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ABSTRACT

An experimental investigation was conducted in the GALCIT
Mach 8 hypersonic wind tunnel, in order to study the behavior of an
axisymmetric hypersonic laminar boundary layer flow undergoing a
rapid expansion at the juncture of a éone-cyhnder~body of revolution
at zero angle of yaw. Major emphasis was placed on the acquisition
~of detailed data near the corner where extreme changes in the flow
properties were expected. All tests were carried out for two dif- -
ferent reservoir pressures but equal total temperature. The basic
measurements consist of the model surface pressure and the pitot
pressure covering the entire flow field of interest. These info;:'ma-
tions with certain assumptibns were suffic}ent to construct the flow
field.

The surface pressure distribution is in total disagreement
with the potential theory from three boundary layer thicknesses
upstream of the corner to about fifteen boundary layer thicknesses
downstream. The ex}iansion is not cdnc_entrated near the corner
but extended over the above-mentioned region which is about one
and a half cylinder radii long. The pressure immediately down-
stream of the corner is about seven-tenths of the pressure on the
cone, in constrast to the two-tenths as predicted by the potential

theory.
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I. INTRODUCTION

For smooth bodies in slightly viscous flows the theory of
boundary layer is well established. The basic assumption in the
theory is that the streamwise variations in the flow are small compared
to the transverse gradients in the boundary layer. This assumption
breaks down near a sharp leading edge, the trailing edge of a thin
plate and a sharp corner. Many practical shapes have a sharp
‘corner such as the junction of a cone-cylinder, the ridge on a
dou‘ble—wedge airfoil, and the corner at ‘the bluff base of a finite
cone or wedge.

It has been observed at subsonic and low supersonic speeds
that the presence of a sharp corner is felt a few bﬁﬁndary‘layer
thicknesses upstream in the layer and often the flow separates and
reattaches downstream of the corner. Not many extensive inves-
tigations have been carried out on this problem either experimentally
or theoretically because of the difficulties involved and partly because
of a limited extent of the corner influence in those speed ranges. At
hypersonic speeds, however, the boundary layers are much thvi’cker
compared to those at low speeds. Also the effects of the boundary
layer on the external flow are more pronounced, and often these
must be taken into account in determining the flow in the boundary
layer itself. Thus the corner problem can no longer be ignored,
and the present investigation is aimed t;)ward obtaining experimental
data on the interaction of hypersonic laminar boundary layer with an-

expansion caused by a surface slope discontinu.ity.

* Numbers in parentheses denote references at the end of the text.
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Only a limited number of experiments has been carried out
on this problem in the past. Murthy and Haxnmit(l) investigated
experimenfally the interaction of a turbulent boundary layer with
Prandtl-Meyer expansion at M = 1.88. They found that the pres-
sure downstream of the corner was initially appreciably higher than
the simple wave theory predicted but gradually approached the
Prandtl-Meyer value about five boundary layer thicknesses down-
stream. They carried out a characteristic calculation for a rota-
tional flow, neglecting the subsonic portion of the initial profile in
the boundary layer, which agreed qualitatively with the pressure
measurements. Sternberg (2) at BRL and later Zakkay, Tani, Toba

nd Kuo(s’ 4)

at PIBAL studied the flow around a sharp convex corner
using a cone-cylinder at supersonic speeds. They were interested
mainly in the surface temperatures and heat tran sfer s, and ‘on'ly a
very limited‘ amount of fluid dynamical data was obtained. Apparently
in these experiments the boundary layers were so thin that the sur-
face pressures downstream of the corner were in fairly close agree-
ment with the potential theory predictions.

Zakkay(s) proposed a flow model attributed to Antonio Ferri,
in.which the flow over the corner within a distance on the order of
the boundary-layer thickness is divided into three parts; an inviscid
supersonic layer, an inviscid sublayer and a viscous sublayer adja-
cent to the wall. The flow in the supersonic layer may be analyzed
by the characteristic method, and the inviscid sublayer is treated

as a one-dimensional flow with the assumptiorx' that the pressure is
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constant across the layer. The viscous sublayer is analyzed by
usual boundary layer techniques, which is carried out in Ref. 3

(6)

using a series expansion technique suggested by Goldstein and

Gortler. * Zakkay et al did not carry out the inviscid analyses. In
a recent paper by Weinbaum(7) the inviscid rotational supersonic
flow was analyzed, and it was pointed out that the boundary layer
in a region of large wall curvature can cause iarge departure from
‘the Prandtl-Meyer theory at hypersonic Mach numbers.

In order to fill the void of experimental data, the present
investigation was undertaken to measure the surface pressure dis-
tributions and the pitot pressure distributions in the boﬁndary layer
on a cone-cylinder at Mach number 8. f‘rom these measurements
the flow field near the corner was constructed to provide a basis
for further theoretical research on this subject and to augment the

understanding of the phenomena which have eluded theoretical de~

scription.

¥ See, for example, Schlichting: Boundary Layer Theory, pp.
158-159.



II. EXPERIMENTAL APPARATUS AND PROCEDURES

1. 1. Wind Tunnel

The experiment was conducted in the GALCIT 7 x 1"
Hypersonic Wind Tunnel, Leg No. 2, at a nominal Mach number of
8. The tunnel is of a continuously operating closed-circuit type,
with air as the working medium. It is installed with a symmetrical,
flexible~-plate nozzle which was contoured to yield uniform flow con-
ditions in the test section. In order to avoid liquefaction, the air
was heated to 900°F by means of a nichrome-wire heater enclosed
in the supply section upstream of the nozzle.

The reservoir pressure wés measured with a Tate-Energy
nitrogen—balanc'ed gage and could be controlled within +0. 05 psi.
The reservoir temperature was measured by means of a thermo-
couple located between heater and nozzle and recorded with an
accuracy of 0.3%.

The free-stream impact pressufe was recorded with an un-
certainty of +0. 03 psi, so that an accuracy of the Mach number of
+0. 01 resulted.

All tests were carried out under steady-state conditions.
Since the tunnel was of the closed-circuit continuously operating
type, sufficient time was available to establish thermal and dynam-
ical equilibrium. No heating or cooling of the model was considered,
so that the data presented in this report ai‘e for the adiabatic or

no-heat transfer case.



The model was kept at zero angle of incidence. Tests were

conducted under the following two flow conditions:

Ao, M = 7; 87
, o ;
Pry = 264.3 p. s.i.a.
_ o
Ttoo = 900°F.
Re 6

Ieo = .49 x 10 -

B., Moo' = 7.81
Piy = 132.3 p.s.i.a.
Ttoo = 900°F.
Re, = .257 x 107°

The test section flow was considered uniform over a length

of the longitudinal body dimension.

II. 2. Model

The model is a 10° semi-angle circular cone with a cylindrical
afterbody, providing a 10° turning angle around the shoulder. The
dimensions of the stainless steel model used in the present tests are
given in Figure 3. The frontal area of the cone-cylinder configuration
was limited to a size that would allow the tunnel flow to start.

An optical comparator examination of the cone showed that the
desired angle of 10° was within the tolerances shown. The diameter
of the apex was measured and found to be sufficiently small (Re = |

ood

100 and 50, respectively) not to invalidate the theoreticél assumption

of a pointed body.



On the model 17 pressure orifices with a diameter of 0.01 in.
were located as shown in Figure 3. For the purpose of aligning the
model to the free stream flow, four additional orifices with a diameter
of 0.02 in. were installed at 90° intervals around the circumference.
The positions of the surface pressure orifices with respect to the
corner were checked both microscopically and mechanically and found
to be accurate within +0. 001 in. To elirﬁinate mutual interference énd
also for ease of construction, the orifices in the shoulder region had

to be distributed in a spiral form around the body.

II. 3. Pressure Measurements

In order to assure accurate positioning of the probe with re-
spect to the model, after the proper reservoir temperature and reser-
voir pressure of the tunnel was reachéd, sufficient time was allowed
(ca. 10 minutes) to permit the instruments in the test section to come
to thermal equilibrium.

The four static pressure orifices drilled symmetrically at a
radial cross section of the cone (x/L = 0. 68) are provided for the
alignment purpose. To account for small flow angle changes mainly
due to a slight dependence of the test section flow on the tunnel stag—k
nation conditions, the model supports were adjusted uhti}l the pressures
at the diametrical locations were equalized.

The model surface pressures were measured by means of a
bank of Silicone-oil U-~tube mariorheter s, with the reference pressure
maintained at 5 to 10 microns-Hg. The surface pressures were re--

corded in almost ever';r run, and several times the accuracy of the



pressure readings was checked by using a Silicone-o0il micromano-
meter.

The pitot pressure measurements were obtained by using a
flattened pitot probe. The outer dimensions of its forward face were
0. 04 by 0. 004 inches, thus having an aspect ratio of 10. The frontal
height corresponded to about 4% of the average boundary layer thick-
ness. The probe orifice dimensions were 0.0286 by 0.002 inches,
which limited the traverse speed to 1/6 inch per hour in the boundary
layer. To provide stiffness the probe was reinforced with a thin
plate with a sharp leading edge and attaclhed to a holder of % in. outer
diameter. (The drive mechanism of the pitot probe is presented in
Figure 2.)

| By means of a drive mechanism mounted at the top of the
tunnel, the pitot probe was traversed through the flow field perpen-
dicular to the surface of the body. Downstream of the shoulder the
attitude of the total head probe with respect to the local streamline
direction has been maintained at an estimated mean value of the
local st reamline tangents, to minimize the error caused by the
misalignment of the probe and the flow. The probe position was
accurate to iO; 002 in.

The pitot pressure was converted into an electric signal by
means of a pressure transducer, amplified and plotted against the
probe posgition on an XY-recorder. Figure 4 shows schematically
the recording set-up. The pressure transducer was a ‘Statham

PA 208 TC-5-350, which measures absolute pressure up to 5 psi.



The direct current used to excite the pressure transducer was pro-
vided by a Video Instruments, Model SR 200 E, D.C. power supply,
and its output was adjusted to 5 volts + 1 millivolt, measured by means
of a digital voltmeter, Kintel 501B. The excitaﬁon voltage was mea-
sured before, during and after every run, and it was found that after
the power supply had reached constant operational temperature the |
voltage was maintained constant during t'he run.

The static calibration of the transducer against a liquid U—tubé
manometer yielded a calibration factor of 323. 2 microvolts per volt
per crﬁ Hg at room temperature data given by factory: 328.9 micro-
volts [open circuit] per volt per cm Hg. Previous tests on the lin-
earity, resolution, and repeatability of the same transducer indicated
a satisfactory behaviour over the whole pressure range involved in
this experiment. The deviation of the output did not exceed +0. 15% of
the maximum pitot pressure measured for the highest supply pressure
used in this experiment. Thereafter the significance of the data was
limited by the accuracy of the data plotfer.

A Sandborn 1500-860S DC amplifier was used to arnplif\j the
transducer signals by the factor of 100 and 50 for reservoir pressures
of 118 and 250 p.s.i.g., respectively. A Moseley Model 2 S Autografv :
XY-Recorder was used to record the amplified pressure signal a§ a

function of normal distance from body surface.

II. 4. Flow Visualization

In order to supplement the pressure measurements, Schlieren

photographs were made for two free-stream Reynolds numbers.



Because of the axi-symmetric character of the flow, the Schlieren
effect in the field between the shock and the body was understandably
weak. As a result of the increased density variation at higher supply
pressures the photographs taken at p,_ = 250 p.s.i.g. and Tio™ 900°F
gave best resolution of the shock wave, the boundary layer edge and
the expansion fan. A Schlieren photograph taken under this condition

is shown in Figure 21.
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III. DATA REDUCTION

III. 1. Pitot Pressure

Near the wall in the boundary layer the pressure measured
by the proBe is not equal to the total pressure of the streamline aligned
with the probe centerline. The difference comes from three principal
causes. The first is that the boundary layer flow is distorted by the
disturbance of the probe. This is minimized by the use of a small
probe, though, to the author's knowledge, no quantitative data are
available for this. The second caﬁse is the fact that, when a probe
is placed in a shear flow, the stagnation streamline is not aligned
with the probe axis because of the unsymmetry, and the effective
center of the total pressure is displaced toward the region of higher

(8)

velocity. The correction given by Young and Maas for an in-

compressible subsonic fluid is
d)

6
= = 0.131 4 0.082 —

where & is the displacement, d1 and d the internal and external dia-
meters of the probe. This correction was obtained with a circular
probe in tl e wake of an airfoil. On the other hand, the experiments

(9)

of Davies in vlaminar boundary layers at supersonic speeds

showed the displacement in the opposite sense when the probe diameter
is one-half of the boundary layer thickness or larger. However, in

the author's opinion, this was probably due to the distortion of the

flow caused by the presence of a large probe. In supersonic flow,

(10)

Johanneson and Mair showed the displacement effect practically

vanished in a wake for M = 1. 96 for probes with the ekternal diameter
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twice as large as the wake half-width. The third cause is the low -
Reynolds number effect. (11, 12’13) When the probe Reynolds number
based on the local flow properties is lower than 200 or so, the total
pressure measured bir the probe is larger than the total pressure
computed by the inviscid flow relation, since the effects of viscosity
are no longer negligible.

In the present experiments the displacement effecf is ex~
pécted to be small (the order of . 001 inch), iudging from the data of
references >( 8) and (10). An attempt was made in the present ex-
periments to correct for the effects of the flow distortion and the
viscosity by comparing the velocity profile computed from the p’itot
pressure data and the theoretical profile on the cone surface away
from the shoulder. The comparison was carried out for the two
Reynolds numbers of the experiment, and the total pressure correction
curve was devised as a function of the distance from the surface nor-
malized by the boundary layer thickness and the Reynolds number,

which was used at all other stations. The correction was found to be

negligible in the supersonic portion of the boundary layer.

III. 2. Boundary Layer Edge

The boundary layer edge may be determined from the pitot
pressure profiles taken on the conical part of the model, since the
pitot pressure is nearly constant outside the boundary layer. Simi-
larly, the edge could be defined from the pitot pressure curves for
downstream of the shoulder. But around t‘he shoulder the pitot pres-

éure profiles do not show the distinguishable boundary layer edge
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since the pitot probe traverses a strong inviécid expansion region
after it has erﬁerg.ed from the viscous layer. (The three families

of total head tfaces are shown in Figure 16.) A different method of
finding the boundai‘y layer edge is therefore necessary, and the fol-
lowing procedure was used to define the boundary layer edge consist~
ently along the whole range of interest. Assuming constant static
pressure across the boundary layer, the local total pressure was
computed (Fig. 7). In regions where the boundary layer edge could
be defined from the pitot pressure profiles, the total pressure at the
edge of the viscous layer was found to be constant within the experi-
mental accuracy. Hence, in the region around the shoulder the
boundary layer edge was defined as the p&int at which the computed
total pressure was equal to the total pressure at the edge as deter-

mined above. The results were shown in Figures 17 through 19.

III1. 3. Velocity and Mach Number Profiles

On the assumption of constant static pressure and total |
temperature across the boundary 1ayer,. the Mach number and the
velocity were computed from pitot pressure measurements and the
surface pressure readings.

The assumption of constant static pressure cannot be valid
in the immediate neighborhood of the corner because of not negligible
streamline curvature and accompanying pressure gradients perpen-
dicular to the streamlines of the order of p V®/r, where r is the
radius of curvature. The pressure gradients may be determined by

© an iterative procedure. However, this has not been carried out in
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the present work, in view of the inaccuracy in experimentally deter-
mined streamline shapes.

The first station downstream of the shoulder for which the
above assumption has been made was about one-half boundary layer
thicknesses away from the corner. Judging from the calculation of
the statié pressure in the inviscid flow as described in Part IIL 4. the
transverse préssure gradients may not be negligible near the boundary
1‘ayer edge, b\:lt it is expected that the pressure gradients decay rapidly
in the boundary layer because of the fast decrease of velocity and den-
sity in the boundary layer. It is thus concluded that the velocity and
Mach number profiles of the first two to three stations just downstream
of the corner are in error only near the boundary layer edge. At fur-
ther downstream stations with decreasing streamline curvature,
Prandtl's assumption of constant pressure across the boundary layer
is believed to be very reasonable. |

The velocity profiles were calculated with the assumption of
constant stagnation temperature in the entire flow field. Since great
difficulties are anticipated in carrying out hot wire measurements
under the present test conditions, no experimental determination of '

the temperature distribution in the boundary layer was attempted.

IIL. 4. Inviscid Flow

The total head surveys for each station were extended beyond
the boundary layer edge across the inviscid region through the shock
wave into the free stream.

In portions of the inviscid region, where the flow is unaffected

by the expansion fan origiriating from the shoulder, the pitot pressure
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profiles show a gradual decrease in P, with distance from the model.
This total pressure gradient in the transversal direction is attributed
to the increasing Mach number in this region associated with the non-
uniform '_naturé of the potential flow over a cone.

The étatié pressure in the inviscid region of the expansion
fan was computed using the pitot pressure profiles and an estimated
total pressure, which was assumed constant throughout.

The latter approximation requires closer scrutiny with regard'
to the changes in total pressure caused by a slight curvature of the
shock resulting from the boundary layer interaction. But, judging by
the straightness of the shock in the region where measurements were
carried out, no significant entropy gradients across the inviscid region
near the shoulder are expected. The total pressure was obtained from
the pitot pressure at the boundary layer edge far downstréam and up-
stream of the corner and from the corresbonding surface pre“ssures

(assuming constant static pressure across the viscous layer).
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Iv. RESULTS

Iv. 1. Surface Pressure

Near the cone cylinder juncture the spacing of the orifice
distribution in axial direction was kept sufficiently small in order to
resolve the pressure distribution as accurately as possible. Because
of very high gradients at the corner the measured pressures were
stibject to the error due to the finite diameter of the orifices. The
diameter was 0. 01 in., over which distance a pressure may change
as much .a.s‘, 0.2 of P, at the station with the maximum pressure gra-
dient. The scé;tter at this station was largest bﬁt did not exceed 3.5%.
The degr'ee of"resc.ilution for the rest of the stations was considered
satisfactory. Since it was practically impossible to read the pressure
at the corner itself, the fairing of the pressure curve over the region
+ 0,02 inches from the corner is somewhat ambiguous. No pressure
measuréfnents were conducted near the vertex of the cone since the
present work was mainly concerned with the investigation ofthe flow
in the region of the cone cylinder juncture.

The experimentally found distribuﬁons of static pressure
along the model surface are shown in Figures 5a through 5y. For
comparison the pressure distributions for inviscid flow and the weak
interaction are included.

The inviscid-flow pressure for the conical part of the model

was o‘btaine.d by interpolation of the Kopal tables as presented in
Reference 14. Since the axially-symmetric flow around the shoulder
of the present body of revolution is locally a two-dimensional Prandtl-

Meyer expansion, the conditions just downstream of the cone-cylinder
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juncture could be obtained from charts for two-dimensional flow. The
surface pressure further downstream of the shoulder could be obtained
by the method of characteristics in axially-symmetric flow as given

in Procedure IA of Reference 15 (Isenberg) and were smoothly faired

to the pressure gradient which was calculated for the conditions just
downstreé.m of the cone-cylinder juncture using an approximate pro-
cedure outlined in Reference 16 {Hakkinen).

The boundal;y—layer induced pressure on the cone was com-
puted on the basis of Lees' weak interaction theory, applicable for
1aminar.hyper'soﬂic flow on an infinite cone, exéluding the strong inter-
action région ‘hear"the tip. With the introduction of the hypersonic:

viscous interaction parameter

- _ [ ¢C a
X = Re M
x

where
c - Mo, /Mo
' Tw: Too
the induced pressure is given by the following algebraic relation
P _ bve ’ 2 2
P, = b4 Fl(K) A X ¥ FZ(K) Yoo Xe

The functions Fl(K) and FZ(K) were taken from Ref. 18. In the present

case the hypersonic similarity parameter was K= 1.37. The Chapman-

Rubesin factor, C, was calculated using Sutherland's formula and the

temperature for an insulated body. For the present case, Coo = 0. 75.
The surface pressures were plotted in two ways: first, the

measured pressure over free-stream static pressure as a function

of the distances upstream and downstream of the shoulder where the

distances were non-dimensionalized using the radius R of the cylindér
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and, second, the same pressure ratio versus (s/L) ReLoo down-

stream and (-s/L) \]—ﬁo upstream of the shoulder, respectively.
L is the total wetted length of the cone.

According to potential theory the static pressure along the
cone remains constant until the flow expands around the corner re-
sulting in a sudden pressure drop to some minimum value just behind
the shoulder. Further downstream it approaches the free-stream
static pressure asymptotically. A qualitative comparison of the mea-
sured pressure distribution with the inviscid one yields the following
significant results:

a. The expansion at the cone-cylinder juncture does have an
ﬁpstream effect resulting in significant pressure changes
~within the influence region of 3 to 4 times the local boundary
layer thickness. The pressure disturbance propagates
upstream in the subsonic part of the boundary layer.

b. _The preésure distribution is not discoﬁtinuous at the corner
from' the i)otential theory and shows an obvious smoothing
inﬂuence of the viscous layer to the flow around a sharp
corner.

c. Downstream of the corner the surface pressure is much
higher than the potential theory prediction. The pressure
drop at the cornér is only one-third of the pressure drop
predicted by the Prandtl-Meyer expansion for the inviscid
Mach number at the cone surface and the expansion angle
at the corner. The pressure, then, approaches gradualiy

the free stream value over a distance of s ome twenty boundary

layer thicknesses.
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The following tentative flow model is proposed to explain the
above observations. The boundary layer flow undergoes a rapid ex-

' pansion near the corner. In the main part Qf the layer the change is
so rapid in the streamwise direction that th.e expansion is isentropic.
The viscous effects, however, cannot be neglected everywhere, and
near the surface we must assume a viscous sublayer where no slip
condition is applied at the wall.

In the inviscid layer, wherein the viscous effects may be
neglected, the transverse pressure gradient may not be neglected.
Then, in the region near the corner, the major part of the pressure
variation is obtained from the expansion of inviscid, non-uniform,
rotational flow. The solution of this problem is not an easy task,
because the flow is subsonic in some parts and supersonic in other.
Some indication of the plausibility of this model is provided from the
observation that the surface pressure in the region near the corner
agrees fairly well with the characteristic solution for rotational flow
in the supersonic region. * Further downstream the computed pres-
sure falls below the measured pressure, indicating that the viscous
effect musf be taken into account not only in the viscous sublayer but
also in the out'evr layer away from the corner.

Plotting the surface pressure distribution against the distance
normalized by \/—R_; (Fig. 5Y) shows that it scales with the boundary
layer thickness.

% The numerical solution based on the characteristic method for
rotational flow was kindly furnished by Dr. J. T. Lee at the TRW
Space Technology Laboratory. The body contour used in the calcula-
tion was the experimentally determined streamline with slightly super-

sonic initial speed, and so was the initial velocity profile ahead of the
corner. ‘
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IV.2. Inviscid Flow Field

It is a well known fact that the supersonic flow past a conical
body will have congtant physi’cal properties :along straight lines emi-
nating from the vertex of the cone. In hypersonic flow, however, not
the entire field from the body surface to the shock can be treated as a
conical flow, since the strong boundary layer displacement effect
forms a new "'effective'’ body shape giving rise to considerable changes
of the inviscid region. Because of the strong interaction the shock
near the tip is considerably curved and thus the flow ceases to be
conical.

It is, nevertheless, believed that most of the streamlines
crossing the main portion of the curved part of the shock are contained
in the viscous layer by the time they reach the corner.

Figures 17's show the isobars in the inviscid flow region com-
puted from the pitot pressures. The measured pitot pressure distri-
buﬁons were found to define quite distinctly the upstream boundary of
the expansion fan. It is straight as far as can be determined experi-

\ mentally é.nd seen to intersect the boundary layer edge directly above
the corner (Fig-.b 19). In the boundary layer aheé,d of the corner, if we
take the Seginﬁing 6f the expansion at the point where the surface pres-
sure starts decreasing (about two boundary-layer thicknesses ahead of
the corner) and trace the Mach waves from this point in the supersonic
portion, -it also inter sects the boundary layer edge directly above the
corner, giving some support to the flow model proposed in the previous

section.
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In Figure 10 static pressure profiles are shown for different
stations downstream of thé corner. The pressure variatioﬁ‘in the
inviscid region is represented as a dashed line. The part which is
continued into the viscous layer has obvioﬁsly no validity due to the
rapid total pressure change there. On the other hand, the constant
Pressure approximation in the viscous layer is not quite correct
-everywhere in the layer. Near the outer edge there will be an appre-
ciable gradient, and the actual pressure distribution may look like
~the curve labelled Mprobable distribution.! In fact, from the trans-
verse momentum equation in the boundary 1;yer we should expect an
appreciable pressure gradient near the outer edge. From the momen-
tum equation

op _ v ov .
_5? = - pug- - PV"é}‘ + (viscous terms)

Introducing the following dimensionless variables

X

= x/L, ¥ = y/6
u = u/ue, v = v/(6 ue/L)
Pp=p/p, P = oo,
we obtain
- 5 =
g—% = YMeE _%_2 -pu 58;7- +62L112e (viscous terms)].

Hence, urﬂe ss MeB/L -0, 85/8‘}; will not vanish. However, dynami-
cally the pressure gradient is still negligible when §/L = 0, since the
proper normalization quantity is the dynamic pressure, not the static
' pressure, when the dynamic effect is considered. The above relation
shows al_sovthat th.e pressure gradient decreases rapidly toward the

surface because v épproaches zero and the order of magnitude of p-

becomes 'l/Mez, away from the edge.
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iIV. 3. Velocity Profiles

In Figures 9a through 9j velocity profileé for several sttations
are shown both in corrected and uncorrected form. The technique to
correct the original data is described in Part III. 1. The velocity was
non-dimensionalized by di{riding the value at the boundary layer edge.
defined in ‘Part III. 2. |

The fact that self-similar profiles could be expected up-
stream of the shoulder unaffected by the expansion prompted the
normalized plot using the square-root of the free-stream Reynolds
number based on the wetted distance of the particular location from
the apex of the cone. Figures 9a and 9b, representing stationsk on the
cone, of which the latter one lies just upstream of the expansion in-
fluence, show the similarity as predicted by theory.

Even though downstream of the corner N/_R—é;; loses its sig-
nificance as a similarity parameter, the same non-dimensionalization
of the velocity profiles as indicated above has been employed for all
stations consistently.

The profiles cease to be similar after the flow has undergone
the expansion near the corner. The profiles show no resemblance to
the ones in the undisturbed region on the cone.

The strong favorable pressure gradient downstream of the
corner accelerates the flow near the wall more than the flow away
from the wall; namely, the velocity profile becomes fuller. This be-
havior is consistently more apparent at the lower Reynolds number.
No quantitative theorefical comparison can be made because of lack

of solutions to the boundary layer equations appropriate to the present

flow characteristics.
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In Figures l4a and 14p normalized velocity profiles down-
stream of the corner are plotted versus y/8. This plot dis?layé
clearly the trend of the profile variation with the distance from the
shoulder. A strong acceleration of the flow in the inner region of
the boundary layer per sisté up to about s/R = 0.5. About eight local .
boundary 1éyer thicknesses downstream of the corn‘er the pressure
gradient decayed sufficiently, resulting in a decreased velocity gra-
dient at the wall.

In Figures 15a and 158 three 'far' downstream stations being
about 1 to 2 boundary Iayer thicknesses apart from each other show
very little change in their character. The profiles almost coinkcide
and may thus be called quasi self-similar. The fact that the flow
takes long distances in recovering to the initial Blasius-like profile
after it has undergone an interaction with an expansion fan may be
attributed to the slow process of diffusion, spreading into the paft
of the boundary layer of higher Mach number. This tendency of the
flow seems to affirm the earlier mentioned flow model containing a
strongly viscous sublayer with its origin at the corner.

Through the presentation of the velocity profiles in dimen-
sional form (Figures 13a and 138), it is intended to display the change
of the profiles both near the surface and close to the boundary layer

edge for subsequent locations downstream of the cone-cylinder junc-

ture. Strong changes in the character of the curves are - as expected
more pronounced near the shoulder, and become less further down-
stream, away from the disturbance region. For the last three stations

the surface pressure gradient is almost zero.
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In Figures 12a and 12p velocity profiles upstream and down-
stream of the corner are presented in order to bring to light the
severe difference in their character. Even for a "far' downstream
station the velocity does not recover to the Blasius form. A more
pronounced deviation at the same stations is to bel’expected for i,ower
reservoir pressures since the '"relaxation'' distance after the expan-
sion will certainly be proportional to some power of the boundary
layer thickness.

Using one of the flow conditions of the present test, the Crocco
solution of the compressible boundary layer equations 4for a flat pla‘te
was computed for the purpose of comparing with the experimental |
curves. In Fig. l2a it is shown that the theoretical result compares (, ’

favorably with the similar profile measured on the cone.

IV.4. Flow Field in Boundary Layer

An attempt was made to construct f:.rom the measurements
the complete flow field of the boundary layer near the cone-cylinder
juncture, in order to shed some light on theoretical analyses. Fig-
ures 19a and 19p show a resulting picture of the longitudinal section
of the boundary layer flow field in the region of about one boundary
layer thickness upstream and four boundary layer thicknesses down-
stream of the corner. In this representation, the y-coordinate has
not been stretched in order to avoid the distortion. The plot contains
seven streamlines and an equal number of constant Mach lines. The
boundary layer edge and the initial expansion wave have been included

for the completeness of the picture.
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The streamlines were chosen such that at the station

% = 0. 1397 they intersect the constant Mach lines. This arrange-
ment has the advantage of indicating strikingly the smallest velocity
changes the flow experiences during the cor‘.ner expansion.

Most of the acceleration process occurs in a range of about
one and a half boundary layer thicknesses downstream of the corner.
There the streamlines tend to turn by a higher angle than the turning
angle of the solid boundary. This behavior is more pronounced for
streamlines near the wall. At this time i‘t is not certain whether this
is the correct picture of the flow or the error introduced by the in-
accuracies in the measurements and data reduction procedures.

Following streamlines it is observed that the velocity keeps
increasing to about four boundary layer thicknesses in the subsonic
part and to about six boundary layer thicknesses downstream of the
shoulder near the edge of the boundary layer. Further downstream
no significant velocity change occurs in the outer region indicating
a minor importance of the shear forces in this part. Below the
M = 2.5 line, however, the particles on streamlines gradually decrease
their velboc'ity while traveling downstream. This decrease is more
pronounced in.'the region near the wall. Such a behavior is consistent
with the idea of viscous sublayer near the wall. Figures 20a and 208
exhibit the changes of total pressure along the streamlines near the
corner. The total pressure was non-dimensionalized by the total
pPressures corre sponding to the particular streamlines at the station

- -s-/R = 1.85. Since the boundary layer thicknéss plays an im-~

portant role as a scaling parameter, the value of § at the corner has
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been used to normalize the longitudinal distance along streamlines.

Large changes in total pressure occur ‘ along streamlines
close to the body surface when passing over the shoulder. The
sfreamline in the subsonic portion suffers a total pressure loss of
about 50% of the reference total Pressure over a distance of five
boundary layer thicknesses. Along the streamlines in the outer part
of the boundafy layer the total-pressure gradient near the shoulder
is not larger £han ..in any other region.

Figure 18 shows the flow field further downstream and
demonstrates the rapid growth of the boundary layer in the region
extending from the corner to three boundary layer thicknesses down-
stream.

It seems noteworthy that near the corner the subsonic layer
amounts to 25% and 20% of the cdrresponding boundary léyer thicknbess
for the free-stream Reynolds numbers O. 1042 X 106 in.1 and 0. 05314
X 10-6 in_l, res'pectively, indicating that the subsonic portion is by no

means negligible at least for the insulated wall.
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V. CONCLUSIONS

From the results obtained in the present study the following
conclusions may be drawn regarding the hypersonic boundary layer
around a sharp expansion corner:

1. | The surface pressure distribution bears no resemblance to
the inviscid pressure distribution predicted by simple wave theory.

I‘cbs behavior can be partially explained by the mechanism of isentropic |
expansion of the rotational flow in the boundary layei‘.

2. The Prandtl-Meyer expansion fan in the external flow is not
centered at the corner.. At the béundary 1éyer edge it is spread. over
several boundary 1a*jer thicknesses.

3. A rapid thickening of the viscous layer is observed about one
boundary layer thickness downstream of the shoulder.

4. The velocity gradient near the body surface downstream of the
corner becomes large, indicating a layer of increased shear near the
surface. Recovery to Blasius profiles downstream of the shoulder

requires a distance of many boundary layer thicknesses.

In the present investigation a few assumptions were made in
the data reduction some of which are in contradiction with the experi-
mental observations. In order to obtain more raelia'ble results, the
following refinements are recommended:
1. A systematic study be made on the disturbance caused 'by.the
pitot probe and the nec'es‘sary corrections for the pitot pressure readings

in the boundary layer near the solid wall.
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2. The temperature distributions be measured in the boundary
layer.
3. A variation of the static pressure be included in the data

reduction especially near the corner. It is an almost impossible
task to measure directly the pressure distribution in the layer, and
perhaps an iterative technique can be used for estimating the static

pressure gradients.

The present study suggests further investigations on the
effects. of (1) the variation of the corner expansion angle; (2) surface
cooling; (3) rounding-off the corner, and extensions to the two-
dimensional flows and the free-expansions such as backward facing

steps and bluff bases.
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Figure I, Model installation in Leg2-GALCIT Hypersonic Wind Tunnel
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Figure 2. Drive Mechanism for Piiot Probe
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FIG. 208 TOTAL PRESSURE VARIATION ALONG STREAM LINESIN VISCOUS LAYER
NEAR CONE—CYLINDER JUNCTURE AT M, = 7.8
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Figure 21. Schlieren Photograph of Flow Around Sharp Cone-Cylinder
Juncture for Reg=.08445 x108 and My = 7.87



