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INFLUENCE OF SUCTION ON
SHOCK WAVE~TURBULENT BOUNDARY LAYER INTERACTIONS
FOR TWO-DIMENSIONAL AND AXJALLY SYMMETRIC FLOWS*

By William R. Seebaugh and Morris E. Childs
Department of Mechanical Engineering.
University of Washington

SUMMARY

An analytical and experimental investigation has been conducted to study
interactions of conical shock waves and turbulent boundary layers representa-
tive of those occurring on the cowl surfaces of axially symmetric inlets with
supersonic internal compression. The analytical method considers the effects
of boundary-layer removal from the region of shock wave-boundary layer inter-
action. Provision was made in the experimental apparatus for suction through
normal perforations located upstream of or within the regions of interaction.

In the development of the analytical model, a control volume was defined
about the region of interaction, the velocity profiles upstream and downstream
of the interaction region were assumed to be power laws, and the integral con-
tinuity and momentum equations were written for the control volume. For a
given suction configuration, specification of a suction flow rate permitted
solution for the boundary-layer thickness and power-law velocity-profile param-
eter downstream of the interaction region. Analytical results are presented
in the form of boundary-layer thickness ratios across the interaction region
and power-law parameters downstream of the interaction region for a range of
upstream Mach numbers, upstream profile parameters, suction flow rates, and
incident shock strengths.

Experimental data were obtained for adiabatic wall conditions at free-
stream Mach numbers of 2,82 and 3.78, at a Reynolds number based on the up-
stream boundary~layer thickness of 6 x 10". Flowfield and boundary-layer prop~
erties obtained upstream of, within, and downstream of the interaction regions
are presented for a number of shock-wave strengths and suction flow rates. The
effects of Mach number, shock-wave strength, and suction flow rate on the
occurrence of shock-induced boundary-layer separation were also investigated.

The results and trends predicted by the analytical solutions are compared
to the experimental data for solid-~ and perforated-wall cases. The limits of
application of the flow models for internal flowfield analysis are delineated.

This report is based on a dissertation submitted by William R. Seebaugh
in partial fulfillment of the requirements for the degree of Doctor
of Philosophy.



INTRODUCTION

When a shock wave impinges upon a turbulent boundary layer, the resulting
shock wave-boundary layer interaction may have a large influence on the flow
in the neighborhood and downstream of the interaction region. Shock wave-
boundary layer interactions may cause disturbances of sufficient magnitude to
adversely affect the performance of aerodynamic devices such as air inlets for
supersonic aircraft. Suitable methods of estimating flow characteristics in
the presence of such disturbances must be available to engineers responsible
for the design of aerodynamic configurations on which shock wave-boundary
layer interactions occur.

One objective of an aerodynamic analysis of a supersonic inlet is the
prediction of the velocity and pressure distributions of the air entering the
turbojet compressor or ramjet combustion chamber. These distributions are
strongly affected by the boundary-layer development, which in turn 1is influ-
enced by shock wave-boundary layer interactions occurring upstream. A sketch
of a mixed compression supersonic inlet designed for axially symmetric flow is
shown in figure 1. Shock waves impinge upon the cowl and centerbody surfaces
at several locations within the inlet. Each shock wave-~boundary layer inter-
action results in changes in the thickness of the boundary layer and in the
shape of the velocity profile. The boundary layer downstream of an Iinter-
action region may be more susceptible to separation when subjected to further
adverse pressure gradients, and may thicken rapidly. If the strength of an
incident shock is sufficiently high, the boundary layer will separate from the
surface near the shock impingement point. If not controlled, these effects may
result in lower total pressure recovery and increased flow distortion.

Certain aspects of shock wave-turbulent boundary layer interactions have
been studied rather extensively for two~dimensional flow with solid walls.
Experimental investigations, such as that conducted by Bogdonoff and his co-
workers at Princeton University (ref. 1) have defined the basic characteris-
tics of the problem, including the effects of the strength of the incident
shock wave, for a Mach number of 3.0. The pressure rise required for incipi-
ent separation of a turbulent boundary layer was investigated by Kuehn (ref. 2)
for Mach numbers between 2.6 and 3.9 over a range of Reynolds numbers. The
effects of shock-wave impingement on the properties of the downstream boundary
layer at Mach numbers between 2.0 and 4.2 were investigated by Pinckney (ref.
3). Integral analytical solutions for the downstream boundary-layer proper-
ties were proposed by Reshotko and Tucker (ref. 4), Benson and Maslowe (ref.
5), and Kutschenreuter et al. (ref. 6).




In previous analytical investigations of boundary-layer development in
axially symmetric hypersonic inlets (ref. 5, for example), it has been assumed
that the ratio of boundary-layer thickness to duct radius is small and two-
dimensional flow procedures have been used for all shock wave-boundary layer
interaction calculations. Results of hypersonic inlet model tests at free-
stream Mach numbers above about 5 (ref. 7), however, have shown that boundary
layers in the throat regions of inlets with supersonic internal compression
can extend completely across the duct. Relatively thick boundary layers can
also be expected in small inlet test models when the freestream Reynolds num-
bers are much lower than those for the full-scale flight conditions, compound-
ing the difficulty of extrapolation of test-model data. Shock wave-boundary
layer interactions in axially symmetric duct flows with boundary-layer thick-
nesses on the order of 5 to 30 percent of the duct radius have not been con-
sidered in detail in previous investigations.

Boundary-layer control has been found to be a very effective means of
obtaining higher total pressure recovery and lower flow distortion for super-
sonic inlet applications. Removal of a portion of the boundary layer through
porous walls*, perforations* and slots, or scoops increases the pressure rise
that the boundary layer can withstand without separating, reduces the thick-
ness of the laver, and changes the shape of the velocity profile.

The influence of suction on shock wave-boundary layer interactions was
investigated experimentally by Strike and Rippey (ref. 8), Kutschenreuter et
al. (ref. 9), and Wainwright (ref. 10) using two-dimensional test models with
various perforated-plate suction surfaces. The results of these studies in-
dicated that separation could be eliminated by removing a sufficient portion
of the boundary-layer flow; however, for references 8 and 9 the perforated
plates that were used in the studies extended far upstream of the interaction
region. The effects of the location of the suction surface relative to the
shock—-impingement point were considered in the study reported in reference 10,
but quantitative results were not given. Neither analytical methods nor de-
tailed data for suction concentrated within the interaction region were avail-
able when the present study was initiated.

The objectives of the present investigation were:

(1) To develop a method of estimating the changes in turbulent boundary-layer
characteristics that occur when either a two~-dimensional (oblique) shock
wave or an axially symmetric (conical) shock wave impinges upon the
boundary layer. The method must consider the effects of suction in the
region of interaction.

In this report, 'porous wall" refers to a wall made of a porous material,
with very small holes. The term '"perforated wall," as opposed to porous
wall, refers to a surface with a distribution of holes with diameters
equal to a substantial fraction of the local boundary-layer thickness.



(2)

(3)

(4)
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To obtain experimental data describing the characteristics of shock wave-
boundary-layer interactions in cases of axial symmetry with and without
suction in the region of interaction.

To determine if the additional adverse pressure gradients present in axi-
ally symmetric flows affect the pressure ratio at which boundary-layer
separation is initially observed.

To increase the level of understanding of the influence of boundary-layer
suction on shock-induced separation.

SYMBOLS

flow-nozzle discharge coefficient
flow-nozzle upstream diameter

height

pressure integral

momentum flux associated with suction flow
length of interaction region

suction (bleed) mass-flow rate

boundary-layer mass-flow rate
Mach number

power-law parameter for minimum least-square error on logarithmic plot
of velocity ratio versus height

power-law parameter for which the mass-flow rate in the boundary layer is
equal to the measured mass-flow rate

static pressure

duct radius

Reynolds number
temperature

axial velocity component
axial coordinate

radial coordinate, measured from wall

flow-deflection angle across incident shock wave (two-dimensional value
for conical shock waves)

flow-nozzle diameter ratio
boundary-layer thickness
boundary~layer displacement thickness

ratio of specific heats
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Subscripts

1 upstream limit of interaction region
between incident and reflected shock waves

downstream limit of interaction region

e boundary layer edge
o wind tunnel reference condition

total conditions

g freestream

ANALYSIS

Analytical Objectives

The objective of the analytical investigation is the development of a
method of calculating the changes in turbulent boundary-layer characteristics
that occur when either a two-dimensional (oblique) shock wave or an axially
symmetric (conical) shock wave impinges upon the boundary layer. The method
considers the effects of mass bleed from the region of interaction. The de-
tails of the flow fields shown in the schlieren photographs of references 1
and 3 (fig. 1) are used as a basis for the formulation of the two-dimensional
flow models. For unseparated interactions, the flow external to the boundary
layer is turned toward the wall by the incident shock wave. The external flow
1s turned back approximately parallel to the wall by the reflected shock wave,
resulting in a decrease in the boundary-laver thickness across the Interaction
region. The Mach numbers, static pressures, and flow directions of the exter-
nal flow in the region between the incident and reflected shock waves and
downstream of the interaction region are approximately equal to the values ob-
tained from the oblique shock-wave relations. The axially svmmetric flow
models account for the curvature of the inviscid flow streamlines between the
incident and reflected shock waves.

The following requirements were considered in the formulation of the anal-
ysis of the interaction of a shock wave and a turbulent boundary laver for
unseparated flow:

(1) correct representation of the geometry of the interaction region, includ-
ing the boundary-layer thickness ratio, shock-wave angles, and the dis-
tance between the incident and reflected shock waves at the edge of the
boundary layer,

(2) accurate prediction of the change in a boundary-layer velocity-profile
parameter which is based on mass-flow equivalence,

(3) minimum dependence on empirical correlations,



(4)

(5)

correct prediction of effects of moderate deviations from adiabatic
wall conditions, and

suitability for combination with currently available boundary-layer
and inviscid flow methods.

It was a reasonable expectation that all of the above requirements could

be satisfied for unseparated interactions by postulating an integral control-
volume model for which the details within the interaction region were neglect-
ed and certain logical approximations to the real flow were made. Two basic
configurations are considered:

(1)

(2)

solid

1)

(2)

(3)

two-dimensional flow over a flat plate with a plane incident shock
wave, and

axially symmetric flow in a straight circular duct with a conical inci-
dent shock wave,

Three boundary~layer suction models were developed, in addition to the
wall case, for each basic flow configuration:

porous-wall suction, for which no x-momentum is associated with the
bleed flow,

perforated-wall or slot suction, in which the x-momentum associated with
the suction flow is considered in the analysis, and

scoop suction, involving the removal of a portion of the boundary layer
by means of a scoop whose lip extends into the flow relative to the sur-

face upstream of the scoop entrance,

Flow models and the corresponding analyses are developed in the following

sections for each of the flow and suction configurations introduced above.
Numerical results are presented for initial Mach numbers of 2, 3, and 4 over a

range

of suction flow rates and incident shock strengths. Comparisons of the

analytical results and experimental data obtained concurrently and from other
sources are presented in a later section.

Flow Models

Two-dimensional flow.--With consideration given to the previous descrip-

tion of the flow through the region of interest and the methods of analysis
proposed in references 4, 5, 6 and 11, the following assumptions are made in
the formulation of the two-dimensional flow models illustrated in figure 2:

(1)

The boundary-layer thickness and velocity-profile shape, inviscid flow
conditions, and shock-wave coordinates upstream of the interaction region
are known.
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(2) The boundary-layer velocity profiles at stations 1 and 3 can be approx-
imated by power laws of the form

1
L. DY @)

u
e

(3) The entrainment of mass from the external flow into the boundary layer
through the region of interaction is negligible.

(4) Mass transfer across the wall between stations 1 and 3 can be taken
into account by a single term in the integral continuity equation,

(5) Frictional forces are negligible through the region of interaction.

(6) The momentum transfer associlated with the mass transfer across the wall
can be accounted for by a single term in the integral momentum
equation.

(7) The flow properties and streamline directions at the edge of the bound-
ary layer are known from the oblique shock relations.

(8) The static pressure rise begins downstream of the point where the
incident shock enters the boundary layer and the reflected shock
emerges downstream of tne region of the static pressure rise.

(9) The flow just downstream of the reflected shock wave is parallel to
the wall.

(10) The total temperature variation through the boundary layer is given
by the Crocco relation.

Axially symmetric flow.--The flow models considered for the axially
symmetric shock wave-boundary layer interaction are illustrated in figure 3.
A shock wave, such as that generated by a cone at zero angle of attack,
reflects from the turbulent boundary layer that is developing on the inner
surface of a duct. An inviscid analysis (ref. 12) provides the theoretical
point of shock impingement on the wall of the duct and the ideal static-
pressure distribution at the wall (fig. 3). A continuous compression
occurs downsgtream of the reflected shock in axially symmetric flow, whereas
the pressure in this region remains constant for the corresponding two-
dimensional case. The strength of the reflected shock increases with dis-
tance from the point of reflection. The pressure distributions {llustrated
in figure 3 are for a conical shock in uniform flow; however, the results
of inviscid calculations for inlets with supersonic internal compression
(ref, 12) show similar characteristics for shock-wave reflections occurring
in non-uniform flow fields. The flow external to the boundary layer is




assumed to be determined from inviscid flow theory. Since the static pres-
sure in the region between the incident and reflected shock waves is not
constant for conical flow and other axially symmetric flows, the external
flow streamlines are curved. With this modification, the assumptions stated
for the two-dimensional flow model also apply to the axially symmetric case.

Boundary layer suction models.--The interaction region flow models
for zero boundary-layer suction are shown in figures 2a and 3a, respectively,
for two-dimensional and axially symmetric flow. By allowing mass to be
removed from the interaction region, the same geometrical representation
can be applied to the porous-wall and perforated-wall or slot suction models.
For porous-wall suction, no x-momentum is associated with the suction flow.
In the perforated-wall or slot suction model, it is assumed that the x-
momentum flux across the control surface through the perforations or the
slot 1s equal to the x-momentum associated with the flow in a streamtube
crossing station 1 of the control volume. At station 1, this streamtube,
with mass flux equal to the suction flow rate, i1s bounded by the wall and
the appropriate streamline in the upstream boundary layer.

The scoop suction model involves the removal of a portion of the bound-
ary layer by means of a scoop, as shown in figures 2b and 3b. It is
assumed in the scoop model that the upstream x-momentum of the portion of
the boundary layer captured by the scoop is removed from the interaction
region. The downstream boundary-layer height is measured from the 1lip of
the scoop, and the remainder of the wall forming the scoop is assumed to
be straight.

The experimental data presented in this report indicate the presence of
two reflected shock waves separated by a region of flow expansion for sev-
eral of the stronger interactions. The assumptions listed above, particu-
larly those concerning mass entrainment and the geometry of the interaction
region, become less descriptive of the experimental data as the shock-wave
strength increases bevond that associated with the occurrence of the addi-
tional waves, The validity of the flow models for all situations will be
discussed after comparing the predicted results and the data.

Methods of Solution

In this section, a method is formulated for deriving the boundary-
layer thickness and velocity-profile parameter downstream of the regions of
interaction of oblique and conical shock waves with a turbulent boundary
layer for each of the suction flow models described above. The general
method of analysis involves an iterative solution of the integral continuity
and momentum equations for the control volume. The necessary mass and
momentum integrals are evaluated by a numerical integration procedure.




Detailed developments of the equations and solution procedures are given
in Appendices A and B. The solutions were obtained on an IBM 7094 digital
computer.

Two~-dimensional flow.--For the control volume shown in figure 2, the
continuity equation may be written in the form
8 8

1 3
pudy = pudy + g (2)
0 0

where m_ includes any mass transfer between stations 1 and 3, and is consid-
ered positive outward. The corresponding momentum equation is
63 61 )
- - - = 2 - b
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where I represents the x-momentum associated with the mass transfer ﬁB’ and

is assumed positive outward. Introduction of the ideal gas equation of
state and the definitions of &%, 6, M, etc., results in the following forms
of the continuity and momentum equations:
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The term iB /plél is evaluated in Appendix A for the various mass transfer

configurations. This term is zero for zero suction flow and for the porous-
wall suction model:
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and

= = 0 (7)

Porous-wall

The x-momentum term for perforated-wall or slot suction is given by
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where yulél represents the flow area (for unit width normal to the x-y plane)

of the suction flow at the upstream conditions and is given by the solution of
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The control volume for the two-dimensional scoop suction model is given in
figure 2b. The governing equations are derived in Appendix A. The continuity
equation is identical (4) and the momentum equation is shown to be
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The x-momentum term for scoop suction has the form
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where Y /6 is the non-dimensional scoop height, determined from the solution
of

yS
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The continuity and momentum equations were solved by a successive approxima-
tion procedure after equating the right-hand sides of (4) and (5) for all
cases except scoop suction, and (4) and (10) for scoop suction. Equations

(A 3) and (A 4), Appendix A, are integrated numerically to relate 6* and 6 to
the power-law parameter for each approximation, effectively yielding two
equations in the unknowns 63 and N3.

Axially symmetric flow.--The integral continuity and momentum equations
for axially symmetric flow are similar to those given above for the two-dimen-
sional case. All integrals are taken over the annular region from r = R - ¢
tor =R (fig. 3). The cross-sectional geometry of the interaction region is
similar to that for the two-dimensional flow model, except that the boundary
streamline of Region 2 is generally curved. Analyses for the three mass
transfer configurations are now developed for axially symmetric flow.

The continuity equation for the control volume of figure 3 has the form

R R
J 27purdr = [ 2mpurdr + m (13)
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where ﬁB is considered positive outward. Similarly, the momentum equation

becomes R-63
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where IB is amalogous to the similar term for two-dimensional flow, and

X
where P, is the variable pressure along the boundary streamline,
2

As shown in Appendix B, equations (13) and (14) are rewritten in terms
of the integration variable y (fig. 3). This transformation facilitates the
numerical integrations required to obtain the mass and momentum integrals from
the power-law velocity-profile data. After substituting the ideal gas equa-
tion of state and the various Mach number functions, the governing equations
become (Appendix B)
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where the suction mass flow and the associated momentum term are referred,
respectively, to the duct mass flow

m =p u mR2 (17)

and the duct momentum term

I =0 u? wRr2 (18)

For the two-dimensional flow model, the external pressure and Mach-
number are known from the oblique shock-wave equations and are independent
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of the downstream boundary-layer thickness. The analogous situation would
not generally occur for axially symmetric flow, however, a flow model with a
constant pressure boundary in Region 2 (fig. 3) is considered because it is
useful in checking the methods that are then applied to the more general
cases. The pressure integral in equation (16) is given by

1-63/R pe2
r

I=2 —La & (19)
1-8,/R P1 R R

For a straight boundary streamline with constant pressure Py» (19) becomes
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Pressure
as given in Appendix B.

When the external flow streamlines in the region between the incident and
reflected shock are curved, the properties downstream of the reflected shock
are initially unknown. The integral equations for the boundary layer must then
be solved simultaneously with relations for the static pressure, Mach number,
and flow angle along the external flow streamline at the edge of the boundary
layer. The external flow properties downstream of the reflected shock are
obtained using the oblique shock-wave equations, assuming that the inviscid
flow immediately downstream of the reflected shock is parallel to the wall.

The necessary information for the external streamline may be determined
by method-of-characteristics calculations for flows such as encountered in
supersonic inlets (ref. 12). For the results that follow, the flow model
illustrated in figure 3 was employed and the inviscid flow streamline data
were calculated using conical flow theory.

Since the suction flow rate is specified as a fraction of the upstream
boundary-layer mass flow, a conversion is necessary to give the mass flow
ratio in equation (15). As shown in Appendix B,

. 61/R
mB mB pu
— =2 ) —22— @ - DHadd (21)
m m 0 Pe. e
o BL 171
The term iB /io is evaluated in Appendix B for the three mass transfer models.
X .
This term is zero when m_, equals zero and also for the porous-wall suction

B
model:
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S =0 (22)
o Zero Suction

and .

T = 0 (23)
o Porous-wall

The x-momentum term for perforated-wall or slot suction is given by
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where yu/R is analogous to yu/cSl for two-dimensional flow and 1s given by the

solution of
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The control volume used for axially symmetric scoop suction is illustrated in

figure 3b. As shown, the duct radius downstream of the interaction region is

reduced by an amount equal to the scoop height. Accounting for this change in
duct radius, the continuity equation may be stated in the form

8 8
1 -1 .2 |3
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where the suction mass-flow term is given by equation (21). The corresponding
momentum equation is then
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The x-momentum term for axially symmetric scoop suction has the form
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where the scoop height yS/R is determined from the solution of
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The following solution procedure is employed for the interaction of a
conical shock wave and a turbulent boundary layer:

(1) The Mach number, flow angle, and static pressure are calculated as func-
tions of distance along the external flow streamline.

(2) Using oblique shock-wave theory, the Mach number and static pressure

downstream of the reflected shock are calculated as functions of dis-
tance along the external flow streamline.
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(3) A first approximation to the solution is obtained by solving the corre-
sponding two-dimensional problem.

(4) The axially symmetric continuity and momentum equations are solved by a
successive approximation procedure, accounting for changes in external-
flow streamline properties in each calculation.

Numerical Results

In this section, parametric results obtained with the solution methods
described in the previous section are presented for two-dimensional and axial-
ly symmetric shock wave~boundary layer interactions without suction. Addi-
tional results are given for the porous-wall suction, perforated-wall or slot
suction, and scoop suction flow models. Mach numbers from 2.0 to 4.0 and
incident shock-wave flow-deflection angles up to 11 degrees are considered.

As in reference 11, a theoretical adiabatic-wall recovery factor equal to
0.896 is used in all calculations.

Two-dimensional flow.~-Predictions of the boundary-layer thickness ratio
63/61 for zero suction and a porous-suction flow rate of 0.05 times the up-

stream boundary-layer mass flow may be compared in figure 4a. The upstream
power-law parameter Nl is 7.0, which is representative of typical flat-plate

turbulent boundary-layer velocity profiles for the Mach number range of 2.0
to 4.0 The results for 63/61 with zero suction exhibit the correct dependence

on incident shock strength (ref, .11), that is, decreasing over a range of
incident shock-wave deflection angles, reaching a minimum, and then increasing
for higher strength shocks. The incident shock-wave deflection angles of
interest in supersonic inlet flows are generally lower than those correspond-
ing to the minimum values of 63/61 because of the necessity for high pressure

recovery, that is, low shock strength, in the inviscid flow.

The power-law exponents (N3) downstream of the interaction region for

zero and 5 percent porous-suction flow rates are given in figure 4b for Nl
3
at a given shock strength, and that an increase in shock strength causes a

reduction in N3 for all cases. The dependence of N3 on the upstream Mach

number decreases with increasing Me .
1

equal to 7.0. These results indicate that the use of suction increases N

A bleed flow rate of 5 percent of the initial mass flow is considered
representative of the maximum rate that is consistent with the porous-wall
suction model., Higher rates would require large bleed holes or an extended
porous region upstream of the interaction region. With large bleed holes, the
perforated-wall suction model provides a closer approximation to the actual
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flow configuration since the x-momentum associated with suction through large
holes is significant. For a configuration with an extended porous region up-
stream of the interaction region, modifications to the flow models of the
present study to allow for mass entrainment and skin-friction effects would
be necessary.

The effects of perforated-wall or slot suction on 63/61 and N3 are

shown in figure 5 for the upstream conditions Me = 3 and Nl = 7. By compar-

ing perforated-wall suction results at several suction flow rates with the
predictions shown for porous-wall suction, it was determined that a suction
rate of 20 percent of the upstream boundary layer was required to obtain
comparable boundary-layer thickness ratios. A 20 percent bleed rate is be-
lieved to be more representative of requirements for supersonic inlet flows
than lower flow rates, and the results presented here are based on this
bleed rate.

The effects of scoop suction are shown in figure 6 for a suction rate
equal to 20 percent of the upstream mass flow. The bleed rate for scoop suc-
tion was selected to allow a direct comparison of results with those of the
perforated-wall or slot analysis.

The influence of the upstream power-law parameter on the results for
two~dimensional flow was examined for the range of Nl from 5.0 to 11.0 at
constant values of M, = 3.0 and Gl = 6 degrees. The effect of N1 on the

1
resulting boundary-layer thickness ratio (fig. 7a) is quite small for all
flow models. The dependence of the downstream power-law parameter on Nl is

large, and nearly linear (fig. 7b).
Ratios of displacement and momentum thicknesses across the interaction
region are given in figure 8 as a function of al for the upstream conditions

Me = 3.0 and Ny = 7.0. The minimum values of the integral thickness ratios
1

occur at incident shock-wave flow-deflection angles that are lower than those

for the minima of 53/51. With no suction, the integral thickness ratios are

always greater than the corresponding values of 63/61.
The effects of the suction rate on 63/61 and N3 are shown in figure 9

for the two-dimensional configurations. The ratio 63/61 decreases much more

rapidly and N3 increases much more rapidly for porous suction than for the

other cases.

Ratios of displacement thickness for the three suction models are given
as a function of bleed-flow fraction in figure 9. The total effective dis-
placement of the external flow downstream of the interaction region for scoop
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suction is represented by (63 + ys)/éf. When the scoop height is included,

the effective displacement of the downstream boundary layer for scoop suction
is considerably greater than that for the other suction models. The effec-
tive displacement increases with increasing bleed rate and decreasing upstream
Mach number. For supersonic inlet applications, the abrupt loss in flow area
for the inviscid flow and the additional disturbances that may be generated at
the 1ip of the scoop could have adverse effects, particularly if the scoop is
used in the throat region of the inlet.

Axially symmetric flow.-~To facilitate comparisons with predictions for
the corresponding two-dimensional configurations, results for axially symmet-
ric flow are also presented as functions of the incident shock-wave flow=-
deflection angle., The inviscid flow streamline at the edge of the boundary
layer was calculated from conical flow theory, assuming uniform flow upstream
of the incident shock wave. The correspondence between the shock-wave flow-
deflection angles and cone half-angles is shown in figure 10 for the Mach
numbers of interest.

The effects of the differences between two-dimensional and axially sym-
metric flows are illustrated in figure 11 for an upstream Mach number of 3.0
and power-~law parameter equal to 7.0. The deflection angle of 3.16 degrees
corresponds to the shock from a 10-degree cone at Mel = 3.0. The results of

the analysis are given for (1) two-dimensional flow, (2) axially symmetric
flow with 61/R = 0.1 and a constant pressure boundary at the edge of the con-

trol volume, and (3) axially symmetric flow with 61/R = (0.1 and a conical

streamline boundary. The influence of the changes in mass flow per unit
radius with distance from the wall is small, as shown by a comparison of
results for cases (1) and (2). In contrast to this small effect, the increase
in p3/pl caused by the compression in the conical flow and the stronger re-

flected shock (case 3) results in changes of about 10 percent relative to
two-dimensional predictions (case 1). The differences in interaction-region
lengths for the three methods also result in changes in the position of the
reflected shock wave. The analysis predicts an upstream shift in shock posi-
tion relative to that obtained from inviscid theory for all cases.

The influence of the ratio of upstream boundary-layer thickness to duct
radius with zero suction is shown in figure 12 for values of upstream Mach
number and power-law parameter equal to 3.0 and 7.0, respectively. The com-
bined effects of the varying overall pressure ratio p3/pl and the change in

flow area per unit radius with distance from the wall cause significant
changes in 63/61 and N3 relative to the corresponding two-dimensional flows.
As 61/R is increased, the minimum value of 63/61 decreases and occurs at suc-
cessively lower shock strengths, The influence of increasing 61/R is similar

to that of increasing the shock strength for two-dimensional flow, and is
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primarily due to the increase in the value of p3/p1 resulting from the com-

pression along the conical streamline at the edge of the boundary layer and
the stronger reflected shock wave,

Results for the three types of boundary-layer suction are presented in
figure 13 for 61/R equal to 0.1. The dependence of 63/61 on shock strength

is similar for the two-dimensional and axially symmetric cases, As with two-
dimensional flow, the introduction of suction causes an increase 1in N3 for all
axially symmetric suction configurations.

EXPERIMENTAL INVESTIGATION

Experimental Objectives

The experimental investigation described in this report was undertaken
in order to obtain basic data on the interaction of a conical shock wave and
a turbulent boundary layer. The experimental configuration was considered
to be particularly suitable for the investigation of shock wave-~boundary
layer interaction phenomena because the three~dimensional secondary flows
associated with the corners and sidewalls of two~dimensional wind tunnels and
test models were completely eliminated. The primary emphasis was placed on
the determination of differences between the present axially symmetric flow
and the corresponding two-dimensional flows studied by previous investigators,
and on the effects of suction on the interaction~region characteristics and
the occurrence of flow separation.

Experimental results were obtained at nominal Mach numbers of 3 and 4 for
a range of suction flow rates from zero to 13 percent of the initlal boundary-
layer mass flow. The cone angle of the shock-wave generator was varied to
give a range of shock strengths corresponding to deflection angles through the
incident shock waves from approximately 3 to 10 degrees.

The shock wave-~boundary layer interactions generated within the present
apparatus were similar to those that occur in axially symmetric inlets with
supersonic internal compression, but were idealized to the extent of nearly
uniform upstream flow, straight wall contours, conical incident shock waves,
and a relatively simple boundary~layer suction configuration. It is believed
that the results obtained in this study could be logically extended to the
more general interactions that occur in inlets and other flow devices.

Description of Experimental Apparatus

The experimental apparatus was a steady flow wind tunnel that was de-
signed specifically for the study of shock wave-boundary layer interactions in
axially symmetric flow. The general configuration consisted of a transparent
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plastic converging-diverging nozzle with exit diameter of 2.030 in., a
conical metal centerbody, and a constant diameter transparent plastic test
section (fig. 14). The contours of the axially symmetric nozzles were de-
signed by the method of characteristics. Two nozzles with nominal exit Mach
numbers of 3 and 4 were constructed. The starting properties for the charac-
teristics calculations were obtained by specifying parabolic wall contours

in the throat region and assuming conical source flow to a Mach number of
1.127 for the Mach 3 nozzle and to 1.145 for the Mach 4 design, The charac-
teristies nets were carried out to Mach numbers of 2.94 and 3.95, respective-
ly, for the Mach 3 and 4 nozzles.

The test sections consisted of transparent plastic tubes of constant
inner diameter (2.030 in.), axial segments of which could be enclosed by an
interchangeable outer ring (fig. 15). After completing the tests with solid
tunnel walls, circumferential rows of 0.052- or 0,064~-in. diameter bleed
holes were drilled into the test section as shown. A maximum porosity of 42%
over a length of 0.275 in. was obtained with 228 0.064~in. holes in four rows
around the section. The slot around the outside of the section provided the
volume required for the bleed plenum chamber. The lines connecting the test
section to the svction flow metering and pumping system were attached to the
bleed-collection ring (fig. 16).

The centerbody configuration consisted of a common rear support section
with interchangeable conical tips on the upstream end. The centerbody served
as the shock-wave generator and also as the forward portion of the wind-
tunnel diffuser. A sharp corner was provided at the end of each cone in order
to allow clear definition of the regions of the flow that were influenced by
the change in body slope. The axial position of the tip of the centerbody
could be changed to allow a continuous variation in the shock-impingement
location on the wall., The centerbody was held at the center of the test sec-
tion by four support pins located downstream of the cone base. A second set
of supports at the aft end of the subsonic diffuser was used to align the
centerbody axis parallel to the tunnel axis. This was accomplished by inject-
ing colored alcohol into the nozzle through a static pressure orifice and
observing the ring of liquid that formed on the wall near the beginning of
the pressure rise caused by the conical shock wave. The downstream centerbody
supports were adjusted until the plane of the liquid ring was normal to the
tunnel axis,

The test air was supplied from an air compressor to a drying, filtering,
and heating system located just upstream of the tunnel. The drier consisted
of a steel tank that was filled to the desired level with a silica gel type
dessicant. The drying unit could maintain the outlet air dew-point below
-75°F for about 10 hours at the maximum air flow rate of 0.85 pounds a sec-
ond, The dessicant was periodically regenerated by passing air heated to
350°F through the tank while heating the exterior surface by means of a series
of steam coils. Dessicant powder and any other solid particles were removed
by a filter located on the downstream side of the drier. The ailr could be
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heated from the supply temperature of 80°F to a maximum of 350°F by steam
and electric heaters. The gressure was reduced from the supply line pressure
of approximately 100 1bf/in to the desired tunnel total pressure by two

regulators mounted in series in the line.

The wind~-tunnel exhaust line was mounted on one port of a 150 cubic foot
tank that was evacuated by four steam ejectors operating at a pressure differ-
ence of 150 lbf/inz. Additional vacuum capacity was provided by three pumps

with a total capacity of approximately 10 ft3/sec. The exhaust tank pres-
sure was controlled by adjusting hand valves on the ejector air-inlet mani-
fold and the vacuum pump inlet lines.

Instrumentation and Data Reduction

Tunnel parameters.--The tunnel total pressure was measured by means of a
static pressure orifice located in the plenum chamber wall. Total pressures
below 40 psig (atmospheric reference) were read on a mercury manometer, and
higher values were read on a pressure gage. The maximum error in the tunnel
total pressure was estimated to be about 0.,7% of the reading. The tunnel
plenum (total) temperature was measured with an unshielded iron-constantan
thermocouple. The estimated maximum error in the total temperature measure-
ment was 1% of the absolute temperature.

Surface static pressure.--Twenty-five 0.0135-in. diameter static-
pressure orifices with spacing varying from 0.05 to 0.20 in., were installed in
a single row in each test section, with a dense distribution near the theo-
retical shock-impingement location. Three additional pairs of orifices were
located at 90-degree intervals around the circumference to aid in symmetry
verification. The orifices were connected to an absolute strain-gage pres-
sure transducer with a range of 0-10 psia by lengths of stainless steel and
plastic tubing. A typical installation is illustrated in figure 17a. The
output of the transducer was read on a precision null potentiometer. The
same instrumentation was used for measurement of the static pressures at the
inlet and throat of the suction flow metering nozzle. The maximum error for
the static pressures, including potentiometer error, was about 2% of the
reading.

Pitot probe surveys.--Pitot-pressure measurements were obtained using a
long curved probe with a flattened tip (fig. 17b) connected to a differen-
tial strain-gage pressure transducer with a range of + 25 psi (atmospheric
reference). The transducer output was read on a potentiometer. The maximum
error after conversion to absolute pressure was about 3% of the absolute
reading. The probe~tip opening was 0.003-in. high and 0.017-in. wide, and
the overall height of the tip of the probe was 0.008 in. (fig. 17b). Pitot
pressure profiles were obtained at the centerline positions of the surface
static-pressure orifices. The distance between surveys was either 0.1 or 0.2
in. 21




Mach numbers were calculated from the ratio of pitot pressure to surface
static pressure for all points on the profiles. The distance from the wall to
the freestream was defined as the transverse coordinate of the point at which
the Mach number was just equal to or greater than 0.999 times the value at
the next point on the profile. In a similar manner, the boundary-layer thick-
ness § for each profile was set equal to the coordinate at which the Mach
number was just equal to or greater than 0,99 times the freestream Mach num-
ber. No interpolation between points on the profiles was performed to deter-
mine the point at exactly 0.99 M_ since the spacing between data points was

sufficiently small (0,005 in.) to guarantee acceptable accuracy with the
method used. A second value of Mach number for points outside of the boundary
layer was calculated from the ratio of pitot pressure to local freestream
total pressure. An estimate of the local freestream total pressure downstream
of an interaction region was obtained from the product of the tunnel total
pressure and the theoretical total pressure recovery across the incident and
reflected shock waves. The two Mach number curves were nearly coincident
outside of the boundary layer for profiles not within regions of shock wave-
boundary layer interaction, indicating that the variations in static pressure
across the boundary layer were small for those profiles.

Boundary-layer velocity profiles and integral properties were determined
from the Mach number distributions, assuming constant static pressure and
total temperature across the boundary layer. A best-fit power-law parameter,
NL, was obtained by computing the straight line of minimum least-square error

on a logarithmic plot of U/Ue vs. y/é. A second power-law parameter, N, was

determined by matching the mass flow of the power-law profile to the measured
value,

Boundary-layer suction flow.--The boundary-layer suction mass-flow rate
was measured using a long-radius flow nozzle that was constructed according
to ASME standards (ref. 13), The nozzle was calibrated in place by metering
the flow with a previously calibrated square-edged orifice. The results
obtained from the calibration are shown in figure 18. The total temperature
of the suction flow was measured with an unshielded iron-constantan thermo-
couple. The nozzle used had a lower resolution limit of 0.002 lbm/sec, and

an estimated maximum error of + 5% of the measured flow rate.

Results and Discussion

A summary of the test conditions and data obtained during the test pro-
gram is given in Table I. Experimental results are presented in the form of
pitot pressure surveys, surface static pressures, velocity profiles, flow
field patterns determined from the analysis of the pitot pressure surveys and
surface static-pressure profiles, and boundary-layer thickness and integral
properties. Pitot pressure survey stations and static pressure orifice loca-
tions are identified by the distance in inches downstream of a zero reference
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station 7.0 inches upstream of the entrance to the subsonic diffuser. The
range of survey locations was from 2.40 to 4.21 inches.

Sample pitot pressure profiles taken in shock wave-boundary layer inter-
action regions are shown in figure 19. The first set of profiles (fig. 19a)
gives typical results for an unseparated interaction. The upstream profile
(A) shows the edge of the boundary layer (at Me/Mm = 0,99) and the incident

shock wave, which appears as a near-discontinuity about 0.0l inch thick. The
shock wave is defined by a double line, with the transverse distance between
the lines indicating the width of the pressure change as it appears on the
pitot pressure profiles. The pitot pressure increases rapidly as the probe
moves above the shock into a region of lower Mach number. The opposite situ-
ation occurs for the profiles downstream of the point of emergence of the re-
flected shock wave from the boundary layer. For profile B, the pitot pressure
decreases as the probe moves above the shock into a higher Mach number
region, increases gradually, and then decreases again through the region of
increasing Mach number within the expansion originating at the cone base.

The pitot pressure approaches the cone base pressure when the probe is direct-
1y behind the cone. Profile C shows the pattern obtained after the cone-base
crosses the reflected shock. Profiles D and E (fig. 19b) were taken in the
region immediately dowvnstream of a separated interaction. Moving in the
direction of increasing y, profile D shows a compression just outside of the
boundary layer. This compression is defined by the sharp decrease in pitot
pressure, corresponding to an increase in Mach number in the y-direction. The
fairly rapid rise in pitot pressure indicates a decrease in Mach number in
the y-direction, which corresponds to a left-running expansion originating
near the edge of the boundary layer. The next decrease in pitot pressure
indicates another shock wave, which is followed by the cone base expansion and
wake as in profile B. The flow pattern that is constructed from profiles D
and E shows two left-running shocks with an expansion between them, indicat-
ing that the flow separated and reattached further downstream. Rapid changes
in the flow pattern can be defined by profiles similar to those shown in fig-
ure 19 with a spacing between profiles of about 0.1 inch.

Wind tunnel calibration.--Measurements with solid tunnel walls were made
at Mach numbers of 2.82 and 3.78. Several tests were conducted without bound-
ary-layer trips and results were compared with properties for various trip
configurations. The best trip configurations, triangular vortex generators
of 0.008- to 0.013-inch thickness, were used for all further tests (fig. 14).
The tumnel total pressures were selected to give approximately equal values
of Reé at x=3.3 in., which was the theoretical shock-impingement point. The

resulting unit Reynolds number was 5.6 x 10° ft—l, and the Reynolds number
based on the boundary-layer thickness of 0.138 in. (average of several tests)
just upstream of the interaction region was about 6 x 10" for both Mach num-
bers. With a duct radius of 1.015 in., the average ratio Gl/R was 0.136.

Transverse Mach number profiles at or near the most-forward pitot probe
location for the nominal Mach 3 and 4 nozzles are shown in figure 20a. The
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Mach numbers between the wall and the freestream height, denoted by h,, were
computed from the pitot pressure and wall static pressure. The remaining
distributions from h_ to the tunnel centerlines were determined from the ratio
of pitot pressure to tunnel total pressure. The test section freestream Mach
number for the nominal Mach 3 nozzle is 2.82, and the variation from this
value across the entire test section is + 0.7%., The test section Mach number
for the nominal Mach 4 nozzle is 3.78, with a variation of + 1.27%.

The axial Mach number distributions at the nozzle centerlines are given
in figure 20b. The Mach numbers shown were computed from the ratio of pitot
pressure to tunnel total pressure. The pitot pressures were measured by a
single straight pitot tube with a 0.013-inch diameter opening. The tube was
attached to the centerbody strut and the location was measured on the center-
body positioning micrometer. All distributions exhibit weak wave patterns
superimposed on a trend of decreasing Mach number with axial distance. The
perturbations from the mean line decrease with distance for the Mach 4
nozzle., The last point on each centerline distribution corresponds approxi-
mately to the most forward position at which a transverse pitot survey was
made.

The boundary-layer Mach number profiles are shown on a large scale in
figure 21. The number of points within the boundary layer is considered
adequate for the integrations needed to determine integral boundary-layer
properties,

Boundary-layer velocity profiles corresponding to the Mach number pro-
files described above are given in figure 22. The dashed lines passing
through the data points correspond to the best-fit profiles with profile
parameter NL. This profile reflects the minimum least-square error on a log-

arithmic scale and is not required to pass through the data point at the
boundary-layer edge. The solid lines represent the power-law profiles, with
parameter N, giving the measured boundary-layer mass flux or displacement
thickness. The close agreement between the data points and the power-law
profiles indicates that the power law is a good representation of turbulent
boundary~layer velocity distributions.

The boundary-layer properties for the two test sections are summarized
in figure 23. Comparison of these properties shows that the boundary-layer
thicknesses at M, = 2.82 and 3.78 are very nearly equal. The data points
given in figure 23 show that perturbations about mean trends occur in all
computed parameters, These effects are primarily a result of small changes
in the transverse Mach number distribution near the edge of the boundary layer
caused by the weak waves identified in figure 20b. The trend of decreasing
power~law parameters with axial distance reflects the slight adverse pressure
gradient. induced by the boundary-layer growth in the constant-area test sec-
tions. The power-law parameters are in the range between 7 and 10, indicat-
ing turbulent flow at all stations and Mach numbers.
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Solid~wall interactions at M, = 2.82.~-The half angle of the conical

shock-wave generator was varied from 10 to 16 degrees at Mach 2.82. The
strengths of the incident shock waves correspond to flow-deflection angles
from approximately 3 to 8 degrees.

Surface pressures and pitot surveys: Pitot pressure profiles taken up-
stream of, within, and downstream of the interaction region for a 10-degree
cone at M, = 2.82 are shown in figure 24a. The first four profiles show the
edge of the boundary layer and the incident shock wave, and the reflected
shock wave is clearly defined on the profiles from x = 3,50 in. through
X = 4,00 in. For the profile at x = 4,00 in., the pitot pressure decreased
as the probe moved above the shock wave into a region of higher Mach number,
increased gradually, and then decreased again through the region of increasing
Mach number within the expansion originating at the base of the cone. The
expansion wave crossed the reflected shock wave on the profile at x = 4.20 in.

The wave patterns, the measured boundary-layer thickness upstream of the
incident shock wave and downstream of the reflected shock wave, and the meas-
ured surface static-pressure distribution are given In figure 24b for the 10-
degree cone. The pressure distribution is compared to that obtained by a
method-of-characteristics calculation. The flow pattern and pressure distri-
bution exhibit typical characteristics of a weak unseparated interaction (ref.
1). The incident and reflected shock waves are distinct and the measured sur-
face static pressures spread about one boundary-layer thickness forward of
the theoretical pressure rise.

The pressure discontinuity of the inviscid distribution, which was com-
puted for the nominal cone angle (10 degrees), was located at the intersection
of the projection of the measured incident shock wave and the wall and corre-
sponds to a flow-deflection angle through the conical incident shock wave of
2.9 degrees. The flow~deflection angle was also determined by measuring the
wave angle of the incident shock wave from the locations on the pitot pro-
files, and by determining the Mach number behind the shock wave with consid-
eration given to the total pressure loss through the shock wave. The results
were 2.5 and 3.5 degrees, respectively, giving an apparent uncertainty of
+ 0.5 degree about the nominal value. Because of this uncertainty, the nomi-
nal shock-wave strength is used in all further descriptions and for the com-
parison of analytical and experimental results.

Increasing the cone half angle to 12 degrees at M, = 2.82, with a corre-
sponding deflection angle of 4.6 degrees, did not alter the general character-
istics of the pitot-pressure profiles or the surface static~pressure distri-
bution (fig. 25) relative to those obtained for the 1l0-degree cone, The ocur-
rence of a distinct reflected shock wave and the relatively small upstream
spreading of the surface static pressures from the inviscid predictions indi-
cate that the flow was not separated. After several hours of operation, a
very thin oil ring formed on the tunnel wall just downstream of the beginning
of the surface static-pressure rise, in the position illustrated in figure
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25b. A similar phenomenon was observed by Chapman et al. (ref. 14) for shock
wave-boundary layer interactions in two-dimensional flow. The rings could be
made more distinct by injecting colored alcohol into the test section through
a static pressure orifice, The liquid rings were used as a visual check on
the alignment of the centerbodies within the wind tunnel. When the rings

were normal to the tunnel axis, the variations in Mach number behind the inci-
dent shock waves were 0.0l or less for test profiles at several circumferen-
tial locations for a given cone angle.,

The pitot-pressure profiles and interaction-region chracteristics for a
13-degree cone at M, = 2.82 (fig. 26) are similar to those shown for the two
previous cases, and again indicate attached flow at all probe locations, The
flow-deflection angle for the 13-degree cone was 5.3 degrees,

Certain characteristics of separated flow are exhibited by the flow field
and surface static-pressure distributions for a l4-degree cone (6.2-degree
deflection angle) at M, = 2.82 (fig. 27). The rather indistinct left=-running

compression leaving the boundary layer near the point of intersection of the
incident shock wave and the boundary layer is believed to be a separation
shock wave. The appearance of a separation shock wave is consistent with the
increase in the spreading of the surface static-pressure rise to about 3.5
boundary-layer thicknesses upstream of the projected intersection of the inci-
dent shock wave and the wall. The separation shock is followed immediately
by a left-running expansion that originates at the intersection of the inci-
dent shock wave and the boundary layer. The expansion is followed in turn by
a relatively weak compression that corresponds to the reattachment shock wave
shown in schlieren photographs of separated two-dimensional interactions
(ref. 1). The separated-flow region for the l4-degree cone was apparently
very small since the pitot pressure surveys did not indicate a reversed-flow
region of measurable extent. The surface static-pressure distribution shows
only a long region of nearly constant pressure gradient, and not the charac-
teristic "hump" generally observed for separated two-dimensional interactions
(ref. 2).

Separation is clearly identified for a 1l5-degree cone (7.1-degree deflec-
tion angle) at Mach 2.82 by the presence of a small region of constant pitot
pressure near the wall on the profile of x = 3.20 in. (fig. 28a). There is
also a hump in the wall static-pressure distribution (fig. 28b)., The separa-
tion shock wave is more sharply defined than for the l4-degree cone. The re-
attachment wave appears on two profiles (x = 3,40 and 3.50 in, ) before it
crosses the strong right-running expansion from the cone base. The beginning
of the surface static-pressure rise and the location of the liquid ring were
at approximately the same axial station for the 1l4- and 15~-degree cones.

Approximate separation and reattachment points were determined by plot-
ting the Mach number variations against the axial coordinate at fixed dis-
tances from the wall (fig. 29). The intersections of lines of constant y with
the M = 0 axis were cross-plotted and extrapolated to y = 0. The upstream
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and downstream intersections of the extrapolated curves with the wall were
identified, respectively, as the separation and reattachment points. The sep-
arated region between these points, shown on figure 28b, brackets the profile
that indicates reversed flow at y = 0,005 inch (x = 3,20 in.).

The pressure ratio at the separation point, as determined by the manner
described above, is somewhat higher than the corresponding pressure given by
Bogdonoff (ref. 15) for two~dimensional flow. It is also evident that the
hump in the static pressure distribution of figure 28 begins upstream of the
indicated separation point. These results suggest that the actual separation
point may be upstream of the indicated location. In addition, the lines of
constant y just downstream of the separated region tend to level off and then
rise rather sharply with increasing x instead of rising steadily as might be
expected. This also raises a question about the reattachment location.

These factors suggest that the method used to determine the length of the
separated region may not be precise when the height of the separated region
is of the order of the pitot probe height. The procedure of figure 29 does,
however, definitely indicate the presence of a region of reversed flow,

Increasing the cone angle to 16 degrees at M, = 2.82 resulted in addi-
tional small changes in the flow characteristics (fig. 30). The separation
shock wave crosses the incident shock wave before the latter reaches the edge
of the boundary layer, as clearly shown at x = 2,91 in., figure 30a. The
hump in the static pressure distribution is more pronounced; however, the be-
ginning of the separated region, determined in figure 31, does not agree with
the location of the hump or the results of reference 15, again indicating the
inability to precisely determine the separation and reattachment points. The
liquid ring appeared at the same relative location as in the previous cases.
In addition to the well-defined ring, individual liquid droplets were
observed to move upstream along the wall in the separated~flow region. The
deflection angle through the incident shock wave was 8.1 degrees for the 16-
degree cone, which was the strongest shock wave tested at M_ = 2.82.

The surface static-pressure distributions for the Mach 2.82 interactions
are summarized in figure 32. The three weakest shock waves (10-, 12-, and
13~degree cones) show rounded distributions. The distribution for the l4-
degree cone corresponds to the appearance of the multiple shock-wave system
characteristic of separated flow. The profiles for the highest strength
shocks exhibit the humps in the pressure distributions used by Kuehn (ref. 2)
to identify separated flows. The 15- and l6-degree interactions were clearly
separated, even though the maximum pressure rise for each case was reduced
below the level of that for the 13- and l4-degree cone by the expansion from
the cone base.

Boundary-layer properties: Typical boundary-layer velocity profiles are
shown in figure 33, The dashed lines passing through the data points corre-
spond to the best-fit profiles with profile parameter NL. This profile re-
flects the minimum least-square error on a logarithmic scale. The solid lines
represent the power-law profiles with parameter N piving the measured
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boundary-layer mass flux. The close agreement between the data points and
the power-law profiles for the upstream data indicates that the power law
gives a good representation of turbulent boundary-layer velocity distribution
for these profiles. This agreement can be made arbitrarily close by reducing
the number of points on the profile, that is, by choosing the boundary-layer
edge at a lower value of M,/M_. This procedure, however, results in reductions

in the displacement thickness for ratios less than 0.99, indicating that 0.99
is very close to the proper value when correlations are based on displacement
thickness.

The second set of profiles was obtained near the end of the interaction
regions for the 10- and l6-degree comes. The profile is somewhat distorted
for the 10-degree cone, but is still well-represented by the power-law pro-
files. For the l16-degree cone, however, the power-law profiles are less
representative of the actual profile shape. This factor will be considered
when evaluating the analytical methods presented in a previous section.

The third pair of profiles was obtained relatively far downstream of the
interaction region for the 10-degree cone, and just downstream of reattach-
ment for the l6-degree cone. These profiles are not similar to the upstream
profiles, and have developed inflection points that cannot be represented byv
power laws.

The streamwise variations in measured boundary-layer properties are
shown in figure 34 for the 6 cone angles at M_ = 2,82, The data points taken

upstream of the interaction regions end near the projected intersections of
the incident shock wave and the edge of the boundary layer. Similarly, the
downstream data begin near the point of emergence of the reflected shock wave
from the boundary layer. In the interest of clarity, upstream boundary-layer
properties are not shown for all cases; however, the scatter shown is typical
of that obtained for the six shock strengths considered., The conical flow
merged continuously with the boundary layer within the interaction region and
no boundary-layer properties could be defined in that interval.

The boundary layer downstream of the interaction region was not influ-
enced by the expansion from the base of the cone for the 10- 12-, and 13-
degree cones. The results for these cases indicate that the additional com-
pression in this region retards the redevelopment of an equilibrium boundary-
layer profile. The displacement and momentum thicknesses downstream of the
interaction regions are larger for the large cone angles, This trend of in-
creasing thickness parameters for high-strength shock waves was also observed
for two-dimensional flow (ref. 3) as was the continued decrease in power-law
parameter with increasing shock strength (fig. 34). The increase in bound-
ary-layer mass flow across the interaction region for the weaker shock waves
was approximately equal to that obtained with no shock wave (fig. 23), and
increased above this value for the separated interactions. The maximum mass-
flow increase was about 15 percent of the value just upstream of the inter-
action region.
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Solid-wall interactions at M, = 3,78.--The range of cone half angles

tested at Mach 3,78 was from 8 to 15 degrees, corresponding to flow deflec-
tion angles from approximately 3 to 9 degrees. The data obtained at Mach
3.78 were similar to the results given for M_ = 2.82.

Surface pressures and pitot surveys: The pitot pressure profiles for an
8-degree cone at M, = 3.78 (fig. 35) show a typical unseparated interaction.
The nominal flow-deflection angle for this case is 2.6 degrees, indicating a
rather weak shock-wave system, The lack of sharpness of the incident wave
caused difficulty in measuring the shock-wave angle. The deflection angle
obtained through measurement of the incident shock wave strength from the
pitot pressure profiles was about 1.0 degree lower than the nominal value for
this case, whereas the angle determined from the Mach number behind the shock
wave was only 0.2 degree above the nominal value.

Increasing the cone half angle to 10 degrees at M, = 3.78 (4.3-degree

deflection angle) resulted in only small changes in the pitot pressures and
flow field (fig. 36). The pressure rise through the reflected shock wave
initially occurred in two steps (profiles at x = 3,49 and 3.59 ins.). This
feature of the flow is not believed to be indicative of separated flow since
the waves coalesce within a short distance and the measured surface static-
pressure rise begins only about one boundary-layer thickness upstream of the
projected impingement point of the incident shock wave.

As previously observed at M, = 2,82, a flow pattern indicative of sepa=-
rated flow is obtained at M_ = 3.78 without the occurrence of a hump in the

surface static~pressure distribution or measurable regions of constant pitot
pressure, Analysis of the pitot pressure distributions for a 13-degree cone
at Mach 3.78 (fig. 37a) gives the flow pattern shown in figure 37b. The sepa-
ration and reattachment shaocks are more clearly defined than those observed
for the l4-degree cone at M_ = 2.82 (fig. 27). The static pressure rise be-~
gins about 3.3 boundary-layer thicknesses upstream of the projected inter-
section of the incident shock and the wall. The distribution shows a long
region of nearly constant pressure gradient but no hump. The nominal flow-
deflection angle through the incident shock wave was 7.2 degrees for this
case.

Increasing the cone half angle to 14 degrees (8.2-degree flow deflection
angle) resulted in a separated interaction, and with it, a slight hump in the
surface static-pressure distribution as shown in figure 38. The pressure rise
began only slightly further upstream for this case than for the l3~degree cone
at M, = 3.78. The separation and reattachment points for the l4-degree cone
were determined as shown in figure 39. For this case, the indicated separa-
tion point is less than 0.1 in. downstream of the location determined using
the results of reference 15.
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The highest cone angle tested at M, = 3.78 was 15 degrees, which gave a

flow~-deflection angle equal to 9.2 degrees (fig. 40). For a shock of this
strength the static pressure distribution exhibits a more pronounced hump than
for the previous cases, and the pitot pressure profiles define a larger sepa-
rated flow region (fig. 41). The height of the separated region is about
twice the probe height, and the indicated separation point is consistent with
the location of the hump in the pressure distribution and data reported by
Bogdonoff (ref. 15). Because of the small cone diameter (a result of tunnel
blockage limitations) the expansion from the base of the cone reached the
boundary layer very near the end of the interaction region. The pressure de-
crease associated with the expansion was not large enough to affect the
occurrence of separation; however, the boundary-layer properties downstream of
x = 3.3 were influenced by the interaction of the expansion with the reflected
wave system and the boundary layer.

The surface static-pressure distributions obtained at M, = 3.78, summar-
ized in figure 42, are similar to those given for Mach 2.82 (fig. 32). The
weak shocks again result in rounded distributions, and the distributions for
the strongest incident waves indicate separated flow.

Boundary~layer properties: Boundary-layer profiles for the 10- and 15-
degree cones at Mach 3.78 are shown in figure 43, As for M, = 2.82, the
upstream profiles and the profile near the end of the interaction region for
the 10-degree case are well represented by power-law distributions, and the
remainder have developed inflection points that cannot be represented by
power laws, '

The boundary-layer thickness and integral properties are shown as func-
tions of streamwise distance in figure 44 for 5 cone angles at M_ = 3.78. The

format for presentation is i1dentical to that of figure 34, For the weaker
shock waves (8~ and 10-degree cones) the boundary layer downstream of the
interaction region was not influenced by the expansion from the base of the
cone. The expected increase in thickness parameters and simultaneous decrease
in power-law parameter with increasing shock-wave strength were verified. For
the 15~degree cone, all integral properties downstream of the interaction
region were influenced by the expansion from the base of the cone. The bound-
ary-layer mass—~flow increase across the interaction region was significant
only for the three highest shock strenghts, reaching a maximum of about 15
percent of the upstream value.

0il rings were observed near the beginning of the static pressure in~
creases for the 10-, 13-, 14-, and 15-degree cones at M_ = 3.78; however, no
evidence of upstream movement of liquid within the separated flow regions was
observed during the Mach 3.78 tests.

Incipient separation.--The conditions for incipient separation for two-
dimensional and axially symmetric flows are compared in figure 45 in terms of
the flow-deflection angles through the incident shock waves and the pressure
ratios across the interaction reglons. The curves for two-dimensional flow
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are cross-plots of the data reported by Kuehn (ref. 2) and correspond to the
overall pressure ratio existing just before the first appearance of a hump in
the surface static-pressure distribution at each Reynolds number. The values
of a, for incipient separation obtained during the present study are the
defléction angles assoclated with the highest cone angles without separated
flow at each Mach number, as indicated by the static-pressure distributions
and the occurrence of regions of constant pitot pressure near the wall. The
downstream pressure, Pys is the surface static pressure at the station where

the last identifiable compression wave left the edge of the boundary layer.
Since the downstream end of the reflected wave system is rather indistinct,
the selection of Pq is somewhat arbitrary.

The comparisons shown in figure 45 clearly show that the boundary layer
separated at lower values of oy for the conical shock waves. This result is

attributed primarily to the larger pressure ratio across the interaction
region for axially symmetric flow at a given value of oy e

The influence of the respective test facilities and data reduction pro-
cedures on the comparisons in figure 45 should be small since the model sizes,
instrumentation locations, and boundary-layer thicknesses for the two experi-
ments were nearly identical. The boundary~layer edge Mach number was equal
to 0.99 times the freestream value for both experiments, and the same methods
of detecting separation were used.

Perforated-wall tests at M, = 2.82.--Various perforation patterns were

obtained by successively adding bleed holes in rows around the test section,
beginning with one row of 54 0.052 in. diameter holes. The location of the
incident shock wave was from 0.2 to 0.4 inch upstream from the position used
in the solid-wall tests. Perforated-wall test data are presented for cone
angles at which the flow was separated with zero suction.

Surface pressure and pitot surveys: A suction flow rate equal to 2.8%
of the upstream boundary-layer mass flow was obtained for the 1l5-degree cone
at M, = 2,82 with one row of 54 0.052 in. diameter bleed holes (fig. 46). The
holes were located at a cross-section where the pressure ratio was about 2.2
with zero suction, which was within the original separated region (figs. 28,
29), and the bleed plenum pressure was sufficiently low to ensure choked flow
through the bleed holes. The shock-wave pattern and static pressure distribu-
tion for zero suction are shown in figure 46 by the dashed lines. The re-
flected shock-wave system with 2.87% suction flow was reduced somewhat in
extent and displaced downstream of the location for zero suction. The initial
static-pressure gradient along the surface was reduced near the beginning of
the interaction region, but increased hetween the original separation point
and the location at which the expansion from the cone base reached the wall.
A hump was still present at the previously separated region, but no regions of
constant pitot pressure were visible on the pitot pressure profiles. The
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hump apparently was due to the bleed effects. By comparing these results to
the corresponding data obtained without suction, it was concluded that the
present interaction was not separated.

Using the 1 row-54 hole perforation configuration with the l6-degree
cone gave a suction flow rate of 3.67% of the upstream boundary-layer flow when
the bleed holes were located within the separated-flow region obtained with
zero suction (fig. 47). Comparison with the results for zero suction (figs.
30, 31) shows a reduction in the streamwise extent of the interaction region
and in the upstream spreading of the surface static-pressure rise. The flow
does, however, appear to be slightly separated near x = 2.91 in,

A suction flow rate of 6.4%Z of the upstream boundary-layer flow was
obtained with the l6-degree cone by using 2 rows of 54 0.052-in., diameter
bleed holes located near the point of reattachment for zero suction, The
flow pattern (fig. 48) is of a rather different character than for the pre-
vious cases. A very weak shock wave, attributed to the local flow disturbance
introduced by the turning suction flow, originates near the bleed holes and
merges with the strong reflected shock wave at x = 3.4 in. The noncoalescing
shock-wave pattern observed for the previous cases has been eliminated, as has
the hump in the surface static-pressure distribution. The upstream extent of
the pressure rise has been reduced by about 507 relative to that cbtained for
zero suction. These factors indicate that the flow remained attached through
the interaction region.

The influence of the suction flow~rate on the surface static-pressure
distribution for the l6-degree cone is summarized in figure 49. As shown,
increasing the suction rate resulted in a gradual reduction in the size of
the hump, and an increase in the peak pressure reached downstream of the inter-
action region.

Data were obtained for an 1B8~degree cone at Mach 2.82 with suction flow
rates of 9.7% and 13.5% of the boundary-layer mass flow upstream of the inter-
action regions (figs. 50 and 51, respectively). Comparison of the results
for the two cases shows that the reflected shock-wave system begins further
downstream and that the hump in the pressure distribution is smaller for the
higher suction rate. Both interactions are separated, as indicated by the
reversals in the pitot pressure readings for several profiles upstream of
the suction zones, the multiple shock-wave patterns, and the humps in the
static-pressure distributions.

Boundary-layer properties: Typical boundary-laver profiles obtained with
suction at M, = 2,82 are shown in figure 52. The x-coordinates for the cases
with suction flow were adjusted to superimpose the incident shock waves. The
profiles represent the data at an equivalent x-station downstream of the
interaction region for the 1l6-degree cone with zero suction and with boundary-
layer removal fractions of 3.67% and 6.4%. Increasing the suction rate from
zero results in a progressive decrease in boundary-layer thickness accompanied
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by an increase in the fullness of the velocity profile. These changes are
also reflected in reductions in displacement and momentum thicknesses (fig.
53), and in the mass flow contained within the boundary layer.

Perforated-wall tests at M_ = 3.78.--Test data with perforated walls were

obtained at Mach 3.78 for one initially attached flow (10-degree cone) and
one initially separated configuration (15-degree cone),

Surface pressures and pitot surveys: Pitot pressure profiles for the 10-
degree cone at Mach 3.78 with a bleed flow rate equal to 3.6%Z of the upstream
boundary-layer mass flow are presented in figure 54a. A row of 54 0.064-inch
diameter holes followed by a second row of 58 0.052-inch diameter holes formed
the bleed hole pattern (fig. 54b). The bleed holes were choked for this
case. The centerbody was positioned so that the bleed holes were at a posi-
tion where the average pressure ratio was about 2.0.

The disturbances introduced by the bleed flow are visible on the pro-
files from x = 2,90 to 3.49. They coalesce with the downstream shock wave near
x = 3.59. The only discernible difference between the present flow field and
that of the zero-suction case was the reduction of the spreading of the down-
stream or reflected shock wave.

Significant changes in all aspects of the flow field and boundary-layer
properties relative to the previous cases for the 10-degree cone at M, = 3.78

were obtained with a bleed flow rate equal to 8.5 percent of the upstream
boundary-layer mass flow. This flow rate was obtained with 4 rows of 0.064-
inch diameter holes (total of 228 holes), giving the maximum porosity of 42
percent over the 0.275 inch long bleed zone (fig. 55). The pitot profiles
indicate that the disturbances from the bleed holes coalesced into a weak
shock wave that merged with the reflected shock wave just outside of the
boundary layer. As shown in figure 55b, removal of 8.5 percent of the bound-
ary-layer mass flow resulted in the appearance of a hump in the surface
static-pressure distribution of the type observed for separated flows without
suction. The first row of holes was not choked, but the bleed plenum pressure
was sufficiently lower than the local static pressure at the bleed hole inlets
to guarantee that no recirculation into the test section occurred. The condi-
tion obtained for this case represents the maximum possible bleed flow rate
attainable with no bleed flow recirculation for the l0-degree cone at

M_ = 3.78 since any further increase in the number of bleed perforations would

have resulted in a bleed plenum pressure greater than the test section internal
pressure over the bleed zone.

A summary of the surface static-pressure distributions with various per-
foration configurations for a 10-degree cone at M_ = 3.78 is presented in fig-
ure 56, Profile 340 was obtained with a solid wall. The perforated-wall
cases show humps in the distributions of the type that have been used in the
past to identify separated flows. The size of the hump in the profiles
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increased with increasing suction rate. With this exception, the character-
istics of the distributions were not strongly affected by the suction flow
rate.

A suction flow rate equal to 3.1% of the upstream boundary-layer mass
flow was obtained for the 15-degree cone at M, = 3.78 with one row of 54
0.064~1in. diameter bleed holes. The bleed holes were located at a cross-
section where the pressure ratio was about 2.7 and the bleed plenum pressure
was sufficiently low to ensure choked flow through the bleed holes. The
pitot pressure profiles (fig. 57a) and surface static-pressure distribution
(fig. 57b) indicate that the flow remained attached through the interaction
region, whereas the flow was separated at the same conditions with zero suc-
tion. The multiple shock-wave pattern of the zero suction case (shown as
dashed lines) was reduced to a single reflected shock wave similar to that
obtained for unseparated interactions without suction, and the upstream
spreading of the surface static-pressure rise was reduced by about 40%. When
suction was applied for the 15-degree cone, the reduction in the boundary-
layer thickness relative to the solid-wall case allowed the expansion from
the base of the cone to pass downstream of the intersection of the reflected
shock wave and the boundary-layer edge. The influence of the expansion on
the flow pattern and boundary-layer properties immediately downstream of the
interaction region is, therefore, believed to be negligible for the per-
forated-wall tests.

Removal of 5.2% of the upstream boundary-layer flow causes further
changes in the flow field for the 15~degree cone at M, = 3,78, as shown in

figure 58. Two rows of bleed holes formed the perforation pattern, and the
holes were choked during the test. The upstream influence, as reflected by
the surface static~pressure distribution, was somewhat lower than that
observed for 3.1% suction.

A maximum suction flow of 13,17 of the upstream boundary-layer mass flow
was obtained with the 15-degree cone and a 4-row 427 porosity perforation
configuration of 0.064~in. diameter holes. The bleed plenum pressure was not
low enough to choke the upstream holes but in view of the observed values of
wall static and bleed plenum pressures it is highly unlikely that recircula-
tion occurred from the plenum into the low-pressure region of the test sec-
tion. The flow pattern (fig. 59) shows an additional shock wave, originating
near the upstream bleed holes, and a rather thin boundary-layer downstream of
the interaction region. The upstream spreading of the surface static-pressure
rise was reduced to 507 of that for zero suction.

The effects of suction rate on the surface static-pressure distribution,
shown in figure 60, are more pronounced for the 1l5~degree than for the 10~
degree cone. The solid-wall (334) case represents a separated interaction,
A suction rate of 2,57 of the upstream boundary layer (319) apparently was
sufficient to attach the flow when the bleed zone (26 0.064-inch holes) was
within the interaction region. The peak pressure increased with increasing
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suction rate in the lower range (0 to 5.2%), and then began to decrease at
the highest rate tested (405, 13.1%).

The effect of the location of the bleed zone relative to the incident
shock wave was studied by translating the centerbody. Results of static pres-
sure measurements at M, = 3.78 for bleed upstream of the pressure rise

induced by a 15-degree cone-shock wave are given in figure 61. The flow
appeared to remain attached for 3.6% bleed. This rate is comparable to the
rates obtained for attached flow with suction within the interaction region
(fig. 60); however, when the bleed zone was upstream of the interaction region
approximately 4 times as many holes were required to realize the suction flow
rate obtained with 1 row of holes at a pressure ratio of about 2.0, It is
evident from these results that suction within the interaction region would
be more effective for supersonic inlet applications when the problem of remov-
al of the low-pressure bleed flow is considered. The results of tests of a
high~-performance axially symmetric inlet (ref. 16) also show that suction
within regions of shock wave-boundary layer interaction yields better inlet
performance than suction ahead of shock-impingement locations.

Boundary-layer properties: Representative boundary-layer velocity pro-
files downstream of the interaction region for the 10-degree cone with and
without suction are shown in figure 62. Removal of 3.6%Z of the boundary-
layer mass flow resulted in insignificant changes in the thickness and veloc-
ity-profile shape relative to the solid-wall case. Increasing the suction
flow rate to 8.5% resulted in a reduction in boundary-layer thickness with a
corresponding increase in the fullness of the profile.

The displacement thickness and momentum thickness downstream of the
interaction region for 8.57 suction were considerably smaller than the values
for zero or 3.67 suction (fig. 63). The values of N for power-law profiles
were correspondingly higher for the higher suction flow rate. The boundary-
layer mass flow was reduced by an amount approximately equal to the suction
rate; however, the rate of boundary-layer growth downstream of the interaction
region was not changed.

Additional velocity profiles are shown in figure 64 for the l5-degree
cone, Increasing the suction rate resulted in progressive reductions in
boundary-layer thickness. The boundary~layer properties downstream of the
interaction region for the l5~degree cone with and without suction may be com-
pared in figure 65. The results with 3.1% suction indicate a significant im-
provement, in terms of reduced § and increased N, in the characteristics of
the boundary-layer relative to the separated zero-suction case. The differ-
ences decreased rapidly with distance, however, as the expansion from the base
of the cone caused the flow to accelerate, The presence of the expansion aiso
makes a comparison of the difference in mass=flow rates determined from the
upstream and downstream profiles to the measured value rather difficult.
Additional improvements in the boundary-layer characteristics downstream of
the interaction region were ohtained by increasing the suction flow rate.
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COMPARISON OF THEORY AND EXPERIMENT

The results of the analysis developed during the present study are com=-
pared to data obtained by Pinckney (ref. 3) for two-dimensional interactions
with solid walls, and to the data presented in this report for axially sym~-
metric flow with solid and perforated walls.

Two-Dimensional Flow

Detailed experimental information on the effects of suction on the
changes in boundary-layer properties across the region of interaction with an
oblique shock wave 1s not currently available for any of the suction models
discussed in this report.

The results of calculations for a two-dimensional interaction with a
solid wall are compared with experimental data reported by Pinckney (ref. 3)
in figure 66. The experimental shock-wave positions were taken from a
schlieren photograph. The shock-wave generator angle was given as 6 degrees;
however, the peak surface static-pressure rise corresponds to an effective
flow-deflection angle of about 7 degrees. Since the analytical method is more
sensitive to pressure ratio than shock-wave angle, a; = 7 degrees was used

for the comparison. The schlieren photograph and surface static-pressure dis-
tribution indicate that the flow was not separated. The boundary-layer char-
acteristics downstream of the reflected shock wave are given at two stations,
as shown in figure 66, The point of emergence of the reflected shock wave
from the boundary layer could not be determined accurately. For this reason,
the analytical results and experimental data are compared by linearly extrap~
olating the experimental values of 63/61 and N3 to the theoretical reflected

shock-wave position (station 3, fig. 2a). The predicted results for 63/61

and N3 are within 8 percent of the extrapolated experimental data.

The possibility of influences of mass entrainment and the attendant
momentum transfer on the results for two-dimensional flow without suction were
examined for the case shown in figure 66. From the experimental results re-
ported in reference 3, an Increase in boundary-layer mass flow equal to about
47 of the upstream value was obtained. A flow model with mass addition and
momentum transfer, assumed to occur across the upper control surface (fig. 2a),
was postulated. The continuity and momentum equations, Equations (3) and (4),
apply to this flow model when the mass term mB/n'lBL is negative, the momentum

term in/plﬁl is given by (A 24) of Appendix A, and the pressure-area term for

region 2 is assumed to equal the value for zero mass addition. Calculations
for the upstream data corresponding to figure 66 with 4% mass addition indi-
cate that 63/6l increased by about 27 and N3 increased by about 6%Z. Changes

of this magnitude are within the uncertainty of the data and it is concluded
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that inclusion of the effects of entraimment from the external flow is not
required for the weak interaction considered here.

Additional comparisons to the data obtained by Pinckney (ref. 3) are
summarized in figure 67. The circular symbols represent the thickness ratios
obtained by extrapolating the downstream boundary-layer thickness to station
3 of the theoretical flow model (fig. 2a). The solid lines were calculated
by the present theory. As shown, the agreement between the theoretical pre-
dictions and the extrapolated data is excellent for Mach 3.02 and reasonable
for Mach 1.99. The downstream data points for Mach 4.24 were obtained at
relatively large distances from station 3, and the extrapolation procedure
appears to be the cause of the relatively poor agreement.

Axially Symmetric Flow

Solid-wall interactions.--Analytical results for a l0-degree cone at
Mach 3.78 with zero suction are compared to experimental data in figure 68.
The experimental incident and reflected shock waves appear as bands of finite
width, and the occurrence of a single reflected shock wave indicates that the
flow was not separated. The predicted interaction length is somewhat larger
than that determined experimentally. The predicted thickness downstream of
the interaction is about 8 percent lower than the measured value, and the
theoretical power~law parameter is about 20 percent above the experimental
result., The analysis predicts the slope of the reflected shock wave as it
leaves the edge of the boundary layer. This slope is indicated by the solid
line on figure 68.

The results of analytical calculations are compared to solid-wall experi-
mental data in figure 69 for Mach 2.82 and figure 70 for Mach 3.78. The
theoretical curves were determined using average values of the upstream bound-
ary-layer thickness and mass-flow equivalent power~law parameter for all data
obtained at both Mach numbers. The points to the left of the vertical dashed
lines represent unseparated flows, whereas the remaining flows for each Mach
number exhibited characteristics of separated interactions with the accompany-
ing upstream spreading of the surface static-pressure rise.

The agreement between the analytical and experimental results is consid-
ered to be good (within 20%) for the unseparated interactions for which the
analytical flow models were derived. As shown in figures 69 and 70, the
differences between analysis and experiment increase markedly with increasing
shock strength when the experimental data exhibit characteristics indicative
of separated flow. For these cases, the assumed geometry of the flow model
is no longer similar to the actual Interaction. The pressure-area term in
the momentum equation, equation (l4), does not account for the multiple-wave
reflected shock system when a conical streamline boundarv is specified in the
analysis. The assumption of negligible mass entrainment is not entirely
valid for the stronger interactions, as evidenced by the mass~flow increases
shown in figures 34 and 44. Proper accounting for mass-entrainment effects is
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difficult partly because of the influence of the data-reduction procedure,
that is, the choice of the edge of the boundary layer at Me/Mw = (0.99 down-

stream of a strong interaction where the profiles are highly distorted. The
influence of the other assumptions used in the analysis 1s considered to be
of less importance than those concerning the geometry of the interaction
region and mass entrainment.

Perforated-wall interactions.--Comparisons of predictions for the per-
forated-wall or slot suction flow model and experimental data for the 15~ and
16-degree cones at Mach 2.82 are shown in figures 71 and 72, respectively,
The upstream properties for the analytical results correspond to the average
values obtained for all cases at Mach 2.82 with zero suction. The agreement
between analysis and experiment for the 15-degree cone is rather poor; how-
ever, one case was separated and the other was very near separation so that
the patterns do not correspond closely to the flow models used in the analy-
sis. With the exception of N, the agreement for the boundary~layer proper-

ties improves with increasing suction flow rate for the l6é-degree cone. The
flow was attached throughout the interaction region for 6.4% suction, and the
upstream spreading of the surface static-pressure rise was reduced to such an
extent that the flow model of the analysis more closely describes the flow
pattern obtained experimentally. The agreement was good for the external flow
parameter M3 over the range of suction rates tested for both 15~ and l6-degree

cones.

Similar comparisons are shown in figure 73 for the 10-degree cone at
Mach 3.78. All experimental data represent attached flows for which the flow
model and experimental flow field have a similar structure. Removal of 3.6%
of the boundary-layer mass flow did not change the properties downstream of
the interaction region. At the higher suction rate (8.5%), significant reduc-
tions in the downstream thicknesses were realized. The agreement between
analysis and experiment for all boundary-layer properties improves with in-
creasing suction flow rate.

The most extensive comparisons between predictions and experimental data
were made for the 15-degree cone at Mach 3.78. These comparisons are showm
in figure 74. Removal of 3.17 of the boundary-layer mass flow prevented sep-
aration but did not completely eliminate the upstream spreading of the sur-
faces static-pressure rise. At higher suction rates, the analytical flow
model more closely describes the flow patterns obtained experimentally and
the agreement is excellent.
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CONCLUDING REMARKS

The results presented in this report support the following conclusions:

The additional adverse pressure gradients present in axially symmetric
flows reduced the shock wave strength at which separation was initially
observed relative to results for two-dimensional flow, as reported by
Kuehn (ref. 2)., The identification of a "hump" in the surface static-
pressure distribution did not appear to be a reliable indication of com-
pletely attached flow for the present tests since in some instances char-
acteristics indicative of separated flow with important changes in the
flow pattern were observed before the appearance of a hump in the pressure
distribution, while in some unseparated flows with boundary-layer bleed
the pressure distribution exhibited a hump.

The observable effects of separation may be completely eliminated for
separations as long as two boundary-layer thicknesses in extent by remov-

ing a small portion of the boundary-layer mass flow from the interaction
region.

The power-law velocity profile was found to provide a good representation
of the measured boundary-layer velocity distributions upstream of the
incident shock waves and immediately downstream of the interaction regions
for unseparated interactions. The analytical predictions are in good
agreement with the experimental results for interactions without exten~-
sive upstream spreading of the surface static-pressure rise.

Suction within the interaction region was more effective in suppressing
the effects of separation for supersonic inlet applications than suction
ahead of the shock impingement location when the problem of removal of

the low~pressure suction flow was considered. This is in agreement with
the discussion of reference 10, but not with the conclusions reached by
Strike and Rippey (ref. 8). The observations of the present study regard-
ing the location of bleed perforations are also supported by the results
of tests of a high-performance axially symmetric inlet (ref. 16).
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APPENDIX A

Analysig for Two=Dimensional Flow

The equations for the two-dimensional shock wave-boundary layer interac-
tion without mass or momentum transfer are given in references 5 and 6. Simi-
lar equations are derived here for interactions with mass transfer and
momentum transfer due to mass transfer.

Consider tﬁe application of the principles of conservation of mass and
momentum to the control volume of figure 2. Including any mass transfer be-
tween station 1 and station 3 in the temrm ﬁB, which is considered positive out-

ward, application of the principle of conservation of mass gives
61 §3 .
J pudy = J pudy + my (A 1)
o o

Similarly, application of the principle of conservation of momentum to the
same control volume gives

83 8
- - - = 2 - 2 T
p16l p363 pz(él 63) Jo pu‘dy Jo pucdy + IBx (A 2)

where the term I represents the x-momentum assoclated with the mass transfer

mps assumed positive outward, and the wall shear force has been neglected.

The boundary-layer displacement thickness is given by

5
c*s] (1 - 2% gy (A 3)

u
o pee

and the momentum thickness by

8
85[ _..Lu_ (1_.&) dy (All)
p u u
O e e e

where the subscript e refers to the local boundary-layer edge conditioms.

Rearrangement of (A 3) and (A 4) gives
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8
[ pudy = Pale (6=8%)
o

and

)
23v = 2 -G %=
[o pucdy P U, (6-6%=6)

Introducing the ideal-gas equation of state, the Mach number,
temperature, and assuming constant static pressure through the
the density-velocity terms become

= X / x=1 .2
peue pMe// RT 1+ 2 Me

e

and

2 2
Pe e vpH e

The initial boundary-layer mass flux is denoted by éBL:

° 61
mpy = pudy
o

Rearranging (A 1) and substituting this definition

[63
o pudy
i

- 19
IhBL 6l
pudy
o

Substituting (A 5) and (A 7) into (A 10)

1 -

(A 5)

(A 6)

and the total
boundary layer,

a7

(A 8)

(A 9)

(A 10)
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fx =
p M Rr / 1+ XL 2 (6.-6%.)
e e3 t3 2 e3 3 3

Y =i .2 s %
lee;RT /1+2Me (8,6,
1 £y 1

B
BL

1 -

:

Assuming that the total temperature along the boundary-layer edge is constant,
and rearranging

M J1+XLw - 8
2 e 6’3

P
8 3 e
L. — 3 3 (A 11)
Sq Mg /- ~1 &%
e UL R
BL €1 1

which is the desired continuity equation as given in the text.

Dividing (A 2) by p163 and rearranging

8 i 6
Pody 9 1 1t B, Pp P3 1 3
AT T el W o=t -t - o pudy
P1°3 3 P1°3 1/, P1°3 P Py Py%; o

Substituting (A 6) and (A 8) and rearranging further

P2 Pj3 . P3 5% 6
Lo 2a-2%
8 P P e, p § 8§73
2 -2 s 22 (A 12)
63 p2 2 &% 8 fo
PR LIRS Sy Sl PE W
P1 1 P1°%1

which is the desired momentum equation as given in the text. The term iB /plGl
X

is now evaluated for several mass transfer configurations.

Porous-wall suction. -~ For the case of mass removal by suction through a
porous wall, the transfer of x-momentum across the control surface is zero and
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IBx
G5

(A 13)
P1%

Po?ogs-wall

Perforated-wall of slot suction., —— For the case of mass removal by suc-
tion through a series of perforations or a slot, the x-momentum transferred
across the control surface (positive outward by convention) is set equal to
the x-momentum associated with the suction flow at station 1:

o u 2
IB = pu<dy
X o
where Yu is the distance defined by
o yu
mB = pudy
o

Then, with (A 9) and (A 5), the above equation becomes

yu/6l .
u mB &%
L i) == 1 - (A 14)
p u 8 m §°1
o el el BL

The non-dimensional momentum flux term then becomes, with (A 8)

1 yu/él 5
%) = yit? L@ (A 15)
Peyey

1 Perforated—Wall1 °
or Slot

where yu/61 is determined from the solution of (A 14).

The perforated-wall or slot suction model was initially derived for the
slot geometry shown by the dashed lines in figure 2a, and the x-momentum flux
across the control surface (A 15) was calculated for this geometry. This flow
model 1s also applied to perforated walls with holes normal to the surface
when the hole diameter is a substantial fraction of the boundary-layer thick-
ness. For such large perforations, the x-momentum flux associated with the
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suction flow is considered to be significant and of the same order of magni-
tude as that associated with the slot shown in figure 2a,

Scoop suction. =~ The control volume for the scoop suction model 18 some-
vhat different than for the previous cases and 1s illustrated in figure 2b.
The continuity equation for scoop suction is given by

%y Jys %3 :
pudy - pudy = pudy’ (A 16)

o o o
and the momentum equation is

%3 %
Py (81=y.) = pp(8;-84-y ) - pyd, = pudy’ - puZdy (A 17)

(o] yS

Defining the suction mass-flow fraction, as for the previous models,

A
&B pudy
[?1 = g (A 18)
BL 1
J pudy
o

Substitution of the definitions of 6%, 6, etc. and rearrangement give

e

5 Py i XElmz, o - &

1 3 2 €3
= = (—=) (A 19)
8 ol p M, T oYL $=
3 1 - ﬁB 1 e 1+ 7 M e (1 - 3 )l
BL
which is identical to (A 11).
After dividing by p163 and rearranging, (A 17) becomes
) 6 8 6 6l 63

Py %1 %y PaY¥g % Y5 1 ) P P3 1 P
P S sl ol i sl sty sl B0 Al il ol IR
P1%3 °3 P1%1°% "173 Pif3ly P1 P1 Pi1%3
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The integral on the left-hand side may be written

8 s
[ 1 J 1 s
Duzdy = Duzdy - Duzdy
Vg o o

Combination with (A 6) and (A 8) and further rearrangement give

Py P , P3 §% 9
s 5o E T ™M, 5 T - s
e NS WS | 3P (A 20)
8 P y 1
3 2 8% 9 B
CE-DA-3D -2, Q-F-);
Pq 1 1 P19
where the x-momentum flux term has the form
IBx ys/‘sl u?
G5 = M ~£25—a b (a 21)
P1°1 scoop 170 pelu e

where yslél is determined from the solution of (A 18), which may be rewritten

in the form of (A 14) to gilve

y3/61 m
pu B §*
d(l) = — (l - —'—) (A 22)
o pe ue 8 mBL §°1
1
Mass addition from region 2 external flow. —- It has been observed experi-

mentally (ref. 11) that some mass transfer into the boundary layer occurs in
the region between the incident and reflected shock waves (region 2, fig. 2).
Assuming that the external flow conditions are not affected by this mass trans-
fer, the assoclated x-momentum transfer term is given by

m
o ° B °
IBx = mpu, cos a, = ﬁBL My U, COS @, (A 23)

where a, is the flow direction angle in region 2.
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Then, with (A 5), (A 7), and (A 9), the desired term becomes

i . 1 + Y=L 42
B e &% Z ey
( ) = o= (l~==).YM M cos o (A 24)
P18y ™1, §71 Teye, LA = RV
Region 2 2 e,

Interaction-region length. -~ For zero bleed, porous-wall suction, and
perforated-wall or slot suction, the length of the interaction region and the
position of the reflected shock wave can be determined directly from the geom-

etry (fig. 2):

tan a, = 61-63
1 L
Thus
_ %17%;
tan al
or
8
L 1 3
— = (1~ (A 25)
61 tan @y 61
Similarly, for scoop suction,
8 y
1 1 1 1
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APPENDIX B

Analysis for Axially Symmetric Flow

The integral continuity and momentum equations for axially symmetric flow
are similar to those given in Appendix A for two-dimensional flow. All inte-
grals are taken over the annular region from r = R-§ to r = R (fig. 3). The
cross-sectional geometry of the interaction region is similar to that for two-

dimensional flow, except that the boundary streamline of region 2 is generally
curved,

Application of the principle of conservation of mass to the annular con-
trol volume of figure 3 gives

R R
J 2nmpurdr = [ 2npurdr + m (B 1)
R=6 R=6 B
1 3
where hB is positive out of the control volume,
Similarly, the momentum equation becomes
R=83 [R
_c 2 - 8 2 - - 2 -
1r(2RcSl 61 ) Py 11(2R63 63 ) Py R'Gl anezrdr R—63 2npu“rdr
JR
2 L
R=6 2mpu‘rdr + IB (B 2)
1 X

where IB represents the x-momentum associated with &B (positive outward) and
x

P, is the pressure along the streamline boundary, which may be variable.
2

Consider the general integral term

R

f(p,u) rdr
R-§

and the transformation
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y= R=r (B 3)

Then

and
dr = =dy
The limits of integration become
r = R-§ = R-y; y=$
and
r = R = R-y; y=0
Therefore

R /R
£(p, u) rdr = R2 flo, WA -DH da D (B 4)
R=-§ I} R R

Referring the continuity equation (B 1) to the duct mass flow m

m = P u nR2 (B 35)

I =p u? 7R2 (B 6)

substituting (A 7) and (A 8) and rearranging, there results for constant Tt
e
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x=1 .2
al/n 2p M, 1L +-5= M 63/R
pu Yy 1Y 3 3 pu
2 P u a- R)d(R) T p,M =1 .> P u X
o e & 1 ey 1 + 2 M e1 o ey e,
Yya(X ';IB
(1 - R)d(R) - E =0 (B 7)
and
1-§,/R p
S
6 ;.2 . 3 632 Pj 3 €2 r . r
[ZT'(T)]-[‘)‘?_(T)]_'Z _-Ed(_ﬁ)
Py 1-8, /R Py
5 ) 63/R pu vy ) 61/R pu2 YooY
- M Ty pouz (-Rpd oouz 3 -REP
371 ‘o e, e 1 o e e
3 3 1l 1
2 IBX
) TM °1 T:— " e 8

which are the desired equations as given in the text.
For the axially symmetric case, the mass transfer term éB is referred to
the duct mass flow ﬁo. Since the suction flow rate is specified as a fraction

of the upstream boundary-layer mass flow, a conversion is necessary to give

the mass-flow ratio in equation (B 7). From the definitions of mys m_, and

TaL

= 2npurdr

and
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o e ey
Therefore
Iﬁ.ﬂ = 2 o —Lr 1 - Had
ﬁlo o Pe Ye R R
171
The desired mass-flow term is then
n n 8 /R
B . B L SRR A £
=2 (3;') Y (1 - R4 (B 9)
(e} L (o) e1 el

The term IB /io in equation (B 8) is now evaluated for several mass-transfer
X
configurations.

Porous-wall suction. -- For mass removal by suction through a porous wall,
the transfer of x~momentum across the control surface is zero and

= 0 (B 10)
I

Porous-wall

Perforated-wall or slot suction. ~- For the case of mass removal by suc-
tion through a series of perforations or a slot, the x-momentum transferred
across the control surface (positive outward by convention) is set equal to the
x-momentum associated with the suction flow at station 1:

. R
IB = 2mpu? rdr
X r

u

where r, is the radius defined by

R
s = 2npurdr
B r
u
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Then, with (B 5) [R

. . 2mp urdr
r 1
pu
E'E' - 2-2J p, u %d(%)
o peluel nR ru/R e; e

Applying the transformation (B 4) there results

_B . —pu _Y 54
2 P (1 R) d (R) (B 11)

(o] (o] el el

e

Iyu/R

from which the distance ratio yu/R is obtained.
The non-dimensional momentum-flux term required in (B 8) is given by
1

1

R
2ﬂpu2rdr
B r 1 2
X u pu x r
= 2 ;"2 g4 @
©° Pe Ve R r /R Pe e
1 "1 u 1 "1

Applying (B 4), the desired momentum-flux term becomes

iB yu/R ,
=) = 2 £ a-Had (B 12)
u? R R

o Perforated- o) Oe e

wall or slot 1 11

where yu/R is determined from the solution of (B 11).

Scoop suction., =-- As for two-dimensional flow, the control volume for the

axially symmetric scoop~suction model is different than for the previous cases
(fig. 3b). The duct radius downstream of the interaction region is reduced by
an amount equal to the scoop height. Accounting for this change in duct radius,

the continuity equation may be stated in the form

R'ys R"

27 purdr = 2 7 purdr
11}
R 61 R 63

(B 13)
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The corresponding momentum equation is then

~§2 - . - ne 2
n(ZRdl 61)pl 1r(2Rys ys)p1 T(2R 63 63)p3
R"-63 R" R—ys
- 2np2 rdr = 2w puzrdr - 27 pulrdr
— l‘— -
R 61 e R 63 R 61
(B 14)
Defining the suction flow by
. R
m, = 27 purdr (B 15)
R-—ys
and substituting into (B 13)
R Rll
2 ﬂJ purdr - &B = 27 [ purdr
R-Gl R"—63

Dividing by the duct mass flow ho’ transforming by (B 4), and rearranging, the

final form of the continuity equation for axially symmetric scoop suction be-
comes

5, /R
2 )d(%‘r.)
[e]
(B 16)

Division of (B 14) by io (B 6) and subdivision of the second integral on the

right, transformation by (B 4), and rearrangement gives the desired result
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The x-momentum flux term is given by
IBx yS/R .2 Y Y
('io—) =2 ——L-—p ) Q-2 d @ (B 18)
Scoop © € 2
where yS/R is determined from the solution of
Yo /R . y . ‘;‘B
2 5 u (1 - R) d (R) = (B 19)

o e e; o

Displacement

Axially symmetric displacement and Momentum thicknesses. =--
and momentum thicknesses that are analogous to the two-dimensional values are

1
(B 20)

R
R - [R2 + 62 -~ 2R6 + 2 J °3 rdr]2
R-6 De e

define by the equations

6*:
and
R R, 2
§ = R - [R2 = 2 LY rdr + 2 Bﬂﬁz— rdr] (B 21)
R-§ oe e R-§ e e 53



The final forms used in the solution are obtained by applying the transforma-
tion (B 4) to (B 20)

1
§/R =
s* S S u b4 ¥y12
R l-[l+(R)2—2R+2J 'EEF'(l'R)d(R)] (B 22)
(o} e e
and to (B 21)
o /R vy [G/R o2 vy %
r=l-(1-2 ] s a - +2 . —9———pu2 (1 -dE)H1" (B2
e e
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TABLE I

TEST CONDITIONS AND DATA OBTAINED

Test Model Me Pt Tt Re/ft Run Bleed Gc C.B. Wall Pitot Pitot
No. 1 o 0. © No. Conf. Tip P P Loc.
Lb/in? R Pos.
1 25 2.82  34.3 543 5,58 210-  Solid - - v 7 2.50-
x106 217 Loc. 4.20
2 74 2.82 34.3 543 5.58 392 Solid -~ - - 29 Center-

xlO6 Loc. Line

3 22 3.78 59,1 546 5.61 179~ Solid - - v 7 2.50-
x10° 189 Loc. 4.21

4 73 3.78 59.1 546 5.61 391 Solid - - - 29 Center-

x106 Loc. Line

5 46 2,82 34.3 539 5.63 233- Solid 10° 0.88 v’ 15 2,50~
x10° 248 Loc. 4.20

6 52 2.82  34.4 544 5.56 249-  Solid 12° 1.02 v s 2.50—
x106 264 Loc. 4.20

7 81 2.82 3.4 547 5.42 1000~ Solid 13° 1.08 Vv 13 2.50-
%10 1013 Loc.: 3.79

8 55 2.82 34.3 542 5.59 265- solid 14° 1.16 v’ 14 2.50-
x106 279 Loc. 4,00

9 49 2.82  34.2 540 5,59 218-  solid 15° 1.23 v 14 2.50-
x106 232 Loc. 4,00

A
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TABLE I, Continued

Test Model M Pt Tt Re/ft Run Bleed 5C C.B. Wall Pitot Pitot

No, €1 o o No. Conf. Tip P P Loc.
Lb/inZ % Pos.

10 58 2,82 34.3 542 5.60 281~ Solid 16° 1.30 v 13 2.50-
x106 294 Loc. 3.79

11 43 3.78 59.0 547 5.42 187 Solid g° -.01 v 15 2.50~-
x106 204 Loc. 4.21

12 32 3.78 59.1 545 5.37 149~ Solid 10° 0.26 vV’ 15 2.50-
x106 164 Loc. 4,21

13 40 3,78 59.0 543 5.44 135~ Solid 13° 0.61 v 13 2.50-
x10° 148 Loc. 3.79

14 37 3.78 59.0 545 5.41 165- Solid 14° 0.75 v 13 2,52~
x10© 178 Loc. 3.79

15 34 3,78 59.1 542 5.20 123- Solid 15° 0.85 v 11 2.50-
x10° 134 Loc. 3.49

16 82 2.82 34.6 543 5.74 1052- Perfo- 15° 0.98 v 12 2,50~
x106 1064 rated Loc. 3.59

17 83 2,82 34.5 535 5.69  1033- Perfo- 16° 1.05 v 13 2.50-
x105 1046  rated Loc. 3.79

18 84 2,82 34,2 539 5.69 1100~ Perfo- 16° 0.95 v’ 11 2.50-
x10° 1112 rated Loc. 3.50

19 85 2.82 3.4 542 5.69 1121~ Perfo- 18° 1.03 v 9 2.50-
x10© 1130 rated Loc. 3.30



TABLE I, Concluded

Test Model M P T Re/ft Run Bleed 8 C.B. Wall Pitot Pitot
e t t Cc .
No. 1 o o No. Conf. Tip P P Loc.
Lb/in? °r Pos.
20 86 2.82 3.5 538 5.65  1137-  Perfo- 18° 1.03 v 9 2.50-
x10°0 1147 rated Loc. 3.30
21 68 3.78 59.0 555 5.50 374- Perfo~ 10° -.09 4 16 2.40-
x10° 390 rated Loc. 4.21
22 78 3.78 59.0 549 5.48 421~ Perfo~ 10° -.09 v 16 2.40-
x10° 437 rated » Loc.  4.21
23 60 3.78 59.0 544 5.45 295- Perfo~ 15° 0.50 v’ 13 2.41-
x10° 308 rated Loc. 3.59
24 69 3.78 59.0 552 5.47 360~ Perfo- 15° 0.50 v’ 12 2.41-
x10° 372 rated Loc. 3.49
25 77 3.78 59.0 560 5.35 405~ Perfo- 15° 0.50 v 14 2,40~
x106 419 rated Loc. 3.79
26 - 3.78 59,0 560 5.35 340 Solid 10° -.09 v - -
x10° 334 Solid
319 Perfo-J 15o 0.50

6S

rated
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Figure 1. Schematic Representation of Internal-External
Compression Supersonic Inlet.
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Figure 4. Boundary-Layer Properties for Solid Wall and
Porous-Wall Suction, Two~Dimensional Flow.
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lltT

12
(a) Boundary-Layer Thickness Ratios.
15 -
Scoop Height
M
;::::::\ & Y'Y
\\ —
~ 2 0.283
\t:::i - 3 0.312
L \\\ X L 0.345
L ~ M = 2
< e
N3 \ \
S
S 1 1 1 ] ] Jd
0 2 L 6 8 10 12

°1' Deg

(b) Boundary-Layer Properties for Solid Wall and Scoop Suction, Two-Dimensional Flow.

Figure 6. Boundary-Layer Properties for Solid Wall
and Scoop Suction, Two-Dimensional Flow,

65



66

3%

(a)

1
-8t a, = 6 Deg
6 L 0.05 Porous
//f' Y 0.20 Perforated-Wall or Slot

Sk ¥

AT N 0.20 Scoop

3 ] 1 |
s 7 9 1

N
Boundary-Layer Thickness Ratios.

15

10

r mB/nBL = (0,20 Porous

0.20 Scoop

0.20 Perforated-wall or Slot

0 —

1 | L
2 7 N 9 11

{b) Downstream Power-law Parameters.

Figure 7. Effect of Upstream Power-Law Parameter on Boundarv-
Layer Properties, Two-Dimensional Flow.




63/6{ 0.20
JF Perforated~Wall
or Slot

0.05 Porous

0.20 Scoop

1.2

0.20

.8 | Perforated-Wall
83/6l or Slot
.7
-6 0.05 Porous
.9
— /—{
0.20 Scoop
4 -
W3 1 1 _ 1 ) A1 J
0 2 4 6 8 10 12

ay,leg

Figure 8. Displacement and Momentum Thickness Ratios for
All Suction Configurations, Two-Dimensional Flow.

67



.
.'1 -3
.6
‘3/6 1 Perforated-wall
or Slot
.
- -
[} L L 1 1 1 1
15 r_
Porous Well
Seoop
w
"3
5 Perforated-Wall
» or Slot
o 1 1 1 1 . Y
.
Scoop (53 . y-)/ai
1.5
1.0
S

(63 + y.)/6:

\ Perforated-wall

—_— or Slot

B TRL

Figure 9. Effect of Suction Rate on Boundary-Layer Properties for
All Suction Configurations, Two-Dimensional Flow,

68



69

15
Hc w &
1 3
2
10 F
01.
Deg
s -
[ | ] 1
0 5 10 15 20 25
§.» Des

Figure 10. Incident

Shock-Wave Flow-Deflection Angles for Conical Shock Waves.

i
|



-~
)
H‘l =3 ¢&/rR=0.1
Nl = 7 a = 3.16 Deg
Method 6308, N3 p3/py
(1) 2-p 0.783 5.09 1.60
(2) Axi,Py = c  0.775 5.04 1.60
(3) Axi. Conical 0.707 4.46 1.91
Streamline | 2-D,Ax1i.P,=c 2-D Reflected
<, Boundary Axi. Conical Axi. P,=c Shock~Present
Axi. Conical| Theory
~
==
R=10 6§ _ P~
1 e ——— R Py
5
| .
7/ A4 7 7 7 7
0 5
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Figure 28. Solid-Wall Shock-Interaction Region Properties,
15-Degree Cone at M_ = 2.82.
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Figure 59. Perforated-Wall Shock-Interaction Region Properties,
15-Degree Cone at M_ = 3,78, 13.1Z Suction.
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Figure 60. Effect of Suction Rate on Surface Static-Pressure Distributionm,
15-Degree Cone at M_ = 3.78 with Suction within Interaction Region.
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Figure 61, Effect of Suction Rate on Surface Static-Pressure Distribution,
15-Degree Cone at M_, = 3.78 with Suction Upstream of

Interaction Region.
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Figure 66, Predicted and Measured Results for Shock Interaction with Solid Wall,
6-Degree Wedge at M_ = 3.03.
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Figure 68, Predicted and Measured Results for Shock Interaction
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Figure 69. Comparison of Analysis and Data for Axially Symmetric
Interactions with Solid Wall, M_ = 2,82,
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Figure 70, Comparison of Analysis and Data for Axially Symmetric
Interactions with Solid Walls, M_ = 3.78.
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Figure 71. Comparison of Analysis and Data for Axially Symmetric
Interactions with Suction, 15-Degree Cone at M_ = 2.82.
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Figure 72, Comparison of Analysis and Data for Axially Symmetric
Interactions with Suction, 16-Degree Cone at M_ = 2.82.
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Figure 73. Comparison of Analysis and Data for Axially Symmetric
Interactions with Suction, 10-Degree Cone at M_ = 3.78,
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