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ABSTRACT

An experimental investigation was made into the effect of unit
Reynolds number, flap angle, and wall ﬁemperature on the pressure
distribution and flow field of a flat plate model with a trailing
edge flap. The tests were conducted at a nominal Mach number of 8
and the nominal unit Reynolds number per foot was varied from
0.22 x lO6 to 10.9 x 106. The results showed the unit Reynolds
number and wall temperature effect on the extent of separation for
both laminar and transitional separation. The pressure measurements

at three wall temperature conditions are compared with the theory of

Lees and Reeves for adiabatic and cool wall conditions.
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Iv. INTRODUCTION

Flow separation is a common fluid mechanical phenomenon occurring
on many configurations and over a range of conditions from subsonic to
hypersonic flow. There have been a large number of investigations,
both theoretical and experimental, of these configurations and the
conditions causing flow separation. Recent reviews of flow separation
resegrch are given in references 1 through 3. The effect of flow
separation in front of an upward deflected (that is, positive deflec-
tion angle) trailing-edge control surface can change considerably the
performance of a hypersonic vehicle from that predicted by the ideal-
ized inviscid pressure distribution. In this thesis, only the geometry
of a flat plate with an upward deflected flap will be considered. The
experimental data are compared with predictions from the theory of
Lees and Reeves (ref. L) which is a shock-wave boundary-layer inter-
action theory.

As the free-stream Mach number increases into the hyﬁersonic flow
regime, laminar flow generally becomes more prevalent,atherefore,
increased attention has been focused on laminar separation and the
associated laminar plateau pressure rise (see sketch 1). Typical
examples of experimental investigations of flow separation on flat
plates with trailing-edge flaps are found in references 5 to 2L,

The purpose of this thesis is to present a detailed experimental
and theoretical study of the effect of Reynolds number, flap angle,
and wall temperature on the surface static pressure, the flow field,

and the heat transfer for a flat plate (model) with a trailing-edge
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flap. The tests were conducted for wall to total temperature ratios

O, and 300, for a

of 0.14, 0.4%, and 0.7%, and flap angles of 10°, 20
unit Reynolds number range of R = 0.22 X 106 to 4.3 x 106 per foot.
Pressure and schlieren studies were made for all three wall-temperature
ratios, while the heat-transfer studies were made only for a wall to
total temperasture ratio of 0.43. The separation point, the separation
shock anglé, and the separation flow deflection angle data were
obtained from the schlieren studies. These angles and distances
agreed qualitatively with the results indicated by the pressure
studies. The pressure data for wall to total temperature ratios of
0.43% and 0.T74 showed the extent of the interaction and separated
region, the plateau pressure level and the flap pressures for a unit
Reynolds number range of R = 0.22 % 106 to 10.9 x 106 per foot.
Separation and reattachment points were also measured by oil-flow

© and 30° flap angles and unit

Reynolds numbers ranging from 0.22 x 106 to 4.3 x lO6 per foot. The

o]
studies (:Tw/'lzC - o.ua) for 10°, 20

trend in the movement of the separation point with a change in unit
Reynolds number found from the oil~flbw study clarifies the apparent
contradictory results'previously'obtained for a much narrower range

of Reynolds numbers (refs. 7 and 16). The éffect on the movement of
the interaction region when the separation goes from pure laminar type
separation to a transitional type of separation, with an increase in
unit Reynolds number, is shown. Reattachment pressures were determined
from plots of the pressure distributions and the point of reattachment

found from oil-~flow studies.
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The Lees and Reeves' theory was used to compute the pressure
rise from the beginning of the interaction region to the end of the
first pressure plateau region. The local similarity theory (ref. 25)
was used to calculate the upstream boundéry layer. The Lees and
Reeves' solution was joined to the upstreaﬁ boundary-layer solution
by matching the value of thé physical momentum thickness at the
beginning of the Lees and Reeves' interaction region. Detailed
results of these calculations are presented herein.

The Lees and Reeves' theory for the adiabatic wall (:'_I‘_W/'I'JC = l.OD
and cool wall (?W/Tt = 0.69 is compared to the experimental case of
TW/Tt = 0.74 and Tw/Tt = 0.43, respectively. The agreement between
the pressure distribution, as predicted by the Lees and Reeves'
theory, and the experimental pressuré data is good over a large range
of Reynolds numbers. The heat-transfer prediction, by a modified
Lees and Reeves' method, shows a trend which agrees qualitétively'with

the experimental heat-~transfer data.
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V. LIST OF SYMBOLS

speed of sound; also velocity profile parameter,

.

%, '
for attached flow; (%%) for separated flow ids o
T1=0 2"

defined by equation (A-1k)
6i _
enthalpy integral Jf 5 dy.

o}

61 _

integral, Jf S dY
o}

S et

defined by equation (A-13), élso stream function; equationé
(1) and (2)
defined by equation (A-12), also enthalpy
*

ei/gt

* *

8 /Bt
length of flat plate portion of the model, 10 inches
normalizing factor for the theoretical solution, equal to

1 foot
defined by equation (A-6)

Mach number

pressure
8 * 3
wall shear stress function, —E— -%%
u oY /=
e \"HI=o0

heating rate

25, % B, fam v
e t ifoul. =
dissipation function, o) —= | dY
T, ) oY
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Reynolds number per foot (unit Reynolds number)

a, M Bt*

v
00

Reynolds number,

h

total enthalpy function, EE~ -1
e

enthalpy functioﬁ; E/wat*

temperature

velocity component parallel and normal to surface
Stewartson's transformed velocity, equation (C-4)
coordinate parallel and normal to surface
Stewartson's transformed coordinates, equation (C-2)

1 61
velocity integral, ¥ Jf
t o

lo=" P=!
=

defined by equation (3)
pressure gradient parameter
ratio of specific heats, C /C
/v
boundary-layer thickness
trailing-edge flap angle

transformed boundary-layer thickness

=
]
="

3,
boundary-layer displacement thickness, \/ﬂ +
o

transformed displacement thickness, 61*'+ e

I
[o])
1=l

stagnation enthalpy ratio, ht/ht
e

similarity variable, equation (C-5)
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5 - o
boundary~layer momentum thickness, f 1 1=_"-1-- 1- %—) ay
o u u
- e

e
5, = -2
mechanical "energy" thickness, f R S 2-2 ay
, o u a- )T
Ze “e

local angle between streamline at y = 8 and x-axis,

tan™t (ﬁe/ue)
T viscosity
v Prandtl-Meyer angle; also Kinematic viscosity, (u/p) '
o] density
Subscripts
e local conditions external to the boundary layer
i transformed conditions
Pl plateau value
R reattachment value
t stagnation conditions
W wall conditions
X along the plate
0 at the beginning of the interaction
© . free-stream conditions

A prime indicates differentiation with respect to 1
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VI. APPARATUS AND TEST PROCEDURES

Description of the Models Used
The pressure model used for the tests at all three wall-
temperature conditions is shown in figures 1 and 2. The instrumenta-~
tion extends from 4.75 inchés aft of the leading edge to 0.281 inch
ahead of the trailing edge of the flap. The model had a sharp leading
edge of about 0.001 inch thickness; the flat-plate portion of the model

was 7.75 inches wide and 10.0 inches long. A 2.0-inch~long trailing-

(¢]
J

edge flap, which may be positioned at angles (8f) of 0°, 10°, 20
and 30° (relative to the flat-plate portion of the model) extends
acrosg the back of the model. The model was also run with upper side
plates which extended back from the leading edge at an angle of
approximately 6° as indicated by the line labeled "side plates" in
figure 1.

The heat-~transfer model is shown in figures 3 and 4. The same
leading edge piece, as used for the pressure model, was used on the
heat-transfer model; the heat-transfer and pressure @odels were

geometrically identical on the upper test surface.

Instrumentation
The pressure model was instrumented with 23 pressure orifices of
0.070 inch inside diameter as shown in figure 2. The pressures were
nmeasured with eleétrical hot-wire pressure gages (with a range of O
to 20 millimeters of mercury) and electrical wire strain-gage pressure

gages. The pressure range of the strain-gage type varied from O to 1
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and O to 7.5 psia. The accuracy of the’hot-wire pressure gage is
considered to be 10.05 millimeter of mercury, while the accuragy of
the strain-gage pressure transducer is considered to be 0.75 percent, ,
of full-scale deflection., The calibration of the hot-wire gage is
extremely nonlinesr, thus’ﬁhey must be calibrated with a high
resolution (or a large number of points) in the lower pressure range,
The straln-gage transducers are linear in calibration over their rated
pressure range.

Pressure tests at T T, = 0.4% and 0,15 were made with the

t
electrical hot-wire typé of pressure gsges mounted inside the body of
the model, as shown in figure 5. For pressure tests at T T, = 0.43
the strain-gage transducers were used also; these weré mounted inside
the model vacuum.chaﬁber injection box below the tunnel test section
as shown in figure 6. Stainless-steel tubing and plastic vacuum
tubing were used for all pressure leads, For the pressure tests at

Tw Tt = 0.T4, both the electrical hot-wire and electrical wire strain-

gage types were used. However, for tests at Tw T, = 0.T4+ the gages

t
were mounted outside of the tunnel, wrapped in a polyethalene bhag,

and immersed in an ice bath so that the gages could be kept at a
constant temperature.

The instrumentation for the heat-transfer model (shown in fig. %)
consists of 30 gage (0.010 inch diameter) thermocouple wire mounted
on an 0.029-inch—thick skin portion of the model. The thermocouple
junctions'were made by spot welding individual thermocouple wires on
the inside surface of the model skin. The thin-skin portion was

fabricated by milling a groove of O.4-inch-wide in the l-inch-thick
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plate as indicated on figure 4. The flap was made from 0.030 inch
stainless-steel plate. A cover was put on the back of the flap to

shield it from any extraneous back-side heat inputs.

Test Apparatus and Procedures

The tests reported in thils thesis were conducted in the Langley
Mach 8 Varisble Density Hypersonic Tunnel. This tunnel operates at
a nominal Mach number of 8 over a Reynolds number (per foot) range of
» 0.20 x 106 to 12.0 x 106. A calibration of this facility can be
found in reference 26 and a further description is given in
reference 27. Throughout the tests the model waé set at 0.5O angle
of attack resulting in a range of local Mach number on the plate from
about 7.4 to 7.8.

The pressure tests for TW/Tt = 0.43 were made with the model
at essentially room-temperature conditipns sincevthe data were taken
at about 1/2 second after the model was positioned in the test
section. When the gages were installed inside the model less than
1/2 second was required for the pressures to reach an equilibrium
value over the range of test conditions. Equilibrium pressures were
reached in agpproximately the same time lapse as for the higher
pressure range, in this pressure range the size of the gages required
that they be mounted outside the model (fig. 6).

Tests conducted at TW/Tt = 0.1% were carried out with the ﬁodel
cooled by liquid nitrogen. The small hot-wire type gages were mounted
inside the model - as shown in figure 5 - and were sprayed with liquid

nitrogen. The leading-edge piece had two passages drilled through it
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for liquid nitrogen cooling, as shown in figure 2. The pressure-gage
cavity (fig. 5) and the flap also were sprayed with liquid nitrogen.
When the model reached an isothermal temperature, of approximately
190O R, the model was injected into the tunnel and the pressure data
were recérded 1/2 second after the model was positioned in the test
section. The cold wall temperature of the model was measurea by
thermocouples mounted on the inside surface of the model at a point
aft of the leading edge where the skin‘thickness was approximately
3/16 of an inch thick. A tight fitting cover was placed over the
surface of the model during the cool-down period to prevent the
formation of frost on the model surface. This cover was removed Jjust
priof to the injection of the model for a subsequent test.

For tests at TW/T = 0.74, the model was heated, prior to its

t
- exposure to the Su@ersonic stream, to approximately lOOOo 3 by blowing
heated air over it. The period of model heating was considered com~
plete when the temperature of the model was close t0 the adiabatic
wall tempersture for a laminar-flow recovery factor. During an actual
test, when the model was in the supersonic stream, the model tempera-
ture settled at an equilibrium value which gave a wall to total tem=-
peréture ratio of approximately O.Th. The actual surface test tem~
perature of the model ranged'from 950o R to 1200O R, from the lowest
to the highest Reynolds number tests, respectively. The same ther-
mocouples as described above for the cold-wall tests were used to

determine the surface temperature of the model for the hot-wall test.

Data were recorded just prior to the time when there was a breakdown
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of the supersonic flow in the tunnel. The length of a test run, up
to flow breaskdown, was approkimately 60 seconds.

" The heat~transfer tests were made with the model initially at
rooﬁ témPErature. The model was injected into the tunnel test section
from a vacuum chamber (fig. 6) which had been evacuated to test
section stream static pressure. Approximately 0.05 second wés
required for the model to leave the chamber and enter the uniform test
flow region, and the heat-transfer data were taken 1/2 second after

the model was positioned in the test section.
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VII. A REVIEW OF THEORETICAIL LITERATURE

The problem of flow separation has been investigated theoreti-
cally‘since the time of Prandtl's early works, published in reference
28. In recent times one of the first efforts toward aﬁ analysis of
supersonic separation was made by Chapman (ref. 21) in which the
results of his mixing layer analysis (ref. 29) were used. Chapman's
analysils represents a limiting case for separation with the assumption
that the boundary-layer thickness is zero at the point of separation.

The Karman-Pohlhausen method was used by Gadd, Curle, and
“Bavage, in references 30 to 32, respectively, without a great deal
of success primarily because the aésumed velocity profiles in the
region of separation did not give the reverse flow found in
experiment. Crocco and Lees (ref. 3%) developed a semiempirical
method which’depends on the rate of entraimment of fluid from the
external stream into the boundary layer. Results from the Crocco-Lees'
method were only in qualitative agreement with experimental data.
The Croceo-Lees' method, modified by Glick (ref. 34) predicted results
that were in good agréement with pressure data as obtained from
experiment. This method uses the concept of the dividing streamline;
however, empirical data are required for its application. The
Crocco~Lees' method was also used by Bray, Gadd, and Woodger (ref. 35)
iand met with reasodnable success.

Tani, in reference 36, used an analysis similar to that of
Wieghardt (ref. 37) and Walz (ref. 38) in that his solution for an

attached flow with an adverse pressure gradient used the first moment
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of momentum in addition to the zeroth moment and continuity equations.
Tani used a quartic representation for the velocity profiles, however,
the boundary condition which required that the momentum equation at
the wall be satisfied was dropped. When this boundary condition was

' neglected the resulting one parameter, which characterizes the family
of velocity profiles, was not directly related to the static;pressure
distribution but was directly proportional to the sheaf stress at

the wgll. The one parameter describing the family of velocity
profiles was obtained from the simultaneous solution of the zeroth
moment of momentum and the first moment of momentum equations. The
results of Tani's analysis have been found to be in good agreement
‘With exact solutions of the boundary-layer equations. Poots, in
reference 39, extended Tani's method by adding the energy equation to
“the continuity and two momentum equations.

Abbott, Holt, and Nielsen, in reference 40, studied the separated
flow problem by using the continuity equation, the zeroth and the
first moment of momentum equation, and the energy equation with a
fourth degree polynomial expression for the velocity and temperature
profiles and with one undetermined parameter per profile. The
resulting separated flow pressure distributions did not have the
correct trends primarily becaﬁse of the use of polynomials for the
velocity and temperature profiles. Lees and Reeves, in reference UL,
developed a method for the shock-wave boundary-layer Interaction
problem where in the continuity equation, the momentum equation, and

the first moment of momentum equation are solved simultaneously with



a one~paremeter family of velocity and enthalpy profiles. Lees and
Reeves used the Cohen and Reshotko profiles for the highly cocled
wall cases and added the Stewartson profiles for the adiabatic wall
cases, as found in references 41 and 42, respectively. This method
- gives good agreement with experimental pressure data for both adig-
= 0.6 , however, for the highl;} cooled

t
wall case TW/Tt = 0,2 and for quantitative heat-transfer predictions

batic and cooled walls TW/T

the method is inadequate. The most promising method for predicting
both pressure and heat transfer under highly cooled wall conditions

is that of Holden (ref. 43) who adds the energy equation to the
conservation of mass and the zeroth and first moment of momentum
equations. Holden's method of solution is similar to that of Lees

and Reeves in that he uses the velocity and enthalpy profiles from

the upper and lower branches of the Cohen and Reshotko (ref. k1)
solution. However, Hélden's family of velocity and enthalpy profiles
are determined by two parameters, one of which defines the velocity
profile and the other defines the enthalpy'profile. Both Holden

and Lees and Reeves in their methods of solution uncouple the boundary-
layer velocity profiles from the pressure-gradient parameter associated
with the Cohen and Reshotko solution. For the Lees and Reeves'

method of solution, once the velocity profile is determined there is
only one enthalpy profile associated with the given velocity profile.
On the other hand, in Holden's method the enthalpy profile is uncoupled
from both the pressure-gradient parameter and the velocity profile

and with inclusion of the energy equation the enthalpy profile
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parsmeter can be determined. The results of Holden's method agree
well with his "highly cooled” wall experimental heat transfer and

pressure data (ref. 43).
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VIII. THEORETICAL APPROACH

At the time the present experimental tests were conducted, the
most promising theoretical approach to the flat-plate trailing-edge
flap problem was the Lees gpd Reeves' theory of reference‘h.
'Consequently, the method of Lees and Reeves' was programed, for use,
on the IBM 7090 and approximately 120 case studies were calculated to
check for agreement with experimental data. The first set of theo-
retical calculations were made for Tw/Tt = 1.0, which corresponded
approximately to the TW/Tt = 0.Th test conditions (appendix A).
Additional boundary-layer parameters were calculated for the
TW/Tt = 0.6 case (appendix B) and the resulting predictions were
compared with both the experimental pressure and heat-transfer data
(appendix C).

The method of joining the Lees and Reeves' solution to the
upstream boundary layer as used herein deviates slightly from the
method indicated in reference 4. In order to apply the Lees and
Reeves' theory the boundary layer upsStream of the Lees and Reeves'
interaction region was calculated. This upstream boundary-layer
calculation took into account the favorable pressure gradient due
to the induced boundary-layer effects. The value of momentum
thickness, from the results of the upstream boundary-layer calcu-
lation, was matched to the Lees and Reeves' value of momentum
thickness at the beginning of the interaction region; where this
location for the start of the interaction region (from the upstream

solution) was taken from experimental pressure data. The method of
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matching the momentum thickness of the upstream solution to the Lees
and Reeves' solution was used because the complete Lees and Reeves'
solution, from the beginning of the interaction to the undisturbed

' flow downstream of the reattachment point, could not be matched to
the physical size of the model. ©Specifically, the calculation from
£he hinge line through reattachment and downstream to a poinf where
the sélutibn reached a Blasius type of flow yielded a streamwise
xfdistance greater than the 2-inch-long flap of the model. The
calculations made by using the Lees and Reeves' theory were done with
~ the intention of predicting the initial shape of the pressure curve

- and the levél of the plateau pressure. For the initial 120 cases for
Tw/Tt = 1.0 and Tw/Tt = 0.6, only the regidn from the beginning of
the interaction to the point of shock impingement was calculated.

The details of the Lees and Reeves' calculations are given in

appendixes A and B.

Upstream Boundary-layer Calculation
The locally similar solutions of Beckwith and Cohen (ref. 25)
were used to calculate this upstream boundary layer with a pressure
gradient. The boundary-layer equations, in the similarity coordi-
nates,.with the simplifying assumptions of constant cp and pu

and with P, = 1.0, reduce to

prorwpe w8t - £2) = 0 (1)
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and

't + 8" =0 (2)

whefe the notation is that of reference 25.

The local external flow properties for the upstream boundary-
lgyer solutions vere calculéted from the induced pressure effects
for the case of weak interaction from the theory of Bertram and
Blaékstock found in reference 44. The equation for the induced

pressure (at 7 = 1.40) is

2
2
%l Sl + o 1+ a + 0.4285 o 1+ a (3)
0 \/l + 2(1 + «) (1 + a) 2(1 + a)
where
a = 0.7 GX,
G = 0.34416 (TW/Tt - o.5859>
and ) ng -
X = ———L,
Rw,x
where
R
Hoe T

The local values of Mach number, temperature, velocity, and local
Reynolds number per foot at the edge of the boundary layer were

computed from



M, = [{P/P@)FE/Y (5 + M&zj] - 5.0 (4)

T[T = , | (5)

u, = M 49.1 \[32; , (6)

and

8
1.812 x 10 (7 + 201.6YM P
R/ft = . (,82 ) ®e | (7)

T
e

for 7 = 1.40, Thus, with local conditions external to the boundary
layer calculated from equations (3) to (7), the upstream boundary
layer was obtained ffom a numerical solution of equations (1) and (2)
at 55 points along the flat plate.

The Lees and Reeves' solution between the beginning of the
interaction region an@ the shock impingement point, depends only on
the separation point value of the transformed displacement thickness,
assumed local conditions at the edge of the boundary layer, and
the previous upstream historj of the boundary layer. Therefore, the
Lees and Reeves' solution, as calculated for a shock-wave boundary-
layer interaction; may be readily applied to a flat plate with a
trailing-edge flap, from the beginning of the interaction region to

the vicinity of the hinge line.
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The reglons from the shock 1mpinéement point to beyond the
reattachment point, for the case of a shock-wave bouhdary-layer
interaction, are anaiogous to certain regions for a tralling-edge

Vflap configuration if the wedge angle of the shock generator is half

_ thetflap aﬁgle since the»final total compression angle of the inviscid
flow then would he the same for the two configurations. The;corre~
sponding assumed flow models for the shock-wave boundary-layer
interaction and for the flat plate with trailing-edge flap are shown
in sketch 1. For the shock-wave boundary-layer interaction a fluid
’Nelement external to the boundary layer and moving parallel to the
 ,p1ate surface turns through an angle of 6f/2 as 1t passes throuéh
the impinging shock wave. The same fluid element external to the
Eoundary layer is turned again by an angle of 5f/2 as 1t passes
through the reattachment compression fan and then moves downstream,
parallel to the plate surface. For the flat plate with a trailing-
edge flap the fluid elemegt external to the boundary layer is turned by
an angle of Bf as 1t passes over the flap and through the reattachment
compression fan. Thus if the shock generator angle is taken as half
of the flap angle the external flow for both conditions will
experience the same total compression angle and will have a similar
static-pressure history, over'the surface, as 1s shown in part c of
sketch 1. In the flow models assumed for both configurations, the
increase in entropy along the edge of the boundary layer is neglected;
that is, the compression is assumed to occur through a series of weak

waves rgther than by one strong shock wave.
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Procedure Used for Application of the
Lees and Reeves' Theory

In figure 7 the éxperimental values of the beginning of the
interaction region, as taken from measured pressure distributions,
are shown for three differént wall to total temperature conditions.
The beginning of the interaction region, (X/L)O, is selected as the
point whefe the pressure begihs to rise above the undisturbed upstream
values due to the adverse pressure gradient feeding forward from the
fiap. At this (X/L)O location the Lées and Reeves' solution is
joinéd to the upstream boundary-layer solution. The upstream

boundary-layer momentum thickness 1s shown in figures 8 and 9 for

a plate 10 inches long at values of Tw/Tt = 1.0 and Tw/Tt = 0,6,
respectively. The calculations for figures 8 and 9 were made for a

unit Reynolds number range of 0.22 X lO6

to b.3 x 106 per foot.

(The Mach number and unit Reynolds number actﬁally varied élightly
along the plate according to the weak interaction equations.) The
value of the momentum thickness at the beginning of the interaction,
90, from the Lees and Reeves® solutién and for the various test
Reynolds numbers, is plotted against the agsumed locgl Mach number

at the point of separation, (Me)s, as shownlin figures 10 and 11.
Specific cases were calculated using the Lees and Reeves' theory for
unit Reynolds numbers of 0.22 X lO6 to h.3 x 106 per foot, and logal
Mach numbers at seﬁaration from 6.5 to 7.5 at 0.1 intervals in (Me)s-

The undisturbed flat-plate Mach number was varied from 7.4 to 7.8 to

correspond to the change in the test-section Mach number with the
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~change in free-stream unit Reynolds number. Typical plots of pressure
~ against x from the beginning of the Interaction region are shown
4in Pigure 12 for varlous values of unit Reynolds number and for
Twth |
The first step in the epplication of the Lees and Reeves' theory,

= 190 &nd Ol6.

as used in this thesis,IWas to obtain, from figure 7, for a éiven
"TW/Tt ana'unif Reynolds number, the (x/L)O value for the beginning
of the interaction. This value of (X/L)O is then used to find the
value of the momentum thickness at the‘beginning of the interaction,
6,s for the upstream solution, from figures 8 and 9. This value of
‘eé is then used to enter figure 11 or 12, at the given Tw/Tt and
R values, to obtain the corresponding value of (Me)s~ which, in
turn; is used to specify the partiéular Lees and Reeves' solution and
pressure distribution for the given test conditions.

The technique for selecting the particular solution ié be used
is best illustrated by following the dashed line in figure 11. In
this instance the flat-plate value of momentum thickness is
0.20 x 10~ £t and the unit Reynolds ﬁumber is 0.65 x lO6 per foot;
this gives a value of (M.e)S = 6.641. Rather than calculate a new
solution for this value of (Me)S the solution used for a comparison
with the experimental data was selected to correspond to (Me); = 6.6,
that is, to the left of where the dashed line in figure 12 strikes
the abscissa. |

It can be seen in figure 12, for all values of unit Reynoclds

number, that as the Mach number at separation increases, the rate of
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the pressure increase (with disténce) decreases, for a sizable (X/L')
distance, before the pressure begins to climb tow&rd a plateau value.
This slow rate of increase in pressure occurs in the region between
p/po = 1.00 and p/pO = l.lQ; this makes 1t difficult to determine the
beginning of the interaction region. For the purpose of comparing
theory with experimental data, this difficulty was overcome by
linea;ly extrapolating the slope of the curve at p/pO = 1,10 to the
abscissa as 1s shown (typically) by the dash-dot line in figure 12 for
R = 0.22 x 106 per foot ahd (Me)s = 6.8. The point where the extrapo-
lated lines crossed the X/L' axis was considered to be the theoretical

~.point’for the beginning of the interac£ion region; this was matched

to the experimental value of the beginning of the interaction region.
Thus thé theoretical and experimental techniques of determining the
beginning of the interaction region were consistent, in that both

methods used a sudden pressure rise to define the beginning of the
interaction region. (The experimental technique for determining the
beginning of the interaction region pas been previously discussed

with figure 7.)

It should be noted in figure 12 that at the separation point - for
the Tw/Tt = 0.6 case - the pressure ratio curves have a distinct
discontinuity in slope. When the theoretical curves were compared
with the experimental dats thé discontinuities in slope were faired
tb give a smooth pressure rise. The reason for the aiscontinuity in

e

the slope of the pressure curves at the point of sepération is
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believed to bé due to the change in slope of the separated and
attached profile parameters (see appendix B) upstream and downstream
of the point of separation.

‘In figure 13 a comparison is shown between the growth of the
momentum and displacement thicknesses for the upsﬁream similar
solution boundary layer, and for the downstream Lees and Ree&es'
solution, at a unit Reynolds number of 0.22 % 106 per foot. The
upstreanm boundary layer is joined to the Lees and Reeves' calculation
a£ an X/L value of 0.515. It can be seen that both the momentum
thickness and the displacement thickness match at the point where the
two solutions are joined. The results4of the typical calculstion,

’ ’shown in figure 13, indicate that the momentum thickness changes less
than the displacement thickness in the presence of an adverse pressure
gradiént for the interaction and separated regions.

Plots of local Mach number at separation versus the platean
pressure, as obtained from the Lees and Reeves' theory, for unit
Reynolds numbers from 0.22 X 106 to &35 ® 106 per foot, are shown
for Tw/‘l‘

.t
Lees and Reeves value of the plateau pressure was taken from theo-

= 0.6 and 1.0 in figures 14 and 15, respectively. The

retical Tw/Tt = 0.6 and Tw/Tt = 1.0 curves of figure 12. The
dashed lines represent the tﬂeoretical values of plateau pressure,
based on the experimental value of the beginning of the interaction
as found in figuré 7. In addition to figure 7, figures 8 through 11
were used to obtain the proper value of the local Mach number at

separation (as discussed previously) for the dashed lines of figures
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1k and 15. The predicted values of plateau pressures in figures 1k
~ and 15 are confined to a narrow band which decreases steadily with

‘an increase in unit Reynolds number.
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IX. TEST RESULTS

Transition Point Data
Trangition can affect the extent of separation as well as the
~“pressure levels assoclated with separation; thérefore, the locgtion
of transition on the model was studled in order to determine at what
unit Reynolds numbers transition begins, and the location of its
beginning.

The location of the transition point was determined’from heat~
transfer data obtsined by setting the flap at a zero'angle of deflec~
ti¢n and testing the heat-transfer model as 1f it were a flat plate.
Thése heat-transfer data'weré plotted along the length of the model |
in terms of the Stanton number tiﬁes the square root of the local
Reynolde number (St /ﬁ;;). Tt is known that the value for the
undisturbed laminar boundary layer over a flat plate of St Réx is
approximately 0.400. The point at which this flat~plate heat~-transfer
data began to rise gbove the 0.40 value of St Réx was taken aé
the locgtion for the beginning of transition. A summary of these
flat-plate transition data is shown in table I.

TABLE I.- FLAT-PLATE TRANSTTION POINT DATA

Distance from
leading edge to the
transition point (in)

Unit Reynolds
number (per foot)

Local transition
Reynolds number (Rex)

2.65 % 102 9.0 1.99 x 10g
3.45 x 10¢ 8.0 2,30 x 10
5.3 x 10g 7.5 2.69 x 10
10,9 x 10 5.5 5.28 x 10
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The effect of flap deflectlon is to increase the local Reynolds
number slightly in the separated region and to a larger extent on the
flap. For example, at a unit Reynolds number of 1.46 X 106 per foot

the heat-transfer data for &, = 0° indicate no transition on the

b
plate. For the test at the same unit Reynolds number (R = 1.46 x 10

6
per foot) with a 30° flap deflection (Sf = 30°) the pressure will
increase over the entire flap, with a peak increase of a factor of h;
over the flat-plate value, occurring near the trailing edgé of the
flap. This increase in pressure on thé flap shouid give a high enough
unit Reynolds number to cause transition to occur iﬁ the separated :
region in the neighborhood of the point/of reattachment, In addition
to the pressure disturbance that the flap causes, the very nature of
the separated shear layer would also increase the possibility of
traﬁsition. Becker and Korycinski (ref. 22) found that in the présence
of extensive separation that the transition Reynolds numbe? (based

on free-gtream conditlons and distance to traﬁsition point) was less
by a factor of approximately L4 than the transition Reynolds number

for which there was no separation. futhermore, the separated shear
layer could be considered analogous to a wake flow which is inherently
unstable and will’give earlier transition tﬁan would be expected for
a given unit Reynolds number; Thus it can be seen that even though
trangition first occurs on the flat plate at a unit Reynolds number of
2.65 X 106 ?er foof that when there is extensive flow separation
transition can occur in the separated layer at a lower unit Reynolds

number.
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The effect of the deflection of the flap on the location of the
point of transition is shown by a comparison of the apparent location

6 per foot) for

of transition (for a unit Reynolds number of 2.65 x 10
the bf = 0° and Sf = 50? cases. The 5f = 0° case shows, from
Table I, that transition is 9 inches from the leading edge; while the
Bf = 300 case shows, from heat-transfer data, that transitioﬁ in thé
separated région has foved forward to T7.75 inches from the leading
edge. The local Reynolds number at transition based on these X

lengths for the Bf = 0° and 8f = 500 configurations are 1.99 X 106

and 2.148 X lO6

, respectively. The Reynolds number for the 5f = 30°
case was based on a megsured pressure in the region of separation,
The determination of the exact point of transition on the flat-
plate model with a trailing-edge flap defleéted is quite difficuit
| due to the complex flow field which is present. If transi?ion ocecurs
von the flap of the model it is very difficult to determine where
transition occurs, from the heat-transfer data, due to the rapid rise
in the heating rate on the flap. vaﬁransition oceurs upstream of
the hinge line, in the separated flow region, the location of the
actual point is further complicated by the léw heating rate and the
reverse flow in the separated region. In general, the trend, by all
test methods (oil flow, pressﬁre, and heat transfer), is that the
flap deflection will incresse the local Reynolds number and will, inv

turn, move the transition point upstream.
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Room~Temperature Wail—Pressure Tests
iThe.pressure tests with the wall at room temperature were run
with the model shown in figures 1 and 2. The results of the pressure
tests, for Tw/ﬁ't = 0.43 gt flap angles of 10°, 20°, and 30° are
shown in figures 16(a), 16(b), and 16(c) for a Reynolds number per

© to 4.3 x 10°. The results from tests

fqot ranging from 0.22 X 10
run with side plates are shown in figure 16(d), for flap angles of
lOO, 200, and 5005 and Reynolds numbers per foot of 1.06 X lO6 and
2;65 X 106. The pressures, from figure 16, have been ratioed to the
meagured pressure at the beginning of the interaction region. All
the pfessure data in figure 16 are compared to the Lees and Reeves'

theory (ref. %) for a Tw/Tt = 0.6, and with the beginning of the

interaction region determined as described in the Theoretical Approach

section. The agreement between experiment and the Lees and Reeves'
theory is, in general, good for the range of unit Reynolds numbers of

S 0.22 X 106 per foot and 1.46 x lO6 per foot. The test in this

Reynolds number range are in a flow regime where the separation plateau
pressure level is not strongly'affected by transitional effects, as

was noted in the previous section in which t;ansition on the flat

plate model did not occur until a unit Reynolds number of 2.65 X 106
per foot. It was also pointea out in the previous section that
undoubtedly transition was occurring in the separated shear layer at
unit Reynolds numbérs lower than 2.65 X 106 per foot due to the flap

disturbance and the inherent instability of the separated shear layer.'

Even though transition is undoubtedly occurring in the shear layer for
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tests run st unit Reynolds numbers less than 2.65 X 106 per foot the

point of transition is far enough downstream (over the flap) that it
will not affect the laminar plateau pressure distribution but will
have an effect on the extent of the separation, When the transitional
.effects become more pronounced at unit Beynolds numbers of 2.65 X 106
'pef foot and 4.3 X 106 per foot (see previous section) the iees and
Reeves' theory tends to underpredict the level of pressure due to a
rise in the pressure aboﬁe the laminar plateau value in the area of
transition. The rise in pressure when transition occurs in the
separated region was previously noted by Chapman, Kuehn, and Larson
in reference 21. The location of the point of transitibn on a flat
plate hés been previously stated to be at 9.0 and 7.5 inches from the
leading edge for unit Reynolds numbers of 2.65 X lO6 per foot and

4.3 % 106 per foot. Tor the tests at a unit Reynolds number’of

2.65 x 106 per foot, in figures 16(a) through 16(d), the rise in
pressure above the laminar plateau value occurs at approximately 9.0
inches from the leading edge, with higher flap angles (particularly
300) having the pressure rise above plateau value start at a more
upstream position than the lower flap angles. For the tests at a
unit Reynolds number of 4.3 x 1.06 per foot in figures 16(a) through
16(c) the separation is all turbulent because the transition point

is upstream of the point of separation, thus no agreement would be

expected at R = 4.3 x l06

per foot with the lamingr theory of Lees
and Reeves. The side plate data in figure 16(d) at a unit Reynolds

number of 1.06 X lO6 per foot show that as the flap angle increases the
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level of plateau pressure‘also increases aﬁd the Lees and Reeves'
theory tends to slightly underpredict for the 20° and 30° flap angles,
- és was the case with no side plates. A compariéon between the
Bp ?‘500, R = 2.65 X 106 per foét cases in 16(c) and l6(d) shows that
the extent of separation i1s greater for the side-plate tests. In
general, the addition of side plates increases the extent of:separa-
: fion for all flap angles and flow conditions. The pressures measured
~upstream of the $e§aration interaction in figures 16(a) to 16(d) agree
‘well with the viscous interaction theory of Bertram and Blackstock
(ref. b4). The theoretical viscous interaction curves shown are
ratioed to the theoretical pressure level'aﬁ the beginning of the
interaction.

Figure 17 shows the schlieren photographs for tests at a
TW/T,c = 0.43, at flap angles of 10°, 20°, and 30°, over a Reynolds
numbér per foot ranging from 0.22 X lO6 to 10.9 X 106. These pictures
were used to determine the angle of the leading-edge shocks, the
separated layer shock, and the dgflec?ion angle of the separated
boundary layer. In addition, the pictures were used to determine the
separation point - based on the location where the separation shock
wave intersects the boundary layer. These measurements of the
separation point were found té be in good agreement with‘oil-flow
éeparation point data.

Figure 18 shows the room-temperature wall-pressure distribution
(ratioed to the plate static pressure) as calculated for the inviscid

flat plate model set at 1/2O positive angle of attack. The pressure
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ratlios are shown in figﬁres 18(a), 18(b), and 18(c) for flap angles
.of 300, 200, and 100, respectively, and for Reynolds numbers per foot
varying from 0.22 X lO6 to 10.9 x’lo6. The side plates pressure data
are also shown in figures 18(d) and 18(e) for flap angles of 500, 20°,
‘and 10°, The separated layer oblique shock theory in figure 18 was
calculated from the apparenf megsured flow deflection angle:above the
kseparaﬁed'layer (fig. l7)yand based on the value of Mach number ahead
‘of the interaction region. The value of Mach number ahead of the
interaction region was caleulated from the measured value of the
leading-edge shock angle, above the interaction regiqn, and the free-
stream Mach number. All coblique shock parameters were taken from
‘reference 45. Also plotted in figure 18 are the values bf the
beginning of the interactipn, Xo; the separation point Xé; and the
"réattachment point, XR. The values of fhe separation poinﬁ and the
reattachment point (fig.’lB) were taken from oil-flow studies. The
beginning of the interaction region is taken from the expanded plots
of pressures ~ in the area of the pigteau and interaction region - as

has been previously discussed in the Theoretical Approach section.

The separated layer oblique shock values of'pressure agree, for the
most part, with the measured pressure plateau values with the
exception of a few of the loﬁer unit Reynolds numbers where the shock
pressures tend to slightly overpredict the measured values.

The peak pressure ratio in figure 18(&) for the 30° flap at
R = 10.9 x 106 per foot, is 29.6 compared to the inviscid flap

obligue shock value of 28.4. For R = 4.3 x 106 per foot the peak
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value is 41.8 compared to the inviscid value of 28.3; and for

xR,: 2.65 x 106 per foot the peak value is 44.8 which is ap increase of
vapproximaxely 58 percent over the inviscid value. The reason that the
measured peak‘pressure exceeds the inviscid shock pressure is becaﬁse
of the guasi~isentropic compression which occurs through a series of
!wavés rather than through a single shock. In figure 18(b) a;similaf
trend can be seen where for the 20° flap, with the highest unit
Reynolds number of 10.9 X 106 per foot, the value approaches the
inviscid value of 1L4.2; while at the Reynolds numbers per foot of
Y 106 and 2.65 x 106 the peak pressure rise increases to a level
above the inviscid value with a decrease in unit Reynolds number. The
reason for this phenomenon is agaln a quasi-isentropic compression

" through a series of waves rather than s single shock. In figure 18(c)
for the 10° flap, the peak pressure rise has a similar trend as that |
exhibited in figures 18(a) and 18(b), for the 30° and 20° flap, only
to a much lesser degree.

The tests made with side plates are shown in figures 18(d) and
18(e) and are compared with similar runs made with no side plates.
The tests for the 30° flap, with side plates, (fig. 18(d)) show that
the pressure ratio in the plateau region is-higher for the runs with
side plates; and also, that the extent of separation is greater with
the side plates as compared to the runs with no side plates. The
side-plate data in-figure l8(d), in general, indicate a slower riée to
the peak pressure value on the flap. This lag in pressure rise, on
the flap with side plates, is due primarily to the thicker separated

boundary layer; this in turn causes a lag in the turning of the flow
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in a direction parallel to the flap. The side-plate data for the

20° and 10° flap angles (fig. 18(e)) again exhibit a greater extent

of separation than the no-side-plate data and, in general, lags the

no-side~plate data in the rise on the flap to the peak pressuré’value,
In figure 19 the measured values of flow deflection angle

from the plate surface, due to the flow separation, and the fesulting

oblique shock angle 6, are plotted against unit Reynolds number.

: The aﬁgles were measured from the schlieren pictures of figure 17

(see sketch 2 for a description),

Shock waves | N ‘
\

Edge of boundary —N
layer Lo

Sketch 2

From figure 19 it can be seen that fqr a gilven free-stream unit
Reynolds number the flow deflection angle, and the corresponding
shock-wave angle, decrease as the flap angle decreases. Figure 19
also shows that as the unit Reynolds number decreases the flow deflec-
tion and the corresponding sﬁock angle increase. The reason for this
iﬁcrease in flow deflection angle, with a decrease in unit Reynolds
number, is due to the increase of the rate of growth of the displace-
ment thickness with a decrease in unit Reynolds number. For example,

from the Lees and Reeves' calculations, at unit Reynolds numbers of
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6

0,22 x 107, 1.06 X 10°

, and 4.3 x 106 per foot, the linear rate of
growth of the displacement thickness (d8*/ax) over the separated
region is 0.119%, 0.065, and 0.0k1k, respectively. Thus it can be seen
that the regults ghown in figure 19kare consistent with computed
boundary-layer growth from the separated flow analysis of Lees and
 Reeves., | |

A comparison of the plateau pressure obtained from oblique shock
theory applied to data of figure 17, the ILees and.Reeves’ theory, and
measured static pressure values (for mo side plates) is shown in
figure 20. The comparison is made for flap angles 10°, 20°, and 30°

and for unit Reynolds numbers varying from 0.22 X lO6 &

to 4.3 x 10
bper foot. The oblique shock curves in figure 20 are féired curves
taken from another plot of the individual data points. These faired
obliqﬁe shock éurves deviate approximately 2 percent from the indivi-
dual défa points. The oblique shock piateau pressures were calculated
kfrom the flow deflection angles (figure 19) aﬁd the local value of
Mach number just upstream of the interaction point. The local Mach
number was calculated from the leading—edgé shock-wave inclination and
the free-stream Mach number. The Lees and Reeves' prediction for the
plateau pressure ratio for flap angles of 100, 200, and BOo,was taken
from figure 14 for the varioﬁs unit Reynolds numbers. The measured
blateau pressures for flap angles of 20° and 500 were taken from the
plotted data of figure 16. No experimental plateau pressures for a

lOo flap angle are presented since the short length of separated flow

- region was so short in length that a pressure plateau could not form.
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The:plateau pressurés of figure 16 have been raticed to the pressurev
r_at the beginning of the intersction to describe a (P/po)pl value.

| In general, the oblique shock value of plafeau pressure is higher
“than the measured value and the Lees and Reeves' value is slightly‘
loWér. The differencevin the Lees and Reeves' wvalue of plateau
pressure betveen figure 16 and figure 20 lies in the fact that the
plateau préssures for figure 20 are taken from‘figure 1k for an exact'
value of (Me)s,‘while the plateau pressure in figure 16 was taken

 from figure 12 for a nominal value of (Me)S based on the method

‘discussed in the Theoretical Approach section.

- Surface 0il-Flow Studies
The pressure model (fig. 1) was used for the‘oil-flow studies
. and was tested with and withowt side plates. Prior to making an
| oil—flcw test a pattern of drops, consisting of an oilwlamp black
mixture, was placed on the surface of the plate as shown on the left
in figure 21. The viscosity of the oll was increased with increasing
unit Reynolds number in order that a flow pattern could be established
in approximately the same length of time for all runs. The model was
rapidly injected into the wind tunnel‘s airstream; as soon as the
rearward movement of the oil drops stopped the model was retracted
from the stream. The temperature of the model in the area of separa-
tion varied from approximately 90° F to 100° F for all the oil~flow
tests. This temperature was measured with a thermocouple located
8 inéhes downstream from the leading edge, on the inside surface of

the model, at an area where the skin is approximately 3/16 of an inch
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thick., The oil drops were placed on the model’just prior to the run;
a plcture was taken of the oil dots in the undisturbed position, and
fhen immediately after the run a second picture was taken of the oil-
-flgw pattern,» These pictu;es were used as a means for detérmining’

the location of the separation point. A typical oil-flow pattern is
’ 6

- shown in figure 21, for a free-stream unit Reynolds number of k.3 x 10
" per faot aﬁd a flap angle of 20°, Tt can be seen from these oil-flow
photographs that the surface streamlines,aré pargllel to the inviscid
,flbw before the interaction region; however, in the reverse flow
region the surface oil flow shows the streamlines diverge (outward)

' indicating that the surface flow is three dimensional in nature. The
use of the side plates considerably reduced the’divergence'of the floﬁ
in the separated regiom.

The viscosity of the oil for each Reynolds number end flap angleb
could not he chosen so as to imsure a clear and distinct pattern of
oil flow in the separated region for each run. For the majority of
runs the oil droplets in the reverse flow region were displaced to
some extent toward the separation point due to surface shear. Any
movement of the oil drops could be detected by superimposing the
negatives taken before and after the run. The use of this oil~-flow
‘evaluation technique was eitrémely helpful in determining the location
bf the point of separation. In figure 21 this point is indicated by
arrovs. |

A comparison between the separation point location, as indicated

by the oil-flow pattern and as obtained from schlieren photographs,
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-shows good agreement when the schlieren separation point is chosen at
‘. the intersection of the shock wave from the separated layer and the
apparent outer edge of the boundary layer. 'Thewdifference between the
oi; flow and the schleiren separation-point locations,vfpr the 30°
flép and over the Reynolds number range, was a most 1/8 inch. Similar
agreement was found for the 200 and 10° flap angleé for Reyndlds
numbers above 0.4 x 106 per foot and 1.0 X 106 per foot, respectively.

The types of flow éeparation are QlasSified in reference 21 into
thrée distinct regimes: (l)' "laminar,”" in which transition occurs
downsﬁream of reattachment, (2) "transitional," in which transition
ogcurs befween separation and reattachment, and (5)‘ "turbﬁlenﬁ," in
which transition occurs upstream of separation. In an effort to show
fthepretically the effect on the movement of fhe point of separatién
with an incréase in unit Reynoldé number in a regime'where.the separg-
tion is purely laminai3 calculations were made uéing the léminar
~ separation theory of Lees and Reeves (ref. 4). The calculations
(table II) using the Lees and Reeves' theory, were made for a constant |
local Mach number at the point of separation and the unit Reynolds

number was varied from 0.22 X lO6 per foot to 2.65 x 106 per foot.
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TABLE IT.- EFFECT OF UNIT REYNOLDS NUMBER ON THE EXTENT OF
THEORETTCAL LAMINAR SEPARATION
(Constant (Me)sep’ Lees and Reeves' Solution)

Distance from léading edge to beginning

Reynolds number PerkaOt of interaction region (inches)

0.22 x 10° (0.72 x 10°/m) 9.5 (.2411 m)
0.29 X 106 (0.95 x l0'6/m) - 5.75 (.1460 m)
0.42 x 10° (1.38 X 106/m) | - 3.35 (.08508 m)
0.65 X 106 (2.13 x 106/m) - 1.65 (.04190 m)
1.06 % 10° (3.18 x 106/m) 1.00 (.025% m)
1,46 x 10° (4.79 % 106/m) " 0.55 (.01396 m)
- 2.65 x 100 (8.69 x 106/m), | 0.25 (.00635 m)

Tﬁe distance from the leading edge to the beginhing of fhe inter-
action region in table II was deterﬁinedfby matching the value of
displacement thickness from a flat-plate iocal similarity solution to
the value of‘displacement thickness at the heginning of the Lees

and Regves' solution. The results of the laminar theory in table II
show that as the unit Reynolds number increases, the interaction
region and, in turn, the separation point mp#e upstream. The results
from an experimental investigation by Miller, Hijman, and Childs
{ref. 16), in which all the data presented were for pure laminar
geparation, showed that as the Reynolds number increased (up to a

- value of approximately 1 X 106 per foot) the separation point moved
upstream. Thus both thedretical and experimental evidence show that

for pure lsminar separation the point of separation moves upstream
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~with an increase ' in unit Réynoldsvnumber. On fhe other hand, the
experimental data of Chapman, Kuehn, and Larson (ref. 21) showed.that
at Mach numbers from 2.7 to 3.5, when the separation,went from‘a pure
- laminar separation to transitiqn’separation,kthe pbint of separation
moved downsgtream. Chapman;“Kuehn, and Larson's data also showed that
a further increase in the unit Reynolds number caﬁsed the separation
tQ become furbulent and the separation point maved furthef downstream,
~ Becker apd Korycinski (ref, 22) showed the same effect on the move~
,vmﬁnt of the point of separation with a change in unit Reynolds number
for laminar, transition, end turbulent separation as was found in this
‘thesis and as was found in the work of Miller, Hijman, and Childs
| (vef. 16) and Chapman, Kuehn, and Larson (ref. 21). From the above
experimental evidence it appears that‘for transitional separation
the separation point moves downstream with an'increase»in unit
Reynolds number and for laminar separation the movemént is in the
upstream direction for an increase in unit Reynolds number.

The distance from the leading edge to fhe point of separation,
as obtained from oll=flow data, is shéwn in figure 22 for free=gtream

unit Reynolds numbers from 0.22 x 10° 6

to 4.3 x 10° per foot for flap
angles of 10°, 20°, and 30°, and for the studies with and without side
plates. The resﬁlts show th#t the separation point moves forward
éppreciably as thg flap angle is increased and generally moves forwerd
as the unit Reyholds increases - up to a value of spproximately
O.8_xk106 per foot. At the lower Reynolds numbers (up to

R = 0.4 x 10° per foot), for the 10° and 20° flap angles, the rearward
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movement of the separation point with Increasing Beynolds number is
attributed to the fact that the thick shear layer at the edge of the
separated flow passes well above the uppermost’portion of the
(aéinchwlong) deflected flap. An examination of the schlieren
photographs (fig. 17) showed that when the shear layer was deflected
_,UQwérd by the flap, the separation point began to move forwaéd (for
laminar seéaraticn) on the plate with increasiﬁg Reynolds number, |
as was noted for the 30° deflected flap. The laminar sepafation data
in reference 16, at free-stream Mach numbers of 15 and 16, clearly
indicate a forward movement of the separation point with an increase
in unit Reynolds number as discuésed in the previous paragraph; It
can be seen in figure 22 that for all three flap angles the separation
point begins to move to the rear Qf the plate'at a unit Reynolds
number of approximately 1.0 X 106 per foot. This reversal in the
trend of separation point movement is attributed to the effect of
boundary-layer transition from laminar to turbulent flow occurring in
the region of separated flow.. For th§se date it is apparent that
separation, up to a unit Reynolds number of approximately 1.0 X 106
per foot, gives laminar separation; and for a unit Reynolds number
above approximately 1.0 X 106 per foot the separation is transitional -
independent of the extent of separation and flap angle. A similar
fearward movement of the separation point due to a transition to
turb?lent flow in the separated regidn was found in reference 21 at a

Mach number of 2.7, as discussed in the previous paragraph. In

figure 25 the results of an oll-flow study to determine the
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reattachment point on the flap are shown. The reattachment point

- clearly moves toward the hinge line as the Reynolds number increases.
The location of'reattachmentldn the flap, for a given unit Reynolds
lrnumber, varies enly slight;yfwith a change.in flap angle. It is only

at & unit Reynolds number of 1.06 X 106

per foot that there is any
apprecidble change in the point of reattachment with a changé in flap
engle. This change in the point of reattachment - at a uﬁit Reynolds
number of if06 X lO6 - is attributed to a delay in the transitional
‘ effects with 8 decrease in flap angle., The solid lines in figure 23
are the predicted reattachment points as obtained from a linear
‘extension of the dividiﬁg streamline from’the point of separation
‘(fig. 22) to the flap at an angle e@ual to the flow déflection angle
of figure,l9. ,The experimental data points are further downstream
frbm the‘hinge line at the lower unit Reynolds numbers than the values
based bn the linear extensionyof the initial flow defléction angle.,
This indicates that the dividing streamline curves upward as it moves
downstream from the point of separation. |

| In figure 24 the pressure ratios, at the reattachment point on
the flap, are plotted against Reynolds number per foot. For a given
ynit Reynolds number the level of pressure incresses with an increase
in flap angle, as would be exéected; however, the'reattachment pres-
éure'levels are considerably lower than the oblique shock inviscid
pressure levels. The'reason that these reattachment pressure levels

are so much smaller than the inviscid oblique shock values is that at
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the point of reattachment the inviscid stfeam has not yet turned
parallel to the flap and the compression process is just starting.

| Chapman's anélysis fdr the reattachment pressure rise - as set
forth in reference 21 - givgs a constant value of (p/p )y of
| apprdxiﬁatély 7.0 for the néminal Mach number of these tests.’ These
" data show that the reattachment pressure ratio is a étrong fﬁnctidn of

Reynolds number and flap angle.

Wall-Temperature Effects
In-order~to determine the wall-temperature effecﬁ on separation,
experimental tests wére conducted at wall fo total temperature ratios
"of 0.1k, O.M5; and 0,76. TFigure 25 shows the measured flat#plate

static pressure, 5 inches aft of the leading edge, ratioed to the

' theoretical inviscid flat-plate static pressure at 1/2° positive

angle of attack, and the theoretical viscbus interaction pressure
gffects of Bértram end Blackstock (ref. 44) for TW/Tt = 0.1k, 0.43,
and O0,T4. The results in figure 25 show that the Tw/Tt = 0.43 and
0.T4 pressure ratios decrease with an iﬁcrease in unit Reynolds
number and most of the measured pressure rétios tend to underpredict
the theory by approximately 10 percent. The pressure date at

Tw/Tt = 0.1% at the two lowest units Reynolds numbers (R = 0.29 X lO6

and 0,42 % lO6

per foot) considerably underpredict the theory while the
remaining values of pressure ratio at the higher Reynolds numbers
8t111 underpredict the theory but only by approximately 10 percent

‘or less. The large discrepancy between data and theory, for
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Tw/Tt = Q.14, at the two lowest unit Reynolds’numbers may be caused
by a shift in the gage calibration due to s temperature effect on the
"hot-wire" gage, In spite of the possibility of a shift in calibra~
tibn, which wquld cguse an,error_in the absolute value of the measured
prassure,vthe pressure-rétié (p/pe) distribution over the model
should be reasonably accurate. ' |

The experimental pressure tests, conducted at T /T = 0.1k,
Q.k3, and 0.T4, are shown in figures 26 through 51., The measured
pressures for the three wall temperatures have been ratioed to the
"measured pressure at the beginning of the interaction region, The
éressure data in figures 26 to 31, for the temperature ratios of
0.43 and 0.74, are compared to calculations based on Lees and Reeves'
theory for wall conditions of '_r.'w_/T,c = 0.6 and Tw/Tt = 1.0,
respectively. In addition, pressure distributions, baseq on the
flat-plate viscous interaction theory Qf Bertram and Blackstock
(ref. 44), are calculated (and plotted) for wall to total temperature
ratios of 0.43 and 0.Tk.

The wall-temperature effects at 8; = 10°, in figure 26, show
good agreement with the Lees and Reeves' theory for unit Reynolds

6 6

numbers of 0,42 X 10° to 1.46 x 10~ per foot. The effect of

increased wall cooling tends to lncrease the pressure ratio over the
flap, particularly for Tw/bt = 0.14, and to reduce the extent of

separation. At unit Reynolds numbers of 1.46 x 106 6

and 2,65 x 10
per foot the effect of increased wall cooling is to considerably

decrease the extent of separation.
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‘The decrease in the extent of separation at the higher Reynolds

numhers is caused by the flow going from a laminar type of separation

to a tranSitionél type of separation, as was previously pqinted:out
~in tﬁé'éection on oilnflow stud1es.v The additional effects of wall

. cooling at the higher Réynolds numbérs is to further reducebthe

| extent of separation, as shown in reference 46, for a cone-c&linder

= flare at Méch 5 at a siﬁilar’unit Reynolds number range. Thus the

,combinedréffécts of transitibnal separation and wall coCling‘tend to
reduce significantly the extent of separation with thebincrease in

6

. unit Reynolds number (above 1.46 X 10 per foot).

The results shown in figures 27(a) and (b) for the 20° flap

6 6

indicate that for wnit Reynolds mumbers of 0.29 x 10° and 0.42 x 10
'per foot conditions at Tw/Tt = 0.15 have a greater extent of
separation and a higher plateau pressure value than either the
q$%=om5mtmm4%=oqucma mwt%ﬁt=mﬁ,mr
figures 27(a) and (b), falls between the TW/Tt = 0.15 and 0.43

cases in both the extent of separation and the level of plateau

6 6

pressure. For unit Reynolds numbers from p.65 x 10 to 1.46 x 10
per foot in figures 27(e), (d), and (e) indicate only a small influence
due to wall temperature in the plateau pressure region, but indicate &
decrease in flap pressure ratio with an increase in wall-temperature

?atio. The higher unit Reynolds numbers of 2.65 X 106 and 4.3 x 106
P?r foot, in figures 27(f) and (g), indicate a marked decrease in the

extent of separation with a decrease in the wall-temperasture ratio,
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and also’showkg decrease ip the flep pressure ratio with an incfease
in the wall to total temperqture ratio. _

'  Fér thevioo flap angle the results'of ﬁbé wail-temperature 1
.'effect on the pressure data (in figures 28(a) and 28(b)) fbr a unit

€ and 0.k2 x 10°

Reynolds number of 0,29 X 10 per foot show a higher

- plateau pressure level and grester extent df separation for tﬁe
'_Tw/Tt = 0.15 ratio than either for Tw/Tt = 0.43 or 0.T4 éases.' The
'.uw/:rt = 0.TL case, in figure 28(a), falls between the 0.1l and 0.8

temperature ratios in both the level of pressure ratio and the
6

extent of separation. At a unit Reynolds number of 0.42 x 10~ per
foot, in figure 28(b), the pressures measured at Tw/Tt = 0.43 and 0.74

are in ieasonably close agreement and are below the pressure level for |
| Tw/Tt = O.lh,‘ The reSults'in‘figures 28(c), 28(da), and 28(e), for

6 to 1.46 X 106 per foot, show

unit Reynolds numbers from 0.65 X 10
only a small effect in the interaction and plateau region due to wall
temperature; however, the flap pressure ratios show a decrease with

an increase in the wsll to tétal tempqrature ratio. Again, as in the

20° flap tests, for unit Reynolds number of 2.65 X 106 6

and 4,3 x 10
per foot, the effect of wall cooling significantly reduces the extent
of separation, as shown in figures 28(f) and 28(g). This decrease
in the extent of separation a£ the two highest unit Reynolds numbers,
Qith 8 decregse in wall temperature, is attributed to thé combined

effect of ﬁall cooling and transition in the separated regionj; this

has been discussed previously. In figures 28(f) and 28(g) - as in
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~ the previous high Reynolds number figures - the pressure ratio on the
flgp decreased with an increase in wall to total temperature ratio.
The tests in figures 29, 30, and 31 were made with gide plates

(see fig, 1) at unit Reynolds numbers of 1.06 X 106 6‘_

and 2.65 % 1
per foot' for flap deflection angles of 10°, 20°, and 30°. 1In general,
| thé results of figures 29, 30, and 31 show a slight decreasegin the
- extent of separation with wall‘cooling at a unit Reynolds number of
6

1.06 x 10° per foot, and a marked decrease in the extent of separation

~ with wall cooling at & unit Reynolds number of 2.65 X 106

per foot.
Figures 29 to 31 aléo show a decrease In flgp pressure ratio with an
increase in the wall to total temperature ratio for both'unit Reyno1ds
" numbers. |
In general, the comparison between experimental and theoretical ,

data~ih'figures 26 to 31 shows good agreement Vﬁth the Lees and Reeves'
theory (ref. M)‘and with the Bertram and Blackstock viscous inter-
action fhecry (ref. 4%). An inspection of the experimental’data of
figure 26 shows that as the wall to total temperéture ratiO'decréaSes
. the pressure gradient from the beginning ¢f the interaction region
to approximately the hinge line becomes slightly steeper. Calcula-
tions by the Lees and Reeves' theory show that the 'TW/Tt = 0.6 wall
condition had a steeper pressure gradient from the beginning of the
interaction to the pressure plateau (value) than did the Tw/Tt = 1.0
wall condition. Curle and Gedd (refs. 31 and 47) theoretically
predicted that the pressure gradient at separation should be inversely

proportional to the wall temperature. This prediction agrees with the
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results 6f calculations by the Lees and Reeves' theory at wall
temperature ratios of Tw/Ttk= 1.0 and 0.6; Gadd experimentally
showed this effect of the wall tempéraxure on the pressure gradient,
and reported it in reference 48. ‘For the majority of the cases
célcul&ted by the ILees and Reeves' theory, and compared to experi-'
| mental data, the plateau value for the hot-wall case _(Tw/Tti= 1.0)
| wgs slightly‘higher than the cool-wall case (Tw/Tt = 0.6) when the
extent of separation was long enough to allow the hot-wall case
(Tw/Tt,* 1.0) to reach a plateau value. The fact that the -Tw/Tt = ;.O
calculations, using the theory of Lees and Reeves, give a higher
plateau pressure can also be seen from figure 31, and by a comparison
of figures 14 and 15.v

It should be néted that the absolute value of experimental ’
plateau pressure for hot-wall cases (TW/Tt = 0.74) is higher then the
copl-wall cases (TW_/Tt = 0,43). However, when the absolute values
of platean pressure are ratloed to the value of the pressure at the
beginning of the interaction region, values of the plateau pressure
ratios at ,qkr/Tt = 0.43 and Tw/Tt = 0.74 are brought fairly close
together. This can be seen from an inspection of figure 25 and the
results of figures 26 ta 31.
, . The schlieren photograpﬁs at wall‘to total temperature ratios
bf 0.1%, 0.43, and 0.74, and for flap angles of 20° and 500, are shown
in figure 32. These photographs were used to determine the wall-
temperature effect upon the flow deflection angles, the shock-wave

angles, and the separation points over a unit Reynolds number range
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6 6

of 0.22 X 10” to 4.3 x 10° per foot. The results of the schlieren
anglysis~show that the flow deflection angle (£ig. 33) and_the shock—'
- wave angle, measured from the point of separation, decregse cone-
tinuously with increasing unit Reynoldavnumber'fqr all three wall-
temperature ratios.' The effeét of wall temperature on flow deflection
and shock angle is not large; however, it should be noted that the
"highly cooigd»wall (Tw_/Tt = 0.14) and the hot-wall condition

. (Tw/Tt = 0.74) have slightly higher values of defleption and shock-
wave angle than does the room~temperature wall condition (TW/Tt = 0.43).
Thié fact was reflected in the measured pressures and has been brought
out in the discussion of figure 25 and figures 26 to 31,

It should be noted, from figures 18(a), 18(b), and 18(c), that ;
‘the.pressure rise on the flap only approached a peak'value of pressure
for a unit Reynolds number greater than 1.46 X lO6 per fo?t. The
reason that the preséures did not reach a pesk value on thé’flap, for
uynit Reynolds numbers of 1.46 x 106 per foot and below, was because
the length of flap was so short that it dild not allow the flow to
attain undisturbed flat-plate conditions.- The short length of flap
undqubtedly had some effect on the length of separation; however, to
what degree the flap length affectedrthe extent of separation would
require a separate investigafion. In general, it was determined from
the_results of the separation point data (figs. 22 and 34), and the
reattachment poinﬁ data (fig. 23), that above a unit Reynolds number
of 1 X lO6 per foot the short‘length‘of flap had a small effect on

the extent of separation. It was observed experimentally that for
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'TQ/Tt = 0.43 an increase in unit Reynolds ﬁumber,‘up to a value of
',approximately 1.0 X 106 per foot will move the separation point .
fforward. A depérture from this experimehtal tfend, found for unit
Reyn@lds numbers below 1 X 106 per foot, is attributed fo the flap
length being too short. - v '

| The'éep&ration-point data, teken from schlieren pictureé of
‘ ‘figure ia;laré shown in figure 3%."TheSe‘separation'point data for
Tw/Tt = 0.43 in figure 34, are in reasondblé agreementywith the
surface oil-flow technique, for separation poiht déta, at roomw~
temperature wall conditioh <Tw/Tt = 0.43), as discﬁssed for figure 22.
 'As stated’previéusly for the roomptemperatufé‘ﬁall conditions it is
felt that separation, up to a unit Reynolds number of approximately
1.0 x'106 per foot, yields a laminar separation; but for unit Reynolds
numbers above 1.0 = l06“per foot- the separatibn is of‘a t;énsitiénal
type, For the 30° flap angle, the results in figure 34 for the
~ room-temperature wall (Tw/Tt = 0.43), and the hot wall (Tw/Tt = O.7h),
show that the separation point moves Fforward on the plate with
increasing unit Reynolds number up to a value of approximately

6

1.0 X 10™ per foot. From this point, an ingreasé in the unit Reynolds

number for TW/T = 0.43 and Tw/th= 0.74 rapidly moves the separa-~

t
tion point toward the hinge line. For a flap angle of 30° the wall-
femperature effects for the laminar separation show fhat the highly
cooled wall (TW/T; = 0.14) has the greatest extent of separation,
while the Tw/Tt = 0.43 and 0.74 cases have nearly equal extent of

separation. When the effects of transition become significant, at a
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unif Reyﬁblds number of approximately 1.0 X 106 per fobt, £he effect
of wall cooling for a given unit Reynolds number tends to decrease ‘
tﬁﬁ extent of separation significantly. The wﬁll—témperature effect;'
‘shown in figure 3k for. Sf‘= 20°, 1s quite similar to the 30° flap
‘1plot with the extent‘of laminar separation being greatest fbr the
highly cooled wall condition (Tw/Tt = 0.15), the hot-wall cﬁnditioﬁ
(TW/T

t :
and the room-temperature wall condition (Tw/Tt = 0.43) having the

= 0.74) extent of separation‘being next to the greatest;

smallest extent of separation. Again, for the 20° flap deflection,
when the transitional effects become pfédominant'&t a unit Reynolds
number above approximately l.O’x.lO6 per foot fhe wall cooling, fo?
a given unit Reynolds numbey, consisﬁently'tendé to decrease the
extent'cf separation.

In figure 35 the values of plateau pressure ratios_fo:
’Tw/Tt = 0.1k, 0.43, énd b.?h, at flap angles of 20° and 30° are shown;'
these were taken from the plots of figures 26 to 31. It can be seen
(fig. 35) that the levelbof plateaun pressure decreases with an
increase in the unit Reynolds number for all three wall-tempersgture
ratlios and both flap angles. The highly cooled vall (TW/Tt = 0.14)
and the hot wall (Tw/Tt = Of7h) give higher values of plateau pressure
than the room~temperature wall condition (Tw/Tt = 0.43), up to a

unit Reynolds number of 1.0 X 106 per foot. At a unit Reynolds

number of apout 1.0 X 106

per fooﬁ the ftransitional effeéts become
significant and the plategu pressure level, for a given unit Reynolds

nuMbér, decreases with an increase in wall cooling,
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Figure 36 shows a correlation of plateéu pressure coefficients
'in terms of the local Reynolds number and local Mach number at the
beginning of the interaction region. The data points are for a range

6 £ 2.65 x 10° per foot, and

of unit Reynolds numbers from 0.22 X 10
wall to total temperature rﬁtiqs of Oth, 0.h5,‘and 0.74. The local
flow properties were evaluated from the measured wall pressufes,
shock angles, and the oblique shock relations, The beginning of the
interaction region was determined, from expanded plots of the pressure
daté,,figures 15 and 26 to 31, as the point where the pressure began |
| to rise abo&e the flat-plate value. These'data,show reasonable
agreement with the expression given by Hakkinen, Greber, and Trilling
(ref. h9), but falls slightly above the theory of Erdos and Pallone
.(ref. 50); The lower Mach number data of Chapmen, Kuehn, andfﬁarson
(>ref. 21) and t‘he‘ data of Miller, Hijmen, and Childs (ref. ‘16) a.lso'
are higher than the'ﬁalues for (CP)RL Gmx;)l/h due to Erdos and

Pallone (ref. 50).

Heat«Transfer Results
The heat-transfer resulte that are té be presented in this
thesis are preliminary in nature. These data were taken as "typical
results" from apprdximately 50 heat-transfer tests in which the flap
angle and unit Reynolds number were varied. A complete presentation
of the heatQtransfer tests will be forthcoming in a future paper,
where the experimentsl dats will be compared with Holden's theory

(ref. 43).
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Three typical comparisons, of the heat-transfer theory with
~ experimental data, are shown in figure 37. The information in
figuie 37 is preaented only for the region upstream of the hinge line.’
It can be seen (fig. 37) tbat the hest-transfer théory,(describedfin
detail in appendix C, predfcts the general downward trend-but doés
| not follow the heating ratio exactly, In the reduétibn of the data
the measuréd values of q were divided by the theoietical flat-plate
value of q at the beginning of the interaction region. The flaf- -
plate value of ¢ was calculafed from the local similarity soiutions

of Beckwith and Cohen (ref. 25); the local similarity values. of
6

st Re, for a unit Reynolds nunber range of 0.22 x 10° to 4.3 x 10°
per foot varied from 0.393 to 0.405 due to changes in the local flow
conditions. The flat-plate values of g were evaslugted a$‘the X/L
location corresponding to the beginning of the‘interaction.region
found in figure T. There was good agreement betweén the measured and
calculﬁted value of ¢ in the area of flow upstream of the interaction
region. |

One reason for the lack of better agreement between the heat-
transfer theory and experiment is believed to be due to the limitation
in the Lees and Raeves; method of a one-parameter family of velocity
and enthalpy profiles. In a ?ecent paper by Holden (ref. 43) for the
solution of the shock-wave boundary-layer interaction, the energy

equation was added to the three basic equations which were used in

the Lees and Reeves' method. Holden's method of solution is quite
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similar to that of lL.ees and Reeves; however, his use of the energy
equation, and the use of the two-parameter method for deﬁcribing the
~ velocity énd enfhalpy profiles, has ensbled him to obtain good

theoretical agreement with the measured heat-transfer data.
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X. CORCLUDING REMARKS

The'Lees and Reeves' (ref. 4) theory, for a shdck~wave‘boundamy5
layer interaction; has been applied io the éase of a flat plate with
a relatively short (20 percent chord) trailing-edge flap. Célcu-
lations, by this theory, wéfe carried out from the beginning of the
inﬁeraction region to downstream of reattachment on the flap;khowever,'
only the calculation for the region from the béginning of the
interaction region to fhe maximum extent of the laminar plateau
region was used. The results for the flow over the flap were not
uged because the extent of the theoretical flow over the flap‘was

found to be considerably longer than the actual extent of the 2-inch-

long flap. The Lees and Reeves' solutions were joined to the upstream_ _

boundary layer by matching the momentum thickness of the two flow
regions at the experimentally determined point for the Beginniné of
the interaction region. Agreement between the separation pressure |
data and the Lees and Reeves' theory was found to be good. Lees and
Reeves' upper and lower branch boundary-layer parameters, for a wall
to total temperature ratio of 0.6, were célculated frdm local
similarity boundagry-layer solutions and then poiynomials were curve
Tit to the parameter for use in the separated flow solution. The
working plots of flat-plate momentum thickness, momentum thickness

at the beginning of the Lees and Reeves' solution, and pressure

distributions, used to predict the pressure, are contained herein.
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The range of free-stream Mach number, and unit Reynolds number, for
the working plots is 7.4 to 7.8, and 0.22 x 106 to 4.3 x ;06 per
foot, respectively.

The results of an exﬁensive surface oil—flov study, conducted at |
room-temperature wall conditions, showed that for.puré 1aminar’
separation an increase in unit Reynolds number will move thé sepa-~
ration point upstream; however, when the boundary layer becomes
transitional an increase in unit Reynqids number will move the
separation point toward the hinge line. It was also found that the
use of side plates and an increase in the size of the flap angle
increased the extent of separation. The flap-angle reattachment
point, according to the oil-flow study, showed that for a glven
unit Reynolds number the point of reattachment changed very little
with a change in flap angle from 10° to 30°. ‘

The pressures measured on the 30° flap at a unit Reynolds
number of 2.65 x 106 per foot indicated a pressure rise of approxi-
mately 58 percent over the obligque shock reattachment value. The
reason for this rise in pressure is helieved to be due to a quasi-
isentropic compression occurring through a series of waves rather
than a single shock. Similar pressure rises, only to a lesser
degree, are noted for the 206 flap angles for unit Reynolds numbers

6 to 4.3 x 106 per foot.

from 2.65 x 10
The measured separation flow-deflection angles and shock-wave
angles, for wall to total temperature ratios of 0.14%, 0.43, and

0.74 - which were taken from a schlieren study - indicate gqualitative
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agreement with the measured pressures and the theoretical calculations
made using the Lees and Reeves' theory. The schlieren photographs,
used for these measurements, are contained herein. The measured
values of plateau pressure are, for the most part, slightly léss than
the separated layer obligque shock values and slightly more than the
values predicted by the Lees and Reeves' theory (for platéau:
pressure) .

The wall-temperature effects at wall to total temperature.rétioé
of 0.1%, 0.43, and 0.T4 indicated the following:

(1) For a flap angle of 10° the wall-temperature effecté, for
TW/Tt = 0.43 and 0.74, on the pressure rise to the plateau, were
negligible for unit Reynolds numbers from 0.29 x 106 to 2.65 x lO6 per.'
foot, and agreed well with the theory of Lees and Reeves'  for
TW/Tt = 1.0 and TW/Tt‘= 0.6.

(2) For flap angles of 20° and 30° at unit Reynolds numbers of
0.29 x 106 per foot and 0.42 x 106 per foot the tests at Tw/Tt = 0.15
had the highest plateau pressure level, the Tw/Tt = 0.T4 the next
highest level, and the Tw/Tt =’O.43 the lowest level. The
Tw/Tt = 0,43 data showed the closest agreement to the Lees and
Reeves' theory for TW/Tt = Of6 and Tw/Tt = 1.0.

(3) For flap angles of 20° and 30°, at unit Reynolds numbers

of 0.65 x 106

and 1.46 x 106 per foot, the plateau pressure, for all
three wall-temperature ratios, was nearly the same and is in close
agreement with the Lees and Reeves' theory for Tw/Tt = 1.0 and

TW/Tt = 0,6.
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(+) For flap angles of 10°, 20°, and 30°, at unit Reynolds
numbers of 2.65 x 106 per foot and 4.3 x 10° per foot, the effect
of wall cooling tende to significantly reduce the extent of
separatlion.,

(5) For a unit Reynolds number range of 0.22 x 106 per foot fo
1.0 x‘lO6 per foot the point of separation, for & 20° flap, Shows:
(a) that the highly cooled wall Cﬂw/Tt = O.lh) has the greatest
extent of separation; (b) the hot wall CIW/Tt = 0.74) has the next
greatest extent; and (c) the room-temperature wall (F[‘W/Tt = O.h3)
has the leasf extent of separation. These resulﬁs vere taken from
a study of the schlieren photographs.

6 to 4.3 x 106 per

(6) TFor a unit Reynolds number from 1.0 X 10
foot an increase in wall cooling markedly decreased the extent of
separation and also reduced the level of the plateau preségre.

The viscous interaction theory of Bertram and Blackstock.in
reference U4 agreed well with the experimental flat-plate data for
TW/T£ = 0.4% and 0.7k,

A correlation of the plateau pressure with the loecal Mach
number and Reynolds number at the beginning of the interaction showed
reasonable agreement with the theory of Hakkinen, Greber, and
Trilling. |

The effect of_side plates on the model as compared to the results
with no side plates showed: (1) a reduction in the three dimension-

ality of the flow in the separated region, (2) a slight increase in

the plateau pressure level, and (3) a considerable increase in the
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extent of separation. The variation of the extent of separation with
a change in unit Reynolds number was the Bamebfor the condition with

and without slde plates.
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XI. SUMMARY

An'experimental investigation was made of the flow separation‘
on a flat-plate model with a trailing-edge flap deflected at angles
of 10°, 20°, and 30° relative to the plate surface. These tests
were conducted at a nominal Mach number of 8 and a nominal unit
Reynolds number (per foot) ranging from 0.22 x lO6 to 10.9 x 106,
Pressure measurements gnd schlieren studies were made for wall to
total temperature ratios of 0.14, 0,43, and 0.T4. Surface oil-flow
studies were conducted at a wall to total temperature ratio of
0.43. ILocal similarity boundary-layer calculations were made
" upstream of the interaction region. Properties of the interaction
and separated flow region were calculated using the Lees and Reeves'
shock~wave boundary-layer interaction theory.. The two theorles wére
Joined at the beginning of the interaction region by matching thelr
boundary-layer momentum thicknesses.

The results showed good agreement between the experimental and
calculated pressures for adiabatic and room-temperature wall
conditions. The oil-flow study showed tﬁe variation in the extent
of separation, with a change in unit Reynolds number, for both
laminar separation and transitionsl separation.  The effect of wall
cooling, for transitional separation, showed a reduction in the
extent of separation. The peak pressure rise, on the flap, for
conditions where the separated shock impinged on the flap, were as

high as 58 percent above the inviscid flap pressure.
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XVI. APPENDIXES
APPENDIX A
LEESAND‘ REEVES" SOLUTION FOR THE LAMINAR SEPARATED BOUNDARY LAYELR

.ThevLeesvand Reeves' theory (ref. ﬁ) gives fhe,solution for the:
Aléminaf boundaxry layer’in which a pressure disturbance is propagafed
'upstrea_m. through a ,supérsanic flow. A pressure disturbance may»be
‘geharated by & shock wave.impinging on the boundary layer or it may
be céused by a trailing-edge flap = thekLees and Reevés' theory may
be a@?lied to either of the two types of disturbanées; The theory,
and‘its’calculations‘as used in this thesis, applies at the beginning
 0£.£he Intersction region and is used'to the point of the:shock
'jiﬁpingement (the hinge line) for the cases where the temperature
retio is T[T, = 0.6 and T [T, = 1.0, The flow field om the flap
vas determined by this theory for a few cases but it was found that
rthe extent of the calculated region over the flap was considersbly
longér than the actual size of the flap on the model.
~ The Lees and Reeves' method requires.a solution of the first

moment of momentum, the zeroth moment of momentum, and the
conservation of meass equations coupled with an ihviscid streamline
and Prandtl-Meyer solution. The method gives the solution for the
'1’boundary l@yer and the flow external to the boundary layer within the
framework of & single parameter family of velocity profiles. This

‘one parameter determines the velocity and enthalpy profile for
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specified regions of attached and separated flows; yet 1t is not
directly related to the local static pressure gradient. The local
pressurergradient'is determined from the local inviscid flow
inclination and the Prandtl-Meyer solution.

For the Tw/Tt = 1.0  conditions the Stewartson (ref. 42) dnd' |
the Cohen and Reshotko (ref. hl) boundary-layer solutions were used
to evaluate the integral parameters used in the Lees and Reeves'
solution. For the case with heat transfer, Tw/Tt = 0.6, the boﬁndary-‘
layer profiles were calculated from the local similarity solutions
with  Pr = 1.0, CP = Constant and pu = constant. These boundary-layér
solutions were used to calculate the integral parameters (see |
appendix B). These integral parameters were then curve fitted (by &”»
polynominal expression) as a function of the single parameter, ’a,
used to describe the entire family of-velocity‘profiles for both
attached and separated flows. The fitted curves, of the integral
parameters, for TWITJG = 0.6 are tabulated in appendix B. The local
similarity solutions reduce to a solution which is the'same as that
of Cohen and Reshotko (ref. 42) when a Prandtl number of unity and s
constant heat capacity are used.

The Lées and Reeves' method of calculation starts at the point
of separation and moves upstfeam until a flat-plate (Blasius type)
solution is reached at the upstream "end" of the interaction. The
value of loéal Mach number and unit Reynolds number are fixed at the
point of separation and the value of transformed displacement

thickness at the point of separation is iterated for until the proper
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upstream.solutign.is found at the begiﬁning of the infaraction region;
The conditions needed to satisfy the two-point boundaryfvalue problem |
are (1) the rate O:fv’k change with respect to’ the trra',ns'fomedv z
distance of the local Mach number and (2) the éha,pe* parame;ter :
approach zero as the paraméter describing the family of velocity
profiles approaches the zero pressure gradient'va$ue for attached,k
flow. Aftér the correct value of the displacemént thickness, at the |
-ﬁoint of separation, is found the solution movas,downstréam into the
separated flow region. The basic aquafions used ih‘the method‘are
noted below. Equations A1l to AL were integrated by a fourth-
order Runge-Kutta integration procedure which extrapolates to a zero
interval size as a correction factor. ALl equations wéie intégrated

 using Bt* as the independent variable; they are

: @(%%)@g)’ | - | (A-1)

,dMe » (N1 Me ' :
--—-—dst* = M’e =% _S-F 3 , (A—2)

da._'é‘
= =
dﬁt

= M 5, ¥\ | '
ax = (a.w ) et aH dJ) . Nt e
-—-—-—dat* =X = oy = 5'15*(-('3.-;) (.d—ﬁ a+dJd+ (5J + ESWT*_.IV[’: ol

(&-3)

and
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) /s T :
2 +(3J+2‘svm*)(ﬁ§j-)ﬁe}; R : . | ,}'(A-lm')

vhere '

RTINS ST e @ @)

Va 1.812 x 108(im‘+ 201;6) P

- ) 09, ] E . : .
Yo T Tf’ . ? . ’ (A-5). oo |
m = Z.._g..l Me'a, o | o V(A-G,) N
R ;-Ma*(l 812><10) T ‘+k201 6) P°°f | (A.7)
ey, * ( T2°
- \

) V*Fw «filiVM -1>-twl Qﬁgwfzc»m

- VR [ }—tml(\fﬁ)w)
o O, . (a20)
@-)-o)y G

~ (l+m)tan(H)

S YR L o)
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o [{——«}][] SECIOR S
o [(3, )] [(masm_ (M)(%)}A

‘ “1{&;{3'] [R p (%)] b (P + ) [J.H (%):l | : (A-;‘l5)g ke

o Coim E{(Nwswm*)-fﬂy(mwh)

o ox [f - (20 + ;Lﬂ, | _ o (A-16)

and

(P+h)[ 3J+EST*)J [f-(2H+l][R+h(g%ﬂ’ «

(a-17)
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'.!.'Iisééa additional equetions are used in the solution:

/71

" (a-18)

[y 7+#1/2(7-1) AR
- N B¥ = 5f* (ifziﬁfs' | [El + E%J + @e%], (4719) 

q'nd
'E%;::;IT .

l+n L 0 (a20)
. » o
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* APPENDIX B

LEES AND REEVES' BOUNDAR¥ LAIER PARAMETERS

FOR T T, = O 6

t

The curve fit parameters, for the boundary-layer integral

;paramaterg, for T /Tt~= 0.6, that vere used in the Lees and Reeves'

~ calculation are listed in tables 1-A and 1-B for attached and

séparamed'flbﬁ;pargM¢ters, respectively. These parameters were -

‘ ~calcula$ed ffom'local similarity solutions using a Prandtl_number’

of unity aﬁd constant heat capacity. The intégralfparaméters, in

the notation of reference 2, are:

3)
- Jf, ' (1~ £') dn
Yo . :

-
H= : —

| f5 (t-£)an :

o

3]
f £ (1 - £2) an
o v

j@kﬁgf%m'

Q

5 ,
P £l \/; (¢ - £) an

_ s 5
D 1 "2
Rz-EL.(Q-f)dn.J;(f )2 an

(341)

(B-2)

- (B-3)

b(B-h)



: 5‘
, f (§-1>dn |
T* = o (B5)

f (é - £ dn‘.

and

g

q— 15 (-6)
Jf (§ - £') dn
o .

The value of f', at the edge of the boundary layer, was takén ag
£ 0.9995 for all calculations. The parameters (B-1) to (B-6) were
- fitted to various order polynomials by‘the method of least squares,
&8 a»functianof the M parameter defined by the Lees and Reeves'

method, The Parameters H, J, P, R, T*, and Z,flisted in tablea

L 1-A and 1-B, are defined in (B—l)‘to (B-6) (ab¢ve) while‘ t'w gna’ ‘

mB are defined in appendix C.
. The polynomials, listed in tables 1-A and 1-B, occur in the

general form

H-A+Ba+Ca>+Da’ + Ea' + Fad # Ga® + Hal

and vary from Lth order for the attached flow parameter to as high -

' as Tth order for separated flow.
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APPENDIX C
HEAT TRANSFER iN THE SEPARATED REGION

The Lees and Reeves' method has been extended; to obtain heaﬁf
transfer, by using the slo@e of the enthalpy profile at the wall
(&) ~ corresponding to a given velocity and enthalpy profile
which are defined in terms of the single parameter "a", The
enthalpy and velocity profiles were calculated from lbcal’similarity
solutions for an Tw/Tt = 0.6, Pr = 1, pu,‘and Cp = constant, A
polynomial for {' =~ as a function of the single parameter "a" is
given in appehdix B for both separated and attached flovs.

The heat-transfer expression is derived from the basic definition

of the heat transfer through a boundary layer to a wall; that is,

oT\ :
9 = KW(SSF)W (c-2)
Then, by using the Stewartson transformgtion,
P a a_ p ) ‘
= e e T e
= e d%, AT = - d -2
d-}g Poo ™ %2 z’ 8% pco v (C )

with the definition of the enthalpy function

(ht)w (c-3)

and a longitudinal veloeity description of

lel
o

= _29_ u (C-’-’-)
ae
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‘along with the definition

- (e-5)
- where
' B
R=5TF
results. in the heat-transfer expression
o =g \[2EE E) (e ) e
. P, R 2 e\ T, p.tz -Sw"’l | _

The parameters ,' 8 énd m, which are subst:lmted into _
B eguatioh (C~6), are plotted in figures 38 and 39 as & function of the
"vi"e'es and Reeves'v ?arameter "a", The transformed upstfeam :El_bw
(fig. 40) was uged_ to Join the upstream X history with the value
of X from the Lees and Reeves' solutioh. The value éf X, from
figure 40, was selected at the X/L position corresponding to the
~ beginning of the interaction region, obtained from figure 7 for a
given flap angle and unit Reyriolds pumber. The transformed value
of _'}'i’_ at the beginning of thé interaction. region was added to the
_ecalculated value of z from the Lees and Reeves' solution at each
péint of calculation. The sum of these two values (of X) was then

used as the value of X in equation (‘0-16) .
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Figure 6.~ Mach 8 tunnel apparatus, showing

pressure model
with upper side plates.
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