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Summary

An experimental investigation was conducted to

determine the aerodynamic characteristics of two store

shapes as they were separated away from the lee side of a

flat plate at Mach 6. The flat plate was inclined at 15 ° to

the free-stream flow to provide a separated flow region

through which the stores were traversed. Flow visualiza-

tion data (oil flow and schlieren photographs) showed

that the flat plate lee-side flow field actually consisted of

a separated flow region, a separation shock wave, an

expansion fan region, and a weak shock wave from the

leading edge of the plate. The two store test shapes were

a cone cylinder and a roof delta. Force and moment data

for the stores were obtained as they were traversed in

0.5-in. increments from a position near the flat plate sur-

face into the free-stream flow. The angle of attack of the

stores was held constant at either 0 ° or 15 ° as they were

separated away from the plate.

The results of this investigation showed that both the

cone cylinder and the roof delta had unfavorable store

separation characteristics (i.e., a nose-down pitching

moment and a negative normal force) at an angle of
attack of 0 °, which would tend to force the store back

into the flat plate. At an angle of attack of 15 °, the cone

cylinder store had favorable separation characteristics

(i.e., a nose-up pitching moment and a positive normal

force), which would tend to force the store away from the

flat plate. However, at an angle of attack of 15 ° and

small separation distances, the roof delta had indetermi-

nate store separation characteristics, which were a conse-

quence of the store normal force and pitching moment
alternating between small positive and negative values as

the separation distance increased. However, at greater

store separation distances, the roof delta had favorable

store separation characteristics. The store separation

results for the cone cylinder and roof delta were caused

by the local flow inclination relative to the stores as they

were traversed away from the flat plate through the sepa-

rated flow region, separation shock wave, expansion fan

region, leading-edge shock wave, and then into the free-
stream flow.

Introduction

One method of improving the survivability of a mili-

tary aircraft in modem battlefield environments is to

increase its speed and thus decrease the time of aircraft

exposure to hostile situations. Although this increase in

speed can improve the aircraft survivability, it can create

problems when releasing stores from the aircraft. For

example, references 1-5 have shown that stores released

at supersonic speeds from certain weapons bay configu-

rations can have adverse separation characteristics that

cause stores to pitch up into the parent launch vehicle.

(This store separation motion is primarily caused by the

aerodynamics of the weapons bay.) Recently, the feasi-

bility of carrying and releasing stores from vehicles at

hypersonic speeds has become an important issue. (See

refs. 6--8.) However, conventional store carriage (i.e.,

carrying stores underneath an aircraft in either a weapons

bay or on the surface) cannot be used with currently pro-

posed hypersonic vehicles because propulsion systems of

these vehicles are integrated across the entire bottom sur-

face of the aircraft. Hence, the studies in references 6

and 7 have primarily focused on methods of carriage and

release of stores from either the aft end or the top surface

of the aircraft. In addition to avoiding interference with

the aircraft propulsion system, these store carriage meth-

ods have the potential to reduce both the aircraft radar

cross-section signature and the installed store drag; the

stores are shielded from the free-stream flow either by

internal carriage or by external carriage in the separated

flow region on the top surface of the aircraft. For internal

carriage, the stores would be carried in tubes located in

the aft end of the parent launch vehicle and released

though its wake. (See ref. 7.) For external carriage, the

stores would be mounted on the top surface of the aircraft

and released through the separated flow region on the lee

side of the aircraft. Some results have been computed for

external carriage release and are presented in reference 6.

However, little experimental data are available in the lit-

erature for aerodynamic characteristics of a store as it is

separated from the lee side of a vehicle and moved into

the free-stream flow at hypersonic speeds. Most avail-

able experimental data deal with the separation of two

equally or nearly equally sized bodies (e.g., the Space

Shuttle Orbiter and external tank) rather than of a large

parent launch aircraft and a relatively small store. There-
fore, an experimental investigation was conducted to

determine the aerodynamic characteristics of a store as it

is separated from the lee side of a vehicle and moved into
the free-stream flow.

Wind tunnel tests were conducted by representing

the parent launch aircraft with a flat plate that was
inclined at 15 ° to the free-stream flow at Mach 6. The

incidence angle of 15 ° was high enough to provide a

separated flow region over the fiat plate without causing

wind tunnel blockage. The flat plate simplifies the over-

all flow field so that the separation characteristics of the

store could be measured in a less-complicated two-
dimensional flow field rather than in the three-

dimensional flow field of an actual aircraft. In addition,

the flat plate permitted the use of larger store models and
balances than could be used with an actual aircraft

model; the model would have been sized for a small

hypersonic wind tunnel test section, and the resulting

stores would have been too small for existing balances.
Forces and moments on each store were measured at



discrete heights above the flat plate surface as the store
was vertically traversed through the lee-side flow field
and into the free-stream flow. The test stores were a cone

cylinder and a roof delta. The angle of attack of the stores
was held constant at either 0 ° or 15° as the stores were

traversed away from the flat plate.

Symbols

Aerodynamic force and moment coefficient data are
presented in the store body-axis coordinate system. The
moment reference centers of the cone cylinder and roof
delta are located 3.50 in. and 4.58 in., respectively, aft of
the model nose. (See fig. 2.)

A reference area, inz (fig. 2)

CA axial-force coefficient, Drag forceqA

Cm pitching-moment coefficient,

Pitchin_ moment
qAt

Normal force
CN normal-force coefficient, qA

h store separation distance, in. (fig. 3)

l reference length, in. (fig. 2)

M free-stream Mach number

P0 free-stream stagnation pressure, psia

q free-stream dynamic pressure, psia

Re free-stream unit Reynolds number, per ft

TO free-stream stagnation temperature, °F

a angle of attack, deg

Experimental Methods

Model Description

A fiat plate at an angle of attack of 15° was
mounted on the tunnel floor with two support struts as
shown in figure 1. Both support struts had wedge-shaped
leading edges with an included angle of 30 ° and were
located sufficiently downstream of the plate leading edge
to prevent interference with the lee-side flow field. The
plate was 11.5 in. wide by 21 in. long with a leading-
edge wedge angle of 10° so that an attached shock wave

could be maintained at the leading edge. The plate trail-
ing edge had a wedge angle of 15° to aid in turning the

windward surface flow parallel with the free-stream flow
without separating and causing disturbances in the fiat
plate lee-side flow field.

The stores used in this investigation consisted of a
cone cylinder and a roof delta as shown in figure 2. Both
stores were originally designed to be 7.00 in. long; how-
ever, a machining error occurred during the fabrication
of the roof delta and its overall length was reduced by

0.13 in. The stores were designed to be as small as possi-
ble to fit an existing water-cooled balance and still be
immersed in the flat plate separated flow field at the low-
est store separation height. Another strut located 6.0 in.
aft of the plate trailing edge supported the sting holder,
sting, balance, and store model. (See fig. l(b).) Because
of sting bending stress considerations, the sting diameter
was increased near the sting holder; however, a constant
minimum sting diameter was maintained for at least
three-store diameters from the base of the store to mini-

mize sting effect on the measured forces and moments.
The strut extended through the tunnel floor plate and was
supported with a bracket. The leading-edge wedge of
both the strut and bracket had an included angle of 40 °.
The strut length above the flat plate was manually
adjusted in 0.5-in. vertical increments with a shoulder
bolt in the support bracket. Two different struts were
used to hold the stores at an angle of attack of either 0 °
or 15 °. The total vertical movements of the struts at

angles of attack of 0* and 15 ° were 7.5 in. and 9.0 in.,
respectively; the difference resulted from the require-
ment that the entire store be located in the free-stream

flow at the highest vertical position. Figure 3 shows the
location of the stores relative to the flat plate at the low-
est store separation height and the sign convention used
for the store separation height h. The nose of each store
was located 11.38 in. from the plate leading edge (mea-
sured along the flat plate surface) at the lowest separation
height.

Wind Tunnel

The tests were conducted in the Langley 20-Inch
Mach 6 Tunnel. (See fig. 4.) This tunnel is a blow-down
facility that has a fixed-geometry two-dimensional noz-
zle with parallel sidewalls and a test section that is 20 in.
wide by 20.5 in. high. High-pressure air is supplied to the
tunnel from a storage bottle field and is discharged into a
60-ft-diameter vacuum sphere which can be connected to
a 100-ft- and/or a 40-ft-diameter vacuum sphere to obtain
additional run time. The supply air is heated with an elec-
trical resistance heater to prevent air liquefaction. The

tunnel has a stagnation pressure range of 45 to 515 psia
and a stagnation temperature range of 290 ° to 5400F.

The tunnel is equipped with a model injection mecha-
nism to reduce starting and stopping loads on the model.
A more detailed description and the calibration of the
facility are presented in the appendix of reference 9.



Test Conditions

The tests were conducted at the following average
test conditions:

M=6

P0 = 100 psia

T O = 360°F

q = 1.60 psia

Re = 2.06 x 106 per foot

The high-pressure air used in the facility was sufficiently
dried and heated to minimize water condensation and

prevent air liquefaction at the test conditions. Boundary

layer transition grit was not applied to the leading edges

of either the flat plate or the stores.

Measurements and Data

Forces and moments on the stores were measured

with a six-component electrical strain gage balance. The
balance was water cooled to minimize thermal gradients

within the balance from aerodynamic heating of the store

models. Two thermocouples were mounted on the for-
ward and aft sections of the balance to monitor thermal

gradients during each test run. Although all six balance

components were measured, only longitudinal force and

moment data are presented in this report because the

symmetry of the models resulted in insignificant lateral
forces and moments.

A typical test run began with the model retracted in

the tunnel injection pit. (See fig. 4.) After tunnel flow
was established, the model was injected into the flow,

and the tunnel stagnation pressure and temperature were

increased to the required test conditions and allowed to

stabilize. Typically, test data were acquired every 10 sec

for approximately 2 to 3 min to determine when the store

base and chamber pressures settled completely. When

the data acquisition process was completed, the model

was retracted into the injection pit, and the tunnel flow

was stopped.

Both base and balance chamber pressures were mea-
sured on the roof delta. Because a chamfer on the rear of

the cone cylinder eliminated the base area entirely, only

balance chamber pressures were measured on the cone

cylinder. Chamber pressures were measured on each

store with two tubes located in the vicinity of the bal-

ance. Base pressures were measured at two locations

(fig. 5) on the roof delta with tubes that were routed

along the sting and bent so that they were perpendicular

to and in close proximity of the base. The base pressures

and chamber pressure data were averaged separately and
used to correct the force and moment data to a condition

of free-stream static pressure acting over the appropriate

base and chamber areas. (See fig. 5.) The magnitude of
these corrections on the axial-force coefficient for both

stores are shown in figure 6.

Schlieren photographs of the flat plate model were

taken during this test. The schlieren system knife-edge

was oriented parallel to the free-stream flow to highlight

density gradients in the vertical direction. For this knife-

edge orientation, increasing density gradients in the

upward direction appear as white areas in the photo-

graphs. The appendix presents schlieren photographs

(figs. A1-A4) of both stores at all separation heights.

Oil flow photographs were taken to document the

flow field on the lee side of the fiat plate. The technique

used for the oil flows consisted of painting the flat plate

black and wiping the surface with a lint-free rag soaked
with oil having a kinematic viscosity of 50 centistokes

(dimethylpolysiloxane silicone fluid) so that a thin base

coat of oil covered the plate. Individual drops of oil with

a kinematic viscosity of 50 centistokes mixed with white

acrylic oil-based paint were applied on the flat plate with

a hypodermic needle and syringe in a grid pattern with a

spacing of approximately 0.5 in. between oil drops for

the first 7.0 in. of the plate and 1.0 in. between oil drops
for the remaining length of the plate. The procedure used
for the oil flow tests differed from that used for the force

and moment tests; the model remained in the injection pit

out of the tunnel flow until the stagnation pressure and

temperature stabilized at the required test conditions. The

model was then injected into the flow for approximately

15 to 20 sec before being retracted. Photographs were

then taken of the resulting oil flow streak patterns.

The uncertainty of the force and moment data was

determined from the quoted accuracy in table I for the

balance, which is *-0.5 percent of the full-scale output of
each balance component. The accuracy of each balance

component in pounds or inch-pounds was reduced to

coefficient form and resulted in the approximate coeffi-

cient uncertainties in table II. These uncertainty values

do not account for all possible sources of experimental

error but do indicate an order of magnitude of the uncer-

tainty of the coefficient data. Because the purpose of this

test was to determine major trends in the data and not to

provide absolute coefficient values, a more extensive

uncertainty analysis was not performed. The experimen-
tal data from this test are tabulated in table III.

Discussion of Results

Flat Plate Flow Field

Before store separation data were obtained, flow
visualization tests were conducted to document the lee-

side flat plate flow field without stores present. Oil flow



and schlieren photographs of the flat plate are shown in

figure 7. The oil flow photograph shows that the flow

expanded around the plate leading edge and remained

attached to the plate surface for approximately 5 in.

downstream of the leading edge. The oil flow drops

along the edges of the plate show a slight outward flow,

which is probably caused by edge vortices. The effect of

these edge vortices appears to be limited to the outer

1.5 in. of the plate edges. A recirculation region occurs

approximately over the last 2 in. of the flat plate. Because

the stores were located on the flat plate centerline and

were more than 2 in. from the plate trailing edge, the

effects of the edge vortices and the trailing-edge recircu-

lation region on the store separation characteristics were

probably minimal.

The schlieren photograph of the flat plate flow field

shown in figure 7(b) also indicated that the flow sepa-

rates from the flat plate approximately 5 in. downstream

of the leading edge. The dark line emanating from the

separation point is a shear layer that delineates the sepa-

rated flow region. A separation shock wave is indicated

by the white line emanating from the separation point. A

weak shock wave is attached to the flat plate leading

edge and is caused by a combination of the plate leading-
edge bluntness and the initial boundary layer growth on

the plate. With the oil flow and schlieren photographs as

guides, a sketch of the flat plate flow field was created

and is shown in figure 8. Because the flow expands

around the plate leading edge and remains attached to the
plate, the maximum Mach number based on inviscid

isentropic expansion on the lee side of the plate is

approximately 9.2. Figures 9 and 10 include sketches of
the stores at all of the separation test heights super-

imposed on the flat plate flow field sketch. These

sketches clearly indicate that none of the stores were

completely submerged in the separated flow region even

at the lowest store separation height, although at

a = 15 °, the stores are nearly submerged. Examination

of the schlieren photographs (figs. A1-A4) in the appen-
dix indicate that the interaction of the store with the flow

field generally causes the separation shock wave to

nearly disappear when the stores are at the lowest or next

to lowest separation height. Although the flow field

sketches in figures 9(a), 9(b), 10(a), and 10(b) do not

show this effect, they do show the salient features of the

flow field, can be of considerable assistance in interpret-

ing the store separation data, and are used as the basis of

the data analysis which follows.

Store Separation Characteristics

Cone cylinder. The store separation characteristics

of the cone cylinder are shown in figure 9(c). At ct = 0 °,

the normal force remains slightly negative for the entire

store separation distance until the store was virtually in

the free-stream flow at h = 5.89 in. (See fig. 9(a).) This

negative normal force is caused by the local downward

flow angularity relative to the store centerline, which is a

result of the expansion fan at the plate leading edge. As

the store was moved closer to the free-stream flow, this

flow angularity decreases, and the normal force on the

store increases toward zero. At the lowest separation

height, the pitching moment is near zero, as would have

been expected, because the store was partially sub-

merged in the low-q separated flow region. As the store

height was increased to h = 0.89 in., a significant nose-

down pitching moment occurs, which is caused by a

larger portion of the store nose being out of the separated

flow region. At h = 2.39 in., the store was entirely in

the expansion fan region, and the pitching moment

becomes less negative as h increases because the flow

angularity decreases. Pitching moment becomes positive
as the store moved into the free-stream flow at

h = 5.39 in. At this position, the store nose was par-

tially in the free-stream flow, and the store tail was in the

expansion fan region (local downward flow angularity),

which causes the positive pitching moment. AS h

increased, the store moved completely into the free-

stream flow; C m decreases and approaches zero. Over-
all, these data for a = 0 ° indicate that the cone cylinder

has unfavorable store separation characteristics (i.e., neg-
ative normal force and pitching moment), which would

tend to force the store back into the flat plate. The pri-

mary factor influencing the store separation characteris-

tics appears to be the flow angularity relative to the store

as the store traverses the various flat plate flow fields.

The data for the cone cylinder at ct = 15 ° are sig-
nificantly different from the data at ot = 0 °. At the low-

est separation height (h = 0.92 in.), the store was almost

completely submerged in the separated flow region and

CN is essentially zero. Normal force becomes positive

and remains nearly constant as the store traversed the

separation shock wave region ( 1.92 in. -: h < 3.42 in.).

AS h continued to increase, C N steadily increases and
then levels out as the store moved into the free-stream

flow. Again, this behavior is caused by the change in

local flow angularity relative to the store as it traversed

the expansion fan region and moved into the free-stream
flOW.

The store pitching moment increases from slightly

negative to positive as the store moved from the sepa-

rated flow region and partially through the separation

shock wave. At h = 2.42 in., Cm decreases sharply but
still remains positive. At this position, the store nose was

in the expansion fan region, and a portion of the tail had

moved from the separated flow region into the separated
shock region. The local flow angle relative to the store

centerline at the tail was greater than that over the nose



becauseof theflow turning caused by the separation

shock wave. This flow angularity tends to pitch the tail of

the store upward and thus decreases the overall store

pitching moment. Pitching moment increases steadily
from h = 2.92 in. to 5.92 in. where the store nose was

almost completely in the free-stream flow. As the store

moved farther into the free-stream flow, C m decreases
and then levels off. This characteristic is caused by the

increase in the local flow angularity relative to the store

eenterline over the aft part of the store as it moved into

the free-stream flow from the expansion fan region. In

general, the cone cylinder at ct = 15 ° has favorable sep-

aration characteristics (i.e., positive normal force and

pitching moment), which would tend to force the store

away from the flat plate.

Roof delta. The store separation characteristics of

the roof delta are shown in figure 10(c). At ct = 0 °

and the lowest separation height, only the store nose
was in the separated flow region. At this position, the

store normal force is negative and decreases slightly as

h increased and the store moved into the expansion

fan region. Normal force reaches a minimum at

h = 4.40 in., which is the greatest value of h where the

store was completely in the expansion fan region. As the

store moved into the free-stream flow, C N increases
slightly before leveling off. The store pitching moment

remains near zero but slightly positive for h < 5.90 in.

except for h = 0.90 in. where Cm is slightly negative.
For h > 6.40 in., the flow field sketch (fig. 10(a)) indi-

cates that the store should be completely in the free-

stream flow; however, C m varies between negative and
positive values in this region. Schlieren photographs at

these separation heights show no disturbances that would
interfere with the store and the cause of the C variation

m

in this region is unknown. Overall, these data show that
the store has adverse separation characteristics (i.e.,

essentially zero pitching moment and a negative normal

force), which would tend to force the store back into the

plate as was the case for the cone cylinder store at
o.=0 °.

The roof delta data at et = 15 ° is significantly dif-
ferent from the data at ct = 0 °. Normal force remains

near zero for 0.40 in. < h < 3.90 in. as the store moved

through the separated flow field, through the separa-

tion shock wave region, and into the expansion fan

region. As h increased, C N steadily increases and levels
off as the store moved completely into the free-

stream flow. Pitching moment alternates between small

positive and negative values as the store traversed the

separated flow region and the separation shock wave

(0.40 in. < h < 2.40 in.). For h > 3.40 in., C m remains
positive and increases steadily up to a maximum at

h = 5.90 in. At this point, the store nose was in the free-

stream flow, and the tail was in the expansion fan region.
As the store moved farther into the free-stream flow, C

tn

decreases sharply. This decrease is probably caused by

the variation of the flow angularity relative to the roof
delta as it moved into the free-stream flow as did

the cone cylinder. In general, the roof delta store at

ct = 15 ° has indeterminate separation characteristics

for h less than approximately 4 in. because the store nor-

mal force and pitching moment alternate between small

positive and negative values in this region. (Here, inde-

terminate separation characteristics means that the

actual dynamic store separation characteristics cannot be
ascertained from the static test data.) However, at greater

values of h, the store has favorable separation character-

istics as the store pitching moment and normal force

become positive.

Conclusions

A wind tunnel investigation was conducted to deter-

mine the store separation characteristics of two different

store shapes from the lee side of a fiat plate at Mach 6.

The flat plate represented a parent launch aircraft and
was inclined 15 ° to the free-stream flow. The store

shapes consisted of a cone cylinder and a roof delta. The

stores were traversed away from the flat plate at a con-

stant angle of attack of either 0 ° or 15 °. Force and

moment data were obtained at discrete separation dis-

tances from the flat plate surface. The following are the

major conclusions of this investigation:

1. Both the cone cylinder and roof delta stores had unfa-

vorable store separation characteristics (i.e., negative
normal force and pitching moment) at an angle of

attack of 0 °, which would tend to force the store back

into the fiat plate.

2. At an angle of attack of 15 ° , the cone cylinder had
favorable store separation characteristics (i.e., posi-

tive normal force and pitching moment), which would

tend to force the store away from the fiat plate. In con-

trast, at an angle of attack of 15 ° and separation

heights of less that approximately 4 in., the roof delta

store had indeterminate store separation characteris-

tics because the store normal force and pitching

moment alternate between small positive and negative

values in this region. However, as the store separation

height increased, the store had favorable separation
characteristics.

3. The flat plate lee-side flow field consisted of a sepa-

rated flow region, a separation shock wave, an expan-

sion fan region, and a weak shock wave from the flat

plate leading edge. The primary factor affecting the

store separation characteristics was the local flow

angularity relative to the store as it traversed the fiat

plate lee-side flow field.
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TableI. Strain Gage Balance Accuracy

Full-scale ±0.5 percent of

Balance component output full-scale output

Normal force, Ib 15 ±0.075

3 ±0.015Axial force, Ib

Pitching moment, in-lb 10 -'-0.050

Table II. Coefficient Uncertainties

Coefficient

Coefficient uncertainty for--

Cone cylinder Roof delta

C N --0.059 ±0.0046

C A __.0.012 -,-0.00092

C m ",-0.040 __.0.00089

(a) Cone cylinder

h, in. C v C a C n

a=0 °

0.39

.89

1.39

1.89

2.39

2.89

3.39

3.89

4.39

4.89

5.39

5.89

6.39

6.89

7.39

0.92

1.42

1.92

2.42

2.92

3.42

3.92

4.42

4.92

5.42

5.92

6.42

6.92

7.42

7.92

8.92

-0.1002 0.0080

-.1909 .0586

-.1570 .0672

-.1450 .0567

-.1608 .0582

-.2149 .0786

-.2264 .1100

-.2070 .1302

-.1730 .1554

-.1220 .1893

-.0191 .2223

.0307 .2170

.0461 .2141

.0464 .2109

.0480 .2125

a = 15 °

0.0023 0.0001

.0356 .0530

.1035 .0602

.1017 .0510

.1088 .0638

.1282 .0823

.1945 .1127

.2954 .1483

.4537 .1968

.6435 .2475

.8565 .2881

.9898 .2819

1.0896 .2788

1.1669 .2810

1.2100 .2801

1.2000 .2813

Table III. Experimental Data

-0.0444

-.2778

-.1525

-.1948

-.2238

-.1963

-.1782

-.1518

-.0969

-.0221

.1296

.1019

.0162

.0244

.0368

-0.0586

.0712

.1777

.0459

.0689

.1800
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(b) Roof delta
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a = 15 °
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(b) Cone cylinder at ct = 15°.

Figure 6. Corrected and uncorrected axial-force coefficients.
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(M = 6)

} Expansiop fan
Macn wave

= 9.2)

shock wave

Boundary layer separation point
approximately 5 in. downstream
rom leading edge) /_ Flat plate

(a = 15°)

(a) Positions of cone cylinder at ct = 0 °.

h, in.

Flow
(M = 6)

shock wave
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approximately 5 in. downstream
om leading edge) / Flat plate

(¢x= 15 <:+)

(b) Positions of cone cylinder at ct = 15 °.

Figure 9. Cone cylinder separation positions and characteristics in flat plate flow field.
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Figure 10. Roof delta separation positions and characteristics in fiat plate flow field.
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Appendix

Schlieren Photographs

Schlieren photographs of the cone cylinder and the roof delta at all store separation heights are presented in the
following figures:

Figure
Cone cylinder at a = 0° ................................. ............................... A1
Cone cylinder at a = 15°

............................................................... A2

Roof delta at a = 0 °
............................... * ......... ' ...................... ° • °A3

Roof delta at a = 15 °
.................................................................. A4
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(a) h = 0.39 in. (b) h = 0.89 in.

(c) h = 1.39 in. (d) h = 1.89 in.

Figure A1. Schlieren photographs of cone cylinder at c_ = 0 °. Flow is from right to left.
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(e) h = 2.39 in. (f) h = 2.89 in.

(g) h = 3.39 in.

Figure AI. Continued.

(h) h = 3.89 in.
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(i) h = 4.39 in.
(j) h = 4.89 in.

(k) h = 5.39 in.

Figure AI. Continued.

(1) h = 5.89 in.
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(m) h = 6.39 in.
(n) h = 6.89 in.

(o) h = 7.39 in.

Figure AI. Concluded.
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(a) h = 0.92 in. (b) h = 1.42 in.

(c) h = 1.92 in. (d) h = 2.42 in.

Figure A2. Schlieren photographs of cone cylinder at _ = 15 °. Flow is from right to left.
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(e) h = 2.92 in. (f) h = 3.42 in.

(g) h -- 3.92 in.

Figure A2. Continued.

(h) h = 4.42 in.
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(i) h = 4.92 in. (j) h = 5.42 in.

(k) h = 5.92 in.

Figure A2. Continued.

(l) h = 6.42 in.
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(m) h = 6.92 in.
(n) h = 7.42 in.

(o) h = 7.92 in.

Figure A2. Concluded.

(p) h = 8.92 in.
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(a) h = 0.40 in.
(b) h = 0.90 in.

(c) h = 1.40 in. (d) h = 1.90 in.

Figure A3. Schlieren photographs of roof delta at _x = 0 °. Flow is from righl to left.

35



(e) h = 2.40 in. (f) h = 2.90 in.

(g) h = 3.40 in.

Figure A3. Continued.

(h) h = 3.90 in.
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(i) h = 4.40 in.
(j) h = 4.90 in.

(k) h = 5.40 in.

Figure A3. Continued.

(I) h = 5.90 in.
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(m) h = 6.40 in.
(n) h = 6.90 in.

(o) h = 7.40 in.

Figure A3. Concluded.
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(a) h = 0.40 in. (b) h = 0.90 in.

(c) h = 1.40 in. (d) h = 1.90 in.

Figure A4. Schlieren photographs of roof delta at ot = 15 °. Flow is from right to left.
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(e) h = 2.40 in. (f) h = 2.90 in.

(g) h = 3.40 in.

Figure A4. Continued.

(h) h = 3.90 in.
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(i) h = 4.40 in. (j) h = 4.90 in.

(k) h = 5.40 in.

Figure A4. Continued.

(1) h = 5.90 in.
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Noschlierenphotographavailable

(m) h = 6.40 in. (n) h = 6.90 in.

(o) h = 7.40 in.

Figure A4. Continued.

(p) h = 7.90 in.
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(q) h = 8.40 in.

Figure A4. Concluded.
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