into a single curve,
the curve is quite distinct from that obtained in the adiabatic case.

The major difference appears to be in the X scaling which may reflect

an ""error'' in the choice of 60* as an appropriate scaling factor for

) . .
6 and/or (5—};)W when TW/T00 is not fixed,
Using an approximate integral of the energy equation and a

Pohlhausen type analysis, Curle (12) argues (see appendix 2b) for a

flat plate that

L 1 x-x_ [T \-1 L 1
G_ (M%-1)% Re_* ~F§ ° <—l-"’> (M%-1)% Re 4%
o) o x x T o] x
[o] O e jo

The similarity variable P is identical to that of Chapman's scaling,

but

X oy T
e} y X o0

o

The actual tabulated values of F(x} agree with Chapman's
empirical values for the separation pressure, but considerably
overestimate the plateau pressure. If it is assumed that the dis-
crepancy is caused solely by the functional dependences assigned
to the Pohlhausen parameter, the similarity scaling is unaffected
and one is free to search for an empirical relation between the simi-
larity variables,

Curle uses the linearized form of the pressure coefficient
and by the same argument as before we can expect X, to enter again

as an independent parameter under the hypersonic conditions
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encountered here,

As in Chapman's scaling, for adiabatic flow and relatively
T \-1
2 w

high Mach number, M T (which takes the place of G—l) is
0

insensitive to Mach number,

Adiabatic wall

: 2 Tw -1
MOO = 4,00 MOO T:; = 4,32
= 5.00 = 4,79
= 6.06 = 5,10
- ® = 5,92

but the effect of cooling is further magnified

T
e.g. M =6.06 T“—“—:L?O
0
T \-1
Mj(-f‘-"’-} = 21.5
[©e]

In order to compare the two scaling laws, the constant in Curle's
scaling is adjusted such that it agrees with Chapman in the adiabatic,
infinite Mach number limit.

As Moo —= o0 {adiabatic wall)

Xg)}zapman —1.840 XX.XO — = Xg)u);rle
° VX,
Adiabatic wall Chapman Curle
M = 4.00 X(°>=1,479i};9—1—— x(°)=1,34z§x—°;—1-
= 5,00 = 1.591 ° )’)7; = 1,488 ° )6(:—
= 6,06 = 1,729 =1.582
— 0 = 1,840 = 1.840
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Cold wall
T
e.g. g = 1.70
o0
X~X X~-X
M = 6.06 X(°)=4.08—;c——3—1-— x‘°)=6,69_§_9._!_
i NN
— 00 (‘Tﬂ - ﬁxed) —-=7.05 ' -
o0

(which implies ;céx--’ﬂ)
o

We see that the two scaling laws are empirically indistinguishable
when applied to the experimental range of adiabatic conditions.
However, for the cold wall at Mach 6 Curle's scaling shows nearly
twice the effect of Chapman's scaling, becoming more severe at
higher Mach nu;}fnbers, This difference seems to be reflected in the
experimental correlation shown in Figure 69, where Curle's scaling
is used for both adiabatic and cold wall data (all xo). The variation
of P with Xo? including the cold wall data, again exhibits the same
decreasing treigd with X (Figure 70).

Lees (18) has considered this problem with the aid of the
moment or integral method and is able to show (appendix 2c) that

T
Curle's scaling is valid; however for highly cooled walls TO cannot

Coo
be entirely eliminated and enters as a parameter. The empirical

fact that the present investigation does not exhibit an appreciable
T

dependence on —T—Ez is not fully understood and any conclusion must
oo

be withheld until the equations, including the energy equation, have

been infegrated. This is presently being investigated by J. Klineberg

at Caltech using a two parameter moment formulation.
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In summary, it has been demonstrated that the similarity
scaling obtained by the dimensional argument of Chapman contains
the wall temperature ratio as an important independent parameter,
P=P (XChapman; Xo? _';_V‘_’. ) On the other hand, in the similarity
variables suggested by C:rle the temperature ratioc does not appear
as an independent parameter, and over the reasonably wide range of
experimental conditions encountered during this investigation all data
reduce to a single curve with a slight dependence on X;) which is attri-
buted to the nonlinear term in the pressure-deflection relation,
P=>=pP (XCurie; Xo)" No quantitative measure was made of the location
of separation and hence of the separation pressure. However, the
plateau pressure which is being approached appears to be in good
agreement with the empirical data for 1.3 < Mm < MOQ € 3.6 of
Chapman(sz 2. 23) and the theoretical estimate and experimental

data at Muo = 2,0 of Hakkinen (Pp = 2. 33).
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TABLE 1
Range of Experimental Parameters for Free Interaction Correlation

Model Wall Temperature Mach No. X Symbol

0O

AR-1 ‘ adiabatic 4.00 .0798 \%
. 0925
.1098
.129
.152
.187
.219

. 284

AR-1 adiabatic 5.00 .192
<229
. 266
.306

. 378

S-1 adiabatic 6.06 274
| .303
.387
429
- 483

. 579

C-1 adiabatic 6.06 .386
. 406
. 430

461

v © O P O|l0 @ 86 p N 4|)» 4 X < 4|/!0 p g D QO O ¢

. 499
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Table 1 (Cont'd)

Model

Wall Temperature

Mach No.

Symbol

C-1

adiabatic

6.06

. 543
.603

. 685

N

-3
]
o
-
-J
Q

=
Te

6.06

.362
.381
.403

425

.496
. 551

.628

® P b v ¢ ®8 P © U D
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7. SUMMARY
A study has been made of the two-dimensional boundary layer

separation associated with a compression corner at Mach 4-6, over a

4 6

Reynolds number range of Re = 6.8 x 10" - 1.0 x 107, and for both

C
adiabatic and highly cooled models.

7.1, Two-Dimensionality

In order to obtain two-dimensional flow the outflow and the
disturbance caused by the interaction with the wind tunnel boundary
layer s were eliminated by mounting side plates or fences on the model."
The disturbance caused by the side plates themselves was minimized
by‘designing them swept and with sharp leading edges. The spanwise
distance between them was varied until the centerline surface pressure
distribution reached a limit for each configuration and condition; the
limit was attained at a moderate aspect ratio (of order 1 under the
conditions encountered). The spanwise pressure distribution became
uniform while ig:]he centerline distribution was still varying and hence
this test is notiaccep‘table as a sufficient experimental criterion for
two-dimensional flow. An observation of the disturbance caused by
the side plates to a flow which approximated the two-dimensional flow
and had no end effects (stovepipe configuration at JPL) confirmed that
the limit was not affected by the side plates.

7. 2. Laminar Flow

A model which could be run either in a highly cooled or an
adiabatic wall condition was designed for use in the GALCIT Mach 6
tunnel. Pitot pressure surveys were made of the boundary layer

downstream of reattachment and the Mach number distribution was



40
calculated by assuming that the static pressure was constant across
the boundary layer. The Mach number distributions were then con-
trasted with a theoretically predicted asymptotic laminar profile.
Those flows undergoing transition exhibited distinct distortions beyond
(fuller profiles) this prediction. It was assumed that those flows which
did not exhibit this level of distortion were '"effectively' laminar.

The effect of cooling for laminar flow with a fixed geometry,
Mach number énd Reynolds number was observed to be: (1) a reduc-
tion of scale approximately proportional to the reduction in the dis-
placement thickness of an undisturbed boundary layer; (2) a reduction
of upstream iv,nfluence beyond this scaling effect; (3) a reduction in the
overall pressure level of the magnitude of the reduced interaction
pressure on thé plate preceding separation.

Those flows which remained laminar as the Reynolds number
was increased exhibited the upstream propagation of separation pre-
dicted by Liees and Reeves.

All adiabatic flows believed to be laminar were compared with
the Lees-Reeves theory (as modified by Klineberg and Lees) and good
correlation was obtained over a wide range of parameters.

7.3. Transition

In addition to the distortion of boundary layer profiles, the
surface recovery temperature, qualitative fluctuation measure;nents
and some shadowgraph observations were used to detect the existence

of transition. In all cases, the transition appeared to occur near or

aft of reattachment.
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In order to ascertain the effect of transition, transitional inter-
actions were compared with the theoretical prediction for the laminar
shock wave-boundary layer interaction. Within the limitations of this
theoretical prediction for the laminar flow, such a comparison shows
the effect of transition to be threefold: (1) the upstream influence has
been reduced; (2) the pressure gradient in the reattachment region has
steepened; and (3) the pressure overshoot (above inviscid poo-!-) has
increased.

The effect of increasing Reynolds number for transitional inter-
actions was to decrease the upstream influence, which is opposite to
the trend observed for laminar flows. |

7.4. Free Interaction

The '"'free interaction'' concept was confirmed and the data cor-
related accordfhg to the scaling suggested by both Chapman and Curle.
Both correlate the adiabatic wall data well, with the exception of a
dependence on the interaction parameter, X o’ which is shown to be
important for hypersonic flows. The correlation of the cold wall data
exhibits a dependence on wall temperature beyond that suggested by
the Chapman scaling. The form suggested by Curle appears to remove

this additional dependence.

7.5. BSuggestions for Future Work

Several extensions of the investigation present themselves:
(1) The measurement of heat transfer and skin friction throughout

the interaction region.

{2) An investigation of the effect of wall temperature over a wider
T

W
range of e
o0
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(3) An investigation of the effect of initial conditions; for example,
the effect of a negative pressure gradient upstream of the interaction.
(4) A quantitative study of the instability of the separated and re-
attaching flow.
(5) A study of the effect of geometry, as for example ramp curva-

ture and ramp length.
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APPENDIX 1

REYNOLDS NUMBER CORRECTION FOR PITOT MEASUREMEN TS

There are at least three factors which must be considered in
interpreting Pitot pressure measurements in a boundary layer: (1) as
the probe nears the wall the Reynolds number becomes small, giving
rise to viscous effects; (2) the stagnating streamline is displaced be-
cause of a lateral velocity gradient; (3) as the probe approaches the
wall, the presénce of the solid boundary becomes an important factor
in the local flow field.

The experimental Mach number distribution obtained on a flat
plate is contrasted with a theoretical solution based on the Sutherland
viscosity law (16) (Figure 19). From the agreement with the theoreti-
cal prediction in the region M > 1 it is concluded that all three effects
are unimpor‘tant’ in this region. If it is assumed that: (1) the displace-
ment created by the velocity gradient is not important; (2) there exists
a region near enough the wall that viscous effects are important
(Re € 10}, but far enough removed so that the boundary condition im-
posed by the presence of the wall does not appreciably influence the
probe measurement, then we have some hope of making a meaningful
correction to the measurements.

Sherman (19) has made measurements up to M = . 7 with two
different axi-symmetric probes, one approximately source shaped with
- 20h opening and the other a flat-ended probe with internal chamfer.
Both show reasonable agreement with the theoretical prediction of

Homann (20) for the impact pressure on a sphere at M = 0.
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For probe locations greater than three probe heights from the
wall we have taken the difference between the measured impact pres-
sure and that predicted by the theoretical calculations under ideal
(isentropic compression) conditions, and plotted the data obtained for
pt(meas)«-pt(ideal)

M < 1 in the manner of Sherman; here Cu = 7z YL and Reh

is the Reynolds number based on height of the probe (Figure 71}, The

Reynolds number was calculated by approximating the temperature
field {(which was not measured directly) by the form suggested by

Schlichting {23),

_ = y-1 . 2
o LE Y
T vy-1 .2

e 1+“/pr —5— Me

The probes used throughout the investigation were flat ended {opening
~ .3h and flattened width/height >~ 15). Homann's solution for the im-

pact pressure on a cylinder (the probe was believed to be closer to this

configuration than a sphere) is C = L SR , and this result falls
M Re+,46,/Re

within the scatter band. Because of the rather large amount of scatter

the complexity of this form is not warranted and an empirical fit of the

form Cu = %'fe-é- has been chosen as best representing the data. As the
probe came closer than ~ 3h to the plate the measured value of C
showed increasing deviation from this form, and it is concluded that
this region is greatly affected by the solid boundary.

This form of viscous correction requires iteration if one starts
with a measured Pitot pressure, and attempts to infer Mach number.
However, by starting with Mach number = . 1, .2, .3 etc., knowing

BR- and Rew we can calculate pp‘t (meas) and since the measured

L 00
impact pressure in this region is quite smooth, we can find the corre=-
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sponding location by curve fitting the data (Figure 72), thus eliminating
the iteration.

This correction represents a 'first order' look at the effect of
Reynolds number on probes of the geometry utilized in this particular
boundary layer study. These findings must necessarily be verified
under conditigns in which there does not exist either a solid boundary
or a velocity gradient.

With this limitation in mind, all adiabatic profiles have been
corrected according to this formulae. The subsonic portion of the cold

wall profiles lies within ~ 4h and hence no correction was attempted.
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APPENDIX 2

(a) Chapman scaling

Since only p = p(x) has been determined experimentally it is
necessary to estimate theoretically the other parameters which enter
the free interaction similarity scaling.

First, ‘ 1

2 Y
c (M ~1>
. P >
P = o and

-2
2 P°P 1 Mo
C, = 3 pJ (M ) »
Py Y P M
[+e]
p -l M \"’2 T
- o ° W
C = G (T) (‘M‘} where G, = s 2
o o oo 0 0 /2 p M
w0 00
So 1 .
- 2 Y
P = Eppo }12 <Mo)2‘1 (po)(l\&@)1 E(Mo)"'
Y po M Moo C¢ P M %0 Moo
o0 00
1
{l - +aoo}
4 M
.1 °
or neglecting /41\/12 ,
o
i i
- _ ;2; p‘po 1 (pO )2 (MO> 2
= - 2 —
Y po M?2 oF; poo Moo
Y -]
, . 2 do*
Following Lees-Probstein (10) for M_ >> 1 and M == << 1
00 00 dx ’

¥
59_ = 14 y(Mw %2—(-) Fooo , which implies
L%
y-1 2
Me _ 1 1 + 2 Mw M ds* + ..
M T - Z w dx ) and
o M

o
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(o)
— 2 dﬁ* L B
G, = G+ (M, T)+ (Ref, 21)
00 o0 M
where
M do* nd C(o) are luated for non-interacting flow:
w dx @ £ eva on-inte ing flow:
, T
6% { w y=-1 ,,2 }(Ref. 21)
= e, JC 1.937 ’I_‘:) + .578 > Mco - . 207
.664
clo) _ Ca (Ref, 22)
foo JRe
X
By utilizing these relations, .
; ) 1 y-1 2
, PP Re {1+1+1+z Moo( dé
P = = p 2 L 2 Z o dx
Y ° Mog 664 C ZMq'o
C 1 Ret (v 95%) 4 }
M 664 cz \® X
and neglecting — .
2M
0 . 2
P = 1.752 —2 3y-1(y 985 1. 508@1
oo dx 0
o \jx
+ LI T }
% 2 0
Next, ¥ = ’Cf (M - l) or,
5% o

b

f
9@
N
]
/“\
8 g;lw
.

00
{ .__ﬂm}

. . 1
and again neglecting ———-
4M

J; @;‘;)'%( 3

X

b
it
z] g

o
X~X M
o



which becomes

, 4 -
— Yo1 g2
o xxy ,\/.664 Re 1{1+ Ly +._1..1+ 5— M as*
X = 5% 77 o © 272 T2 JwdEx
o w’ o0 1 1 o0
C; Rel ds*
+ 3 ( ood‘x"‘) +}
M ~ (. 664)
o0
where
f G — .6_;5 ex
= P I ——
Mg v €
and finally,
X=X, 1 -1 /Ty +1 ds*
X = 0.815 L og (—-— M ){1-1—-(1\/1 --—)
X T * oo 4 o0 dx
o} Yo (o)
2
1.508 (M d6*> +°”}
X o dx )
o

{b} Curle scaling

The scaling suggested by Curle can be arrived at by Chapman's
argument provided one introduces a partial transformation to incom-
. . 8 _ p 8 .
pressible variables, Iy~ 5 37 and approximates the tempera
ture field by the Crocco integral (the complexity of Curle'’s approxi-

mation of the energy integral is unnecessary for this argument]},

T T

T - W w( u) v-1,,2 u( u;)
T - T v 1“_(1—- 5 Me u 1 - u :
e e e e e
It follows that
&
5% = S(l-ﬁi—)d —LW 8% + YL M4 g
o P U, Y’Te i 2 e Vi "

Neglecting the variation of Mf Gi in comparison with the variation




51
T T

woe ¥ L1 ~ w d (—* *)
of T——-Gi implies 9‘90“ T d% 61 -Gi o
e e o
Now
PPy _ 2 (6-89)
Y 2 2
ZpoMo Mo—l
d %*
T o3 5.
_ w o dD _ i
CpM-l"ZT T Ix% whereD—a* 1
(o] e i iO
and
P = Z%% provided
TR N
P = Cp M-l —- ('T—>
[8] 6i e
O
Taking the momentum equation at the wall,
. () | lw o (21)
dx 9y/,  Po 8" MYy
or
2 e
y Po My ap %, (Tw> _ Te 7o (8'-1")
Z i, dX T, \T_/ T T_ §.%\3%7
i /Mzo -1 i e w 510 Y ‘w
2 2 1
- 4% T i
o E - (F) wewaes (52) - (22) o, ()
9 w i Wo o
which implies 1
2 .\ -1
Cp Mo—l X=X 2 \* TW
= [o) =
P = and X = —2 S (M -1) (%) .
Cf 85 e o
o o

The pressure scaling is identical to that of Chapman, and

following Appéndix 2a the X scaling can be predicted.
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The temperature ratio becomes,

y-1 2
Tw ) Tw Too ) TW 1+ 5 Me ) Tw{l—(y-l)M do*
e T'; e 0o 1+X_2_}. Mi T:; w dx
+ .00 }
and hence
’ X=X Re % 1,7 -1
X = —2 X %«i,éw M2 ()
%o 1.730C % o
1)
2
31—5( dﬁ*) 1.508 ( dé*) }
{l+ 4 Moo dx * %o Mon dx +
or
X-X 1 > T -1
X = 0,471 C M (%)
X )
s} ;\/\0 o
2
- % . / 1§ %
{1-.531(1\/1 dé >+1.508(\M ds >+,.°}a
4 o dx Xo o dx

{c} Lees analysis
If one approximates the energy integral (e.g. with the Crocco

integral) the interaction is determined by the following three equa-

tions (8,15) when coupled with the external Prandtl-Meyer relation:

61* dMe C Nl
W o~ =ax =%, 7 MHED
e Re . ¥e
o
1
N
dH C. 2
3% = ———
(2) 5.% ¢ 5o 55— (M, H, h)
ds . * N,
C 3
(3) = = o -2 (M_, H, h)
dX Reﬁ.* D e’
where and
% i+ m_ % a,
6i me”-%-mm) 61 Vo e i
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e.*

If one assumes that -91—— = K(const),
i

D = (KA-G) (B-H$E)

dB
N, = (KP-R) (B-HIZ
N, = -(KA-G)Hh - (R-KP)Hf - (GP-AR)B
N, = (KA-G)h - (KP-R)f + (GP-AR) B

3 dH
where,
A = 2H+1-E
14+m
B =
E = -1 S <'HE_ - l)dY
2 4
- 3y~ -
f = [ ]H‘%’ Y (1-E) + ._%W)Z
e e
G = 3KH+2s_ T*
w
P = P{H)
R = R(H) Z = Z{H)
61

ko R e



54

Utilizing the Crocco integral to approximate the temperature field,

hy-b, u
FE-v ° o implies
t w e
e
TW T
E = 1 - - A = 2H + - w
000 (o
T T
% - w _ W
SWT = -H(l- T ) G = 3KH+ 2(—T—— -I)H
000 000
aB B _ _ ltm, T,
d H m H
e 000
Tw
G-KA = (K-2)H + (2H-K) T
Oco
and the equations become,
*
0 5 M, ¢ KP-R .
M dX
e Reg.* (2-K)H-(K-2H) £
t 000
* -1
5, T
i dH w 1
(2) S = (9 e+ ofg—)
H dX TOo Ref’i*
s * T, -1 1
Gl x = (r9 e+ o)
X AT
Too Reﬁl*
which imply
de, :
Lo 0( L ).
ax" Reﬁ.*
i

(Curle’s primary assumption involves the constancy of the momentum

thickness. )
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By differentiating (2) and using the Prandtl-Meyer relation

de dMe
(1 +me) F + i = 0 one finds
T -1 dM
(4) 5 d <_}__ dH) - ( w) 1 e
i ax (g2 9% T I+m_ ~dX
o 0 e
dMe
Eliminating % between Eq. (1) and (4) leads to
-1 2
(L, an) . (Tw> c M,H K P-R
dX \pe dX Too I-i-me 0 < Re9 T, )
i, i, (2-K)H+(K-2H) T
000
For
Tw (2-K)H
T;—a 2 1, —— << 1 which implies
@ (K-2H)
Ot
d (L, an), _c M  bmg, (Tw)'z H (KP-R)
dX HZ dX 9. 2 Reei 1+rne Too (K-2H)
i o
- 5V -1
and 4 (__1_2 dH) & £(H) = 0 where g~X X, JCJ M [ l4m (Tw> '
dE \'g2 dg. 8 Fg——- 1+m, Iw
(e} eio

Hence for interactions which involve small variations in Me

-1
X=X, ] 2 1 Ty
E ~ M (———) : which is
X R ) T
° WX 0

the scaling obtained by Curle. However, for highly cooled walls,
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T
(Z'K)HT ~ 1 and while one is free to maintain this scaling,
(K-2H) Tw 000
000

must be expected to enter the correlation as a parameter.

Taking the isentropic pressure deflection relation,

o — +1 L I 1
el woe{1+ XM o+..-}
o - w1 Mo oamoag, 1
Tm @ ? g % ﬁeﬁ_*
1
——— e : -1
I N
8 910 N, e o
1
O

and for small variation in Meg

p-p
poo' = % ( ;l{?%){“'yﬂ 5 (= ng )}
or
p-p ' T
P = Pooj%; - p(g;xo,,fz.).
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MODEL AR-!

MODEL AR-2 )
"0-SEAL" GROOVE

Figure 1. JPL Wind Tunnel Models AR-1, -2



58

sajpid
8pIs Ou "9
o0t P
00L ™D
0g'eq
‘uoo1 o

¢-8V 1300W

s8;3D|d

apisou p
004 D
0g'e q

uroo1 o

-8V 1300W

M 'S31v1d 301S
N33m138 30NViSIg

V-V NOILLD3S

aNogodd3

<

N.I

0sl'e
00s¢
0G62e
000t
06L72
00672
0Ge'¢
0002
004’1
0041
06
000!
oslL

008"

06e

sl

S

000¢
6487¢
06Le
6292
0062
Glg¢
0622
Ggel'e
00072
4871
oSt
629l
008"
GLE°1
062’1
X

S3T0H JWNSS3Hd
40 NOILVOOT

1- 9V SI9POW 1ouuny, putp T4l 'z 2indig

2-4Y 1300W

{
i —

4

mmJox\\\¢\\
34NSS3Nd

2

-4V 13A0W

S3T0H

JHUNSS3IYd 3




59

{ OF 28 PRESSURE

AND THERMOCOUPLE LEADS\ "

SOLDERED JOINT

BELLOWS

MODEL C-i

Figure 3. Wind Tunnel Model C-l_veﬁ
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PRESSURE SOHS THERMOCOUPLES THERMOCOUPLE PRESSURE ORIFICE
(ON CENTERL ONG |1250FF¢ + ° 012" DIAMETER
1.000 |0.125 || x=097 1,000 )
1.250 | 0.250 || x=2.500* :-zsoo ~02 SCALE 4:|
1’500 |0.500 |is=1.375 |s:1460
|.ezg 0.753 0125 OFF
1.75 1.00 #0l
1.875 | 1.250 & SOFT 083 STANLESS
2.000 |1.450 SOLOER TUBING
2.125 | 1.825 STEEL ENCASED
2.250 2.000 CERAMIC INSULATED
2.375 | 2200 THERMOCOUPLE LEAD
2500 |2.350 300
——x —
250 10.25° 25
a———100 =S
15° \
SECTION A-A
15°
COVERPLATE NOT SHOWN
ON BOTTOM VIEW SECTION B-B
L 3 1 1 b
f | RN
4 N7 N aY4 A
N , . Ll AR A y
4 N7 NI NtV N
[+o] o]
\
1%
-
\
Yl al
e AN 1\ \ y
e |l

MODEL C-i

Figure 4. Wind Tunnel Model C-1,
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TEMP (°F)

300

200

100

100

200

300

400

O-CALIBRATION CHECK PTS.

AT ATMOSPHERIC
PRESSURE (32°F)

/— LN, IN DEWAR VESSEL
AT ATMOSPHERIC PRESSURE,ASSUMED
TO BE AT BOILING TEMPERATURE (-320°F)

i i i i 1 1 1 1 1

BOILING H20
AT ATMOSPHERIC
PRESSURE (212°F)

=5 -4 -3 -2 -| 0 l 2 3
EMF (millivolts)

Figure 6. Thermocouple Calibration,

29
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MODEL X -1
Re =50
Lr=5.5
¢ STATIC PRESSURE
ORIFICES
X S
- 2.00 0.25%
2.50 0.50
3.00 1.00
3.28 1.50
3.50 2.00
3.75 2.50
4.00 3.00
4.50 3.50
8.00 4.00
4.50
5.00
5.25

64

MODEL X-3
Xe =3.0
LR =40
¢ STATIC PRESSURE
ORIFICES
R 8
1.238% 0.75
1.485 i.50
1.735 2.25
1.860 3.00
1.985 ‘
2.110
2.235
2.360
2.485
2.8610
2.735
3.000

-"0-SEAL"” GROOVE

MODEL X - 4
Reg = 2.0
Lg= 4.0
¢ STATIC PRESSURE
ORIFICES
R 8
1.00 0.75
.23 1.50
.48 2.2%
.73 3.00
.88
2.00

#In addition to the @, pressure orifices, Model X-1
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Figure 23. Pre-separation Mach Number Profile
Comparison with Theoretical Prediction (Cold Wall).
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Figure 32. Comparison of Experimental Form Factor, )L/,
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Figure 37. Shadowgraph of Model AR-1 at M,
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Figure 70, Curle Correlation Dependence on X
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