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SUMMARY

The use of tangential blowing from a row of holes in an
: aft facing step was found to provide good control of the ramp
boundary layer normal shock interaction on a fixed geometry

inlet over a wide range of inlet mass flow ratios. Ramp Mach -
numbers of 1.36 to 1.96 were investigated. Blowing geometry had

a significant effect on system performance at the highest HMach

number, The use of high temperature air in the blowing

t system had only a small cffect on system performance. The

required blowing rates were significantly high for the most

severe test conditions,
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INTRODUCTION

Fixed geometry, external compression inlets often
provide the optimal air induction system for transonic, tac~
tical fighter aircraft. The low ramp angles typically employed
yield both a high ramp Mach number and a lengthy ramp 1in order
to avoid ingestion of the shear layer produced by the intersec-
tion of the ramp shock with the terminal normal shock. As a
result, the terminal shock of these simple two-shock inlets may
be of considerable strength at maximum supersoni¢ speed and the
ramp boundary layer may be relatively thick. Some form of
boundary layer control is required or the terminal shock-ramp
boundary layer interaction will lead to high distortion levels
at the compressor face as a result of boundary layer separation
or inlet buczz.

Ramp boundary layer control is often accomplished by
means of distributed suction on the ramp surface. This type’ of
system has been 1investigated by Wong (ref. 1), among otheré,
and 1s capable of controlling the boundary layer interaction

‘.for,normal §hock_strepgths to Mach 2.0 (2.01). These suction

or bleed systems, however, may pose difficult problems of
vehicle 1integration, requiring a large internal volume within
the ramp to remove the low energy flow bled from the boundary
layer, division into cells to prevent recirculation, and

suitable locations for dumping or disposing of the bleed flow.~

These requirements may add considerably to the structural
weight and complexity of the Lnlet'system, and may limit the
choice of ramp angle, 1inlet geometry, and inlet location
available to the designer. ( C

Accordingly, an 1investigation of the use of tangential
blowing for control of the normal shock-ramp boundary layéer
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interaction was begun, also by Wong (refs. 2 and 3). These
carly tests utilized a series of jets produced by a row of
holes in an aft facing step to energize the ramp boundary layer
ahead of the normal shock and were successful in inhibiting
separation and maintaining stable inlet flow for normal shocks

ey

of up to 1.75M. Attempts to control stronger shocks of up to
2.0M were unsuccessful in spite of greatly increased blowing

levels; and attempts to utilize high temperature air in the
blowing system produced confusing results because the param-

wre g

eters successfully used to correlate the performance of systems
employing unheated air failed to predict the required blowing
levels.

The failure of the blowing systems to control the 2.0M
shock was tentatively attributed to expansion of the high
pressure, blowing jet plume into the ramp flow creating an
obligque shock=-boundary layer interaction ahead of the blowing
system, see figure 1, The effect of increased step height,
! ‘- allowing plume éxpansion without interference with the oncoming
ramp flow, 1s one focus of this investigation. Lt

The second objective of the current investigation is the

effect of blowing air temperature on system performance. The

“*: +.%.bulk'of published data- for all types of blowing systems involve
the use of blowing air having the same total temperature”as

that of the freestream flow, whereas air obtained from compres-

sor bleed will be of higher temperaturz. The blowing parameter

used 1n the 1investigation by Wong (refs. 2 and 3) was that
suggested by Kelly (ref. 4), and is detailed in figure 2. This
parame}er CMMCRD which 1includes the difference betweeq ghé

g aeted 1

blowing velocity and ramp velocity will be referred to as "the _:
i- - relative blowing coefficient” in this report. Note that the
L - velocity difference is a much stronger ‘function of temperature
i . than the blowing velocity for typical ramp conditions and that
; if this parameter successfully correlates blowing performa&ée‘
£ -
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regardless of blowing air temperature, the use of high temper-
ature blowing air allows greatly reduced blowing flows, rela-
tive to cold flow, while maintaining effective control of. the
shock boundary layer interaction.

The effect of blowing geometry on the effectiveness of
hot air blowing is explored in this report and an alternate
blowing parameter CMMCD is examined.
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APPARATUS .AND PROCEDURE .

Model X

Ramp blowing systems were incorporated into a simple,
0.165 scale isolated inlet model to allow testing under con-
trolled conditions reasonably free of configquration peculiar
effects. Blowing configurations consisted of a line of uni-
formly spaced holes exiting from an aft facing step recessed
into a flat horizontal ramp. The rectangular inlet had a
height to width ratio of 0.64 and was followed by a straight
centerline diffuser and a metering section. The general
arrangement of the model can be seen in the photographs of
figures 3, 4, and S. ’

The ramp, cowl, and blowing slot are shown in figures 6

- and 7. The ramp surface was parallel to the duct centerline,
and the ramp width was 26 percent greater than the cowl high-

light. The upper corners of the inlet cowl had an internal

¥

..radius of 0.635 centimeters (0.25 inches). The lower corners

' we}e séuare' and tfansitidhéé 'to the 0.635 centimeter radius
just forward of tha throat instrumentation plane by means of a
linear fillet. Limited testing was pevformed using an alter-
nate shortened cowl which moved the highlight plane 2.54
centimeters (1.0 inches) aft of the baseline position, increas—r
ing the distance between the [ixed blowing station and the
cowl. T
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The blowing configurations and configuration codes are
shown in figure 8. Contigurations 21, 22, and 23 had the same
nominal total exit arca but had varied hole spacing to hole
diameter ratios. Configuration 24 had the same spacing ratio
as configuration 21 but was larger, having an exit area 77
percent greater. All contigurations had the same step height
to nozzle diameter ratio but had differing base area to exit
area ratios. Configuration 24 when tested with the shortened
cowl is identified as configuration 26.

The blowiny jets exited from an aft facing step located
0.667 throat heights i1n front of the baseline cowl position.

The blowing extended over 86.7 percent of the ramp width and
exceeded the capture width by 9 percent. The blowing nozzles
were aligned w-th the surface aft of the blowing step which
slanted upward to merge with the ramp surface just forward of
the baseline cowl position. The blowing holes were manufac-
tured by an EDM, process and had a nominal length to diameter '
ratio of 2:1. %
The cowl was followed by a "throat sect1on" of constant i
cross~section for a length of 1.5 throat heights. This section i
. was.]ﬁ62,qen;1mgtegs“h}qh (3.00 inches) by 1ll.811 centimeters i
) (4.65.lnéhés) Qlde with a 0.635 centimeter (0.25 inches) corner !
radius, !

The "throat section"was followed by a straight line
diffuser tramsitioniny to a circular sc:stion, 13.72 centimeters
(5.40 rnches) in dlameter,/over a distance of 58.42 ccntimqteré
(23.00 inches), 2.5 centimeters (0.988 1inches) in front of the
compressor face instrumentation plane. At the entrance, the
ditfuser was merged to the constant “"throat" section by a ‘3.81-
centimeter (1.5 inch) radius on the upper and lower surfaces.
The diffuser length to outlet diameter ratio was 4.26 and 1its

area ratio was .65,
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The circular compressbr face pléne, 13.72 centimeters in
diameter (5.40 inches), was followed by a short transition to a
metering and control tube 14.12 centimeters (5.56 inches) in
diameter with a length of 27.91 centimeters (10.99 inches). A
flared skirt and conical Plug were used to vary the duct mass
flow.

e

The overall duct area distribution is shown in figure 9,
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Instrumentation i :

The model was equipped with fifteen ramp static ports.
Eighty~two total pressure measurements were obtained from three
rakes mounted in the inlet throat and from a forty probe
compressor face array. Compressor face instrumentation also '
included eight dynamic pressure trdnsducers—and eleven thermo-
couples.

TS S T YTy ST

The ramp static pressure instrumentation, shown in
figure 10, consisted of three symmetrical lines of ports on the
ramp surface and a single port offset to the far left. A

g . single tap on the ramp centerlxne was placed immediately aft of
the blowlng station.

The throat instrumentation plane contained three £full
height total pressure rakes and three static ports on both:the
upper and lower surface, see figure ll. The rake consisted of
0.1016 centimeter (.040 inch) tubing reinforced with a .0254
centlmeter (0.01 1nch) sheathlng about the rake to strengthen

) the assembly.‘ ‘The total thickness of the rake structure was
approximately 0.152 centimeters (0.060 inch). The probes
extended apéroximately 0.254 centimeters (0.1 inch) forward of

P the support.

Additional static.ports were located at the entrance to,
the diffuser 11 .43 centlmetcrs (4.5 inches) aft’ of the baseline

highlight, and 1n the dlffuger 19.05 centlneters (7.5 inches)’

and -26.67 centlmeters (L0.5 inches ) aft of the hxghllght.‘ The - T ¢
‘locatlons of these ports are shown in txgure 12. ’ :, i’ ) ‘
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The compressor face array consisted of forty total
pressures, eight dynamic total pressures, and eleven thermo-
couples, see figure 13. The dynamic probes were of the Hof-
linger type and were used to obtain RMS pressure fluctuaticn
levels., These data were filtered above 650 Hz. The chromel-
alumel thermocouples were unshielded, twisted junctions.

Main duct mass flow was controlled anc¢ measured by means
of a cylindrical metering tube terminating in a flared skirt.
4 conical plug was moved into and out of the flared skirt
toe vary duct flow. The metering exit was clnked during this

f

test. The duct mass flow was obtained from tube static pres-
sure, plug position, and a calibration obtained for an earlier
system of the same design, reported in reference 5.

Blowingy mass flow was monitored by means of a choked
venturi-type flowmeter. Conditions in the ramp blowing plenum’
were obtalpeq'fgom a single pressure transducer and a single

-chromel-alumel thermocouple.

Total and static pressures on the model were monitored
by means of scanivalves,
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Teést Facility

The model was tested in the Lewls Research Center 8-Ft.

s R g

by 6-Ft. Supersonic Wind Tunnel described in reference 6. The
tunnel was operated in the Propulsion Cycle mode. Typical run
conditions for this test are given in table I.
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The model was sting-mounted on the tunnel centerline. A
limited pitch capability was available to maintain a zero ramp
angle and a yaw capability of five degrees was avallable. When
yawed, the inlet cowl moved off the tunnel centerline.

Blow1n§“51r was supplied to the model using the Variable
Pressure Air System. The maximum temperature available from
the heater was 644 deg K (1160 deg R). The air was supplied to
the model by means of insulated lines yielding a maximum
temperature of 593 deg K (1067 deg R) at the flowmeter located
alongside the main duct.

Data were recorded using the Lewls R>search Center
CADDE II data system,

T . Procedure

A standard test sequence was followed in acquiring the
data: A T .

1) Tunnel «.aa blowing conditions were established
with the inlet operating at critical or near cri-
tical mass-flow rates.

2). Inlet flow was reduce: using a fixed schedule,
moving the cowl shock wave forward until "buzz" or

unstable flow was encountered.

3) Stable flow was re-established by increasing inlet
) flow.

4) A final data point was taken at a near "buzz"

condition.

Occasionally, 1intermittent "buzz" occurred during the
final data scan. When this was detected, the point was repecated

. a

at a slightly lower mass flow.
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Buzz was dectermined by observation of a dual-oscillo-
scope display of two of the eight dynamic transducers in the
compressor face arvay. At the higher test Mach numbers, the
onset of inlet instability was clearly defined. However, at
the lowest test Mach number 1.36 M, only a gradual increase in
the fluctuating level of the unsteady pressure was apparent and
a definite "buzz point" was not established.

Corrections to Data

Discharge coefficients for the blowing holes were found
to vary with temperature when the tunnel was in operation but
not under static, wind-off test conditions. It was concluded
that this behavior was most probably due to errors in the
plenum temperature measurement. A correction has been applied
to the plenum temperature data used- in this report., Details
of this correction may be found in Appendix A,
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RESULTS AND DISCUSSION

The blowing boundary layer control system was capable of
providing stable inlet flow at all test Mach numbers. A more
detailed discussion of the blowing system characteristics is
given below. The basic inlet performance data from which these
results were derived are presented in figures 47 through
54.

Test results are presented in terms of throat rake
pitot pressure distributions, ramp surface pressure distribu-
tions, inlet stability boundaries, and inlet performance
parameters. The ramp surface pressure distributions show the
static to freestream total pressure ratios along the ramp
centerline and vertical dached lines topped by symbols indi-
cating the predicted normal shock location estimated by
means of reference. 7, with modification for three-dimensioqal
effects. The inlet stabil:ity boundaries indicate the minimum
mass {low ratio at which stable operat:ion was achieved as well
as regions of operation where separated flow was observed at
the throat instrumentation plane. Test results are presented
in terms of thé'external- mass flow ratio MFRX, an estimate of
the amount of oncoming freestream flow captured by the inlet.
This parameter is further defined in Appendix B. Solid symbols

indicate data taken in buzz.

Comparison of Blowing Parameters

Earlier tests of ramp blowing systems reported in
references 2 and 3 used the relative blowing coecfficient CMMCRD,
defined in figure 2,'hs;a4blowing paramcter. Thisy barameter
had proved useful i1n correlating the results of cold flow
blowing tests but-was not successful in predicting the results

for tests using hot flow. A much higher value of relative

blowing coefficient was required to achieve similar rvesults

when hot air rather than cold ‘air was used 1n the blowing
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system, giving the impression ‘that hot air blowing was less
effective than cold air blowing. The comparisons of hot and
cold air blowing shown in figures 14, 15, 16 and 17 agree with
these earlier results, but cleerly indicate that the absolute
blowing coefficient CMMCD, also defined in figure 2, provides
much better correlation of boundary layer control effects on
inlet performance than does the relative blowing coefficient,
The inlet performance is similar, but not identical, at approx-
imately equal values of absolute blowing coefficient, but not
at equal values of relative blowing coefficient for both hot
and cold air blowing. This conclusion is also supported by the
calculations presented in Appendix D. Accordingly, the re-
mainder of the report will use the absolute blowxng coefficient
as the primary correlating parameter.

Blowing System Performance At 1.96M

At 1.96M, a significant confiquration cffect was ob-
served. As shown in f{iqure 18, configurations 23 and 24 were
capable of providing stable, buzz-free inlet operation over a
significantly larger range of inlet mass flows than configur-

.ation 21. All conflguratxong tested at this Mach nunmber,
Thowever, showed separated flow at the throat rake instrument-
ation plane over much of the range of operation., Basic inlet
performance data are presented in figure 47 for Mach 1.Y6.

The more limited inlet mass flow range for configuratiop
21 is clearly evident in the comparison of inlet perfcrmance
for the three configurations, shown an figure 19. The bcha&ior
of configurations 21 and 24 at this Mach number was anticipated

- as previous testing, reported in reference 3, had led to the

blowing ‘plume ‘exéansion hypothesis illustrated in figure 1.
The geometric data of fiqure 8 show that while the blowing step
height to blowing hole diameter ratio is approximately the same
for all configurations, confiquration 24 has a larger exit

" . area. The.larcer exit arca allows configuration 24 to operate
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at lower pressure ratios than configuration 21 while maintain-
ing the same blowing coefficient. Thus, with increasing
blowing coefficient, the plume of configuration 21 will cexpand
above the ramp surface while that of configuration 24 remains
below the step height until a much higher level is reached.
Therefore, configuration 21 should produce ramp flow interfer-
ence and confiquration 24 should not. However, the ramp
pressures for configuration 21 shown in figure 20, do not show
the expected upstream influence of the blowing jet even at the
highest blowing level allowed by the test setup, and indicate
little apparent effect of the blowing jet on surface pressures
for the critical flow condition when the normal shock pressure
rise was not present on the external ramp surface. The lack of
evidence of upstrcam influence of the blowing jet, as well as
the apparent small influence of the blowing jet on the external
flow, tends to contradict the underexpanded plume explanation
for. the improved .performance of configuration 24. Even when

the blowing rate for contiguration 24 was increased to nearly

twice that required for control over the full range of mass
flow ratios, making its blowing jet plume expansion tendencies
similar to that of configuration 21, no degradation of flow

‘Fesulted; ‘although arcomplex Elow pattern was produced at lower

mass flow ratios, see figure 2l. Contiguration 23, which had
the same exit area and blowing step height ratio as configur-
ation 21, performed over the same 1nlet mass flow ratio range
as configuration 24. If the underexpanded plume hypothesis
were valid, contiguration 23 should have performed more like
configuration 21 than configuration 24. ‘'the fact that the
opposite occurred further contradicts this éxplanation of the
blowing system performancc.‘ Both successful configurations had
a4 larger blowing hole size, a laryer blowing step, and a larger

blowing step base-arca-to-fully-expanded-plume-area ratio than

the more limited configuration 21,
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Configuration 21 is unique in the test results at this
Mach number in that significant asymmetries were present in the
ramp flow, sce figure 22. For all other conditions and confi-
gurations, near two-dimensional or laterally symmetric flow was
present. Although the ramp pressure distribution for configu-
ration 24 which operated over a full ranye of mass flow ratios
was quite similar to that of configuration 21, see figures 20
and 23, the flow showed little asymmetry and became attached as
the mass flow was lowered below the level at which configqur-
ation 21 failed. The degree of separation at the throat
station was also apparently decrecasing at the time of flow
breakdown for configuration 21l. The behavior of configuration
23 was similar to that of configuration 24 as shown by a
comparison of the ramp pressure levels of figures 23 and 24.
Clearly lack:ing for all three configurations is the presence of
a distinct normal shock pressure rise. Instead a plateau
pressure appeared which varied little with mass flow ratio or
shock position. The pressure rise was less than the nominal
inviscid normal shock value of 0.59 and more nearly approx-
imated a strong obligque shock value, suggesting the establish-
ment of‘a separated subsonic flow region extending from the
"inidt face to the blowind station. With the excepticn‘e¥ the
flow asymmetry for configuration 21, the ramp pressures of all
three configurations behaved similarly prior to flow breakdown.

At higher blowing coefficients, figure 19, the turbul-
ence and distortion parameters for the three configurations
were also similar prior to the onset of flow instabilaty
-although configurations 23 and 24 did show better preésurc
‘recovgry. A comparison of the three configurations at a lower
blowing level, figure 25, where all operated over the same mass
- flow ranye, again shows similar trends in distortion and
turbulence, Configuration 24 shows a clear advantage in:preo—
sure recovery followed by configurations 23 and 21. The
recovery for cpnﬁlguratxon 2) was exagqgrated by a q,25 dggree

ramp angle increcase due to model position variation.

15
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The similar behavior of all three confiqurations prior
to breakdown suggests that the differerce in performance may
be due to slightly better mixing characteristics of the blowihg
geometries of configurations 23 and 24 allowing the flow to
become attached before the shock location proceeded to the
blowing station. This may be due to the grecater base-area-to
ful ly-expanded-jet-area ratios of configdrations 23 and 24, or

LI

to their common 1arge>blowing hole size.
Blowing System Performance At 1.76M

At 1.76M, all four configurations were capable of .

providing stable inlet operation over a full range of mass flow
ratios, corresponding to normal shock locations from the cowl
to the blowing station. Throat rake separation was limited to
the lowest blowing coefficients tested and a yell defined
normal shock pressure rise was present in the ramp surface
pressures. Basic inlet performance data are presented in
figures 48 and 4Y for 1l.76M.

As shown in figure 26, all configurations were capable

-+ « of providing‘stabie 1inlet operation over approximately .the
same range of mass flow ratios, configuration 23 requiring a
larger blowing coefficient than the other confiqurations to

achieve the same performance. A more detairled comparison is
shown in figure 27, the performance of the configurations
being similar atghigher blowing coefficients, but differing at
lower blowing coefficients. At the higher blowing coefficients
the ramp pressure distributions showed a distinct ﬁormal shock
pressure rise at this Mach number, see figure 28. As the -
blowing coefficient was lowered into the levels allowing onlyﬁ
control over a partial range of mass flow ratios the ramp
pressure rise, also shown in figure 28, became less distinct
and more smeared. Occasionally even at high blowing levelsitée
ramp flow would lapse"frgm a sharp distinct normal shock
pressure rise to a sméared pressure rise, This waﬁ the cause

o ’/ B i . :16)
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of the "blip" in rms pressure at a mass flow ratio of 0.67
showr. 1n figure 27. As seen in figure 29, this blip was
reflacted both in the ramp pressure levels and at the throat
rake as a loss of the blowing flow excess, see data at MFRX of
0.67. Similar behavior was exhibited by all the configurations
tested for absolute blowing coefficients of 20 to 30, sometimes

at the higher end of this blowing range and at other times only
at the lower end.

This behavior was more common for configur-~
ation 22, however.

At elevated blowing temperatures, the data of figure 30
indicate an effect on the system performance requiring a
blowing level incrcase of approximately five to ten percent
above cold flow levels to maintain the same stability range.
Note that the minimum blowing levels for hot flow, figure 30,
were above those at which throat rake separation was noted for

cold flow, figure-'26. The relative performance of the config-

urations was approximately the same as for cold flow except’ for
configuration 22 which suffered degraded performance.

Blowlng System Performance At 1l.56M

. -

-

At 1.56M, all configurations were capable of providing
centrol over the same full range of mass flow ratios, corres-
ponding to normal shock locations from the inlet highlight to
the blowing station. A distinct normal shock pressure rise was
indicated by the ramp surface pressures at all blowing coeffi-
cients tested but the pressure rise was somewhat more gradual
at the lowest blowing levels. Throat rake pressures showed
separation only at the lowegt blowing levels. Bagic Lnlct
performance data are presented in figures 50 and 51.

A comparison of the inlet stability boundaries for é@ld
and hot blowing flow, shown in figures 31 and 32 respectively,
indicates _that slightly higher blowing levels were requlred
when hecated air -was used in the blowing system than when cold

3

Korvw b le wmnnb R Rar A IAN A v o

. eny f . (. - oo b pon.
ik«. D P T 0 N SO LR Rt




R i B e (Aak Ml B L RO v |

L2l

-

’

.

S L e Lt T A At LI
‘

fada

et ¢ ey
R |

i

S————)

~

[YN

B

S S T T = T T S L T T e e T U S

-

air was used. The lack of an indicated separated flow regime
for the hot data is not significant as the minimum levels
tested were slightly higher than the minimum cold flow levels
at which separation occurred.

Qualitative differences again occurred among the config-

"urations with configuration 21 showing the best performance and

configuration 24 the poorest. Reference to the geometric data
of figure 8 indicates that the configurations having the
smaller blowing holes and blowing step height were favored.
The differences between the éonfigurations are further illus-
trated in figure 33. Although the blowing coefficients for the

- four configurations are only approximately equal, a definite

difference between the configurations is apparent. Addition-
ally, both configurations 23 and 24 showed a small degree of
separation at the throat rakes while configurations 21 and 22
did not.

Blowing System Performance At l.36M

At 1.36M, it is difficult to draw sharp distinctions
among the various configurations due to the difficulties 1in
defining the onset of inlet instability that were dlscussea:in
the section on test procedure. These difficulties may have
been due in part to the decreased lcvel ¢f the "buzz" pressure
fluctuations relative to other inlet turbulence but were also
due to a difference 1in behavior of the inlet system at this
lower Mach number. At the higher Mach numbers, any 1indication
of the ramp pressure rise ahead of the blowang station-was
accompanied by the onset of inlet .instability and massive
throat separation. However, as shown 1n figure<34, at this’
Mach number the pressure rise paésed upstream of the blowing
station without indication of separation at the throat station.
This characteristic may have made the buzz point less distinct
than at higher Mach numbers. fThe daca presented in fiqure 52
do tend to indicate that the .relative performance of the .

o

[ R

R



»
TGP 1 SR vt e o w aan

—

e
w .r:.-xwv—‘n T oyt ¢
.

\

v gy sty Svm o W
g

\

e L b

v—— . b e
)

T A g
R A

¥

Bt e T on, o Rt

..... £ AT ey A e e TeRES eyt

§ Seer e = et AT eme U mretARS A% e REme ¥ Wy o . -
o - gt -
e - . - a

v

various configurations may be-similar to that at 1.56M, the
smaller scale blowing config.rations having the best perform-
ance., Note also that the maximum inlet flow rates at this Mach
number were limited by throat rake bloskage, and that the
maximum mass flow ratio was less than the craitical level, an
effect also seen in figure 52.

Inlet Performance With The Short Cowl

Configuration 24 was tested with a short cowl as confi-
guration 26, With the cowl relocated to X/Hth of -0.3333, the
ramp was effectively lengthened and the blowing station moved
away from the cowl allowing a lower mass flow ratio prior to
the shock reaching the blowing station. Stable flow was
achieved over a very wide range of mass flow ratios. At the
highest blowing rate tested at 1.76M, stable flow persisted at
the iowest mass flow ratio allowed by the plug limits. How-
ever, at the higher mass flow ratios, the oscilloscope output
of the compressor face dynamic probes showed an unsteady
pressure component having the "buzz®" frequency but of a lower
magnitude than normally associated with unstable operat:on.
This component vanxshcd as the mass flow ratio was lowered.
"This trend 1s vxuxble 1n the rms levels of the inlet perform—
ance data in figures 53 and 54, The throat rake data indi-
cate separated flow for these high mass flow conditions, and
attached flow at lower mass flow ratios. The inlet stability
curves of figures 35 and 36 show these regions of throat
separation as well as a comparison with the stability limits
for configuration 24, The short cowl cbnfiguration shows a
lower limitiz‘ mass flow ratio than the standard cowl even for
those blowir tevels where the inlet mass flow range for the
‘“standard cow. Aas not llmited by the sho#k passing the blowing
. station., . However, at these lower blowing levels the onset of
the smeared pressure rise often preceded the estimated shock
location, and a comparison of ramp pressures for these two.

T configufatlbns indxcates~thdt the. flow breakdown occurred for
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similar ramp pressure rise distributions, see figures 37 and
38; the blowing performance at minimum mass flow ratio was
therefore dependent on both shock standoff distance from the
cowl, and shock distance from the blowing station.

Effect of Blowing Air Temperature

The use of heated air in the blowing system was found to
have little effect on inlet performance when compared at equal
values of absolute blowing coefficient, CMMCD. As shown in

"figures 14 through 17, similar inlet performance occurred for
. the hot and cold air tests at similar values of CMMCD. Note

that when the results are compared using the relative blowing
coefficient of references 2 and 3, CMMCRD, strong effects seem
apparent. The majority of data show even better correlation
than these few examples; more typical data are shown in figures
39 and 40,

The most significant temperature effects were noted for
configuration 22 at 1.76M. The inlet operating range showed a
definite degradation due to the use of high temperature air at

_the..lower blowing lecvels, see figures 41 and 42, but the

performance parameters were similar prior to flow breakdown.
This temperature etfect is also reflected 1n the ramp pressure
distributions shown 1in figure 43, where the pressure rise is
less distinct for the hot flow case. At 1.56M, the use cof
heated air had a smallerAeffc;t on confiquration 22, and inlet
performance was similar to that of the other configurations.

-
«

Comparison of the stabilxty’data of figures 26, 30, 31,
and” 32 also shows that the performance varied little with

blowing air tcemperature. These curves do 1indicate that 5
slightly higher wvalue of blowing coefficient was required to.
achieve the same stability range when hot air rather than
cold air was uscd. The difference 1is small, abcocut 5 percent

with the exception of configuration 22, and may lie within the
accuracy of the test technique.
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Ef fect of Sideslip

Limited data were taken for all confxgurations.at five
degrees of sideslip at 1.76M and J.56M. This amount of side-
slip typically had little effect on inlet performance. An
example of these data 1s shown in figure 44. Definite asym-
metries were produced on the ramp surface and at the throat
plane as shown in figure 45.

An exception to this gencral effect occurred for configu-
ration 21. As shown 1n figure 46, the mass flow range over
which stable flow was achieved was significantly increased
when sidesilp was present.

Required Blowing Rates

The blowing flow needed to maintain stable inlet flow
for normal shock pesitions from the cowl to the blowing station
varied with Mach number, The necessary blowing flow increased
with Mach number and with shock standoff distance from the
cowl. Under the most severe conditions the blowing flow became
a significant portion of the total inlet flow. For cold flow
and the standard cowl, "the required blowing mass flow 1né%eased
from 2.2 percent of capture flow at 1.56M to 5.5 percent at
1.96M. The use of heated air in the blowing system reduced the
required blowing flow in inverse proportion to the square root
of the blowing temperature ratio. At a temperature ratio JTRC
of 1.6, required plowing mass flows were approximately 79

percent of cold flow levels. ..

- -+ Repeatability

In general repeatability of the data was excellent.
However, several events occurred within the test matrx{:whlch
indicate that the behavior of the inlet system may be locally

3

sensitive under certain operating conditions. The occurrence

»
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of intermediate ramp flow separation for configuration 22 at
1.76M has been discussed previously. This resulted in. the
"blip®" in rms pressure shown in figure 27. A similar event is
shown in figufe 16 for configuration 23 at a lower blowing
level. These spikes in rms levels may well indicate a tendency
towards flow breakdown at intermediate normal shock positions,
"and may be related to the effects of temperature on configur-
ation 22 at 1.76M, either through actual flow breakdown or ;
possibly through interpretation of the rms spike as incipient )
“buzz" during the test. Unusual-results also occurred for
cenfiguration 21 at lower blowing coefficients. As shown in
figure 50, a blowiné coefficient reduction of 9.7 to 9.0
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RESULTS AND CONCLUSIONS

Tangential blowing was found to be capable of controlling
the ramp boundary layer-normal shock interaction for shock
strengths of up to 2.0M.

The use of hot air in the blowing system wag found to have
only a small effect on blowing system performance.

A blowing parameter based on the absolute value of the
blowing velocity was found to provide good correlation of
test results using both hot and cold air in the blowing
system, A parameter, used in prior investigations, based
on the relative difference oX the blowing flow and ramp
flow velocities was found to be a poor correlator.

Significant differences in preferred blowing liole geome-
tries occurred at different ramp Mach numbers. At the
highest Mach number where large amounts of blowing and ﬁigh
pressure ratios were required, larger blowing hole sizes
and larger blowing step base area ratios gave significantly

. *better performatice ‘than the smalier scale holes preféerred

5)

.

at lower Mach numbers.

Small amounts of sideslip or ramp crossflow had little
effect on system performance.
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2) BLOWING PLUME DOES NOT INTERFERE WITH RAMP FLOW

SEPARATION SHOCK
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APPENDIX A

CORRECTION TO MEASURED PL?NUM TEMPERATURE
}

As part of the test procedure, static performance of the
blowing system was investigated. All systems were tested using
cold flow with the exception of configuration 21 which was
tested with both hot and cold flow. It was found that the use
of heated air had a much stronger effect on the discharge
coefficients when the tunnel was 1in operation than under static
conditions, see figure A-l. post~-test analysis showed a
similar temperature effect for other configurations but no
static data were available for comparison.

The lack of this effect during static operation defi-
nitely 1indicates’” that’ the change 1in Reynold's number due to
temperature was not the cause of the change in blowing coeffi-
clent. Two other explanations were considered: the effect of
heat transfer within the blowing holes on the flow structure,
and the effect of heat transfer on the accuracy of the plenum

temperature measurement. Be"ause the measured loss in tempera-

ture between the flow meter located alongside the main duct and
the blowing plenum appeared larger than expected on the basis
of the short length of uninsulated line, see figure 3; and no
quantitative 1information was found on the effect of reverse-
Rayleigh flow on the flow structure, it was found to be prob-
able that the measured plenum temperature did not reflect
the true temperature of the blowing flow. The thermocouple was
located to the side of the plenum where the flow rate may have
been low enough that the junction temperature was strongly

‘affected by the temperature of the metal plenum in which the

thermocouple was mounted. The metal would have had a tempetr-
ature more nearly that of the external flow than that of the

° o o ¢
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blowing flow because of the yreater|wetted area and higher flow
rates over the external model surfaces than over the internal

plenum surface.

Two approximate heat transfe% relationships were derived
relating the measured plenum temperature to the corrected
blowinyg temperature and the measured flow meter temperature to
the corrected blowing temperature. The transfer coefficients
were adjusted until the wind tunnel test results closely
approximated the static results where heat transfer would have
had a minimal effect on the measured plenum temperature. The
plenum temperature used 1n the calculations was an averaye
of these two corrected values, The corrections dare shown in
figures A-2 and A-3. T'he resulting corrected discharge coef-

ricients are sunown in figure A-4. )

Additional data on discharge coefficients are shown in

Appendix C.
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( TTBC - TAW ) / ( TTB - TAW )
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o

BLOWING MASS FLOW - &)

PLENWRT TEMPERATURE CORRECTION DURIVED FROM THE
ASSIMED HEAT TRANSFLR REIATION:

heat transfer to t'cple = heat flow from t'eple

( TTBC - TTB ) h, ﬁg = h, ( TTB - TAW )

. WHERE: . hl’ h2 are heat transter coefficients N

- n is 0.58 T
1. s blowing mass flow rate
b

- TAW is adiabatic wall temperature oL
1TB is measured thermocouple temperature .o
TTBC is true blowing plenum temperature

< o °

FIGURE A-2. CORRECTED PLENUM TEMPERATURE FROM MEASURED PLENUﬁ TEMPERATURE
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APPENDIX B |

i

EXTERNAL MASS FLOW RATIO

¥ . -
t

The results presented in tnis report are given in terms
of the external mass flow ratio, MFQX. It 1s equal to the mass

i .
flow ratio MFR, the ratio of total;duct flow to capture f{low,

less the amount of blowing flow estimated to enter the inlet.
I'nis paranmeter has been chosen because the normal shock loca-
tion should be a close function Lf MFRX regardless ot the
amount of blowing flow used, and‘thus the i1deal ramp tlow
should be sumilar for like values of MFRX tor ditterent conti-

gurations and wvlowing levels, .

s

The ratio of ingested blowing flow to total blowing flow
was assumed to pe equal to the external mass 1low ratio in the
ramp plane, that s the blowing flow was assumed to be spirlied
in tne same manner as the layer of éxternal flow just avove the
blowing rlow. The derivation of the blowing capture ratio is
shown 1in figure B-1. The captured %tredm tube 1s assumed to be

- rectangular and. equidistant from the cowl roof and sides,  an
assumption ol locally two-dimensional flow. The ratio ot the
arca ot the captured streamtubeito the cowl area 1s then
defined by the external mass floQ ratto, and the vatio the
blowing air captured mbcto total. blowing air ™y, is deter-
mined by the ratio of the width of tne capture streamtube to
the width of the cowl. 'This ratio is shown in figure B-¢, and
the relationship ol MR to MFRX is shown in figure B-3 tor
various ratios of blowing tlow to capture flow, BMFR.
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1) relation of captured strﬁamtube area to capture area, AC.
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« LIPS

2) relation of ratio of bloﬁing air captured by the inlet, R

!
.MFBX “.('BQTZdF )( HC-%S Y / Ac

to spillage in the plane of the ramp.

Ri = ( BC~2ds )Y/ Bc

.

« &7

3) relation of external mass flow ratio, MFRX, to rnass flow

ratio, MFR, and blowing mass flow vatio, BMFR.

MI'RX = MFR - Ri* BMFR
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APPENDIX C

BLOWING HOLE DISCHARGE COEFFICIENTS

Blowing hole discharge coefficients, the ratio of
measured mass flow to ideal mass flow, calculated using perfect
gas relations for air and based on lblowing plenum temperature
-and pressure, are shown in figures C-1 to C-4. The data are
presented for both corrected plenumitemperature, see Appendix

Iy
oo,

A, and measured plenum temperature. The corrected value of
discharge coefficient |is identifiedl as KRATC and the uncor-
rected value as KRAT. A reduction ﬁn scatter between tunnel-
on and static data is apparent due;to the application of the

- plenum temperature correction. |

The area used in computing t?e ideal flow was based on
the. nominal design area with corrections based on information®

contained in the builder's inspection report. Note that very

.

R * . changes' in flow arca.' "
i

| |

small errors in hole size or spacing could produce significant
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APPENDIX D

ANALYTICAL INVESTIGATION

An analytical 1nvestxgatiom was carried out by w. F,
wony to further investigate the c¢ffect of blowing alr temper-
ature on control of the shock-boundary layer interaction tnat
was reporvted in references & and (3., The céhputatxondl tool

‘utiliced in tnis study was a version of the Rays-Patankar-

Spauldiny Boundary Layer Program, [STAN 1, a later version of
the progranm 1s documented 1n reference b-1. Aithough the
results ot thils analysis are notldircctly comparabie to the
results of the test program becabse only the etfect of the
shock pressure rise was considered|and the post-shock pre-cowl
pressure rise was neglected, the | analytical results clearly
indicate that the épsplutc blowing coetficient CAMCD provides
& better cokrelatxén for hot and cold blowing than the relative

plowing coetticient, CMMURD.

Several approximations to the intevaction problem were
made to dLLOmﬂOddtL xnput to Lhe anoditied program. Because

>thu pLev"uLe gdlculatud b) the program at the extevnal poundarxy

ot the viscous flow reygion was l}nked Lo an input velocity
Jyradient by an lsentroparc relat19n. 1t was not possible to
simulate both the velocity yradient; and pressure gradient, thus
1t was necessary to input a aréifx‘idl velocity gradient
to simulate the non-isentropie nhock static pressure vise. The
anput velocity was varied Lron the pre-snock value to the
post-shock artificial level using ja hyperbolic tangent rela-
tiousuxp‘0ver‘é\qlstance_ei five boundavry layer displacement
thicknesses. A further ubprﬁtlmatxun"wds 1htrodueed into the
two-dxmensxcnal calculation due to the noecessity of wmodify ag
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the initial profile at the blowing |station because it was
not possible to 1nput a constant veLoc%ty blowing layer beneath
a turbulent wall profile having zeroiveloc1ty at the blowing
layer. ‘his would have reyguired a miPstream velocity discon-
tinulty, introduced a midstream velocity null, and yenerated a
slip velocity at the surface. ‘The input velocity profile was
modified to retawin the maximum blowing [velocity at the midpoint
of the assumed slot blowing thickness while smoothing the
velocity profile between this point and botnh the wall beneatn
and tne oncoming ramp boundary layer profile above. Total
momentum in the smoothed profile was maintained equal to that

wn the ideal profile.

The results of this analysis are summarized in figure
L-l. ‘The computed sxin friction is}shown as a function ot
distance along the surlace cexpressed in boundary layer height
at the blowing station. The blowing slot heignt for this case
was 0.l13 boundary layer thicknesses. The temperature of the
blowing jet was varied but a constant jabsolute blowing coeffi-
cient was maintained causing tue relative blowing coefficient
to vary. Altnhough the initial skin| friction varies uue to
differing.jat exit.velocjities, the minimum coetticient does not
vary with temperature indicatinyg that |[scparation and theretore
1nlet "buas" characteristics are independent of blowing temper-

ature.
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"APPENDIX E ! i
[
SYMBOLS |
.‘
l -
|
A Area |
]
|
Ab Blowing hole exit area, see figure 8
Ac Inlet Capture area, 97.897 CM2 (14.554 inz)
Ay, Throat arca, 89.654 CM’ (13.896 in)
B Blowing slot span
Bc Inlet capture width
BMFR Blowing mass flow ratio, éb/ac
Cr Skin friction coefficient -
CMMCD Absolute blowing coefficient, see figure 2, ﬁb Vh/(ZQlelﬂ)
. ) X . i
CMMCRD  Relative blowing coefficient, see figure 2, mb(Vb-VI)/(2Q191B)
B |
D *Diametér o I .
DIST Compressor face distortion, (PIMAN-PTMIN)/PIAVG -0
H Height of blowing step, pitot probe heipght above ramp~
Hc ., Inlet capture height
HO Freestream total pressure ' .
ch Inlet throat height, 7.62 em' (3.00 in)
KRAT Blowing lole discharge coc(f}cient. ratio of
e mcgsuch mass flow to ideal perfect gas flow

KRATC Blowing hulo)dischargc cocffjciént based on )

- '

corrected plenum temperature . )

“ PR . > ) -

- my Blowing mass flow ) N ,
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m Capture mass oW, po ol i $ ;
1
M Mach number N i
L ] L] ‘ A i
MIR Mass 1 low ratio, m/mc |
!
-« @ L d I
: ~ MFRX External mass flow ratio, l(m-mbRi)/mc -
: 3
. MO Freestream Mach number !
1
. . - . |
Ml Ramp Mach number i
P Static pressure |
§
pipe Blowing plenum pressure
1
4
PO Frecestream static pressure i
. Prs Blowing plenum pressure ratio, PIP/HO {
) i . .
PRMSA Average rms pressure from compressor face i
i |
. ]
f . - §
. dynamic transducers, normalized by freestream H ;
. : ]
total pressure, area weighted { !
| ) . i
rr Total pressure : .
- PTAVG Arca werghted average total pressure from 40 probe '
r

‘

3

CIMIN

|5 .

PIMAN T Miximum pressute measured at 40 probe compressor
i

compressor face array

t -

face array |

_ Minmum pressure measured at 40 prohe compressor

v ~

_ tace array .
Ramp, static pressure (nortinal) . -
. i T ‘ ‘l 2

© Freestream dynamie pressure, 5 (P0) (MO . i
-Ramp dynamic prosuuro,,%(Pl)(Ml)' . T .

T - ! o T~

Radius, recovery factor, gas constant -

Ratie of blowing flow tupcsted to total blowing flow

.
Compressor_face radius, 13.716 (n (5.4 in) N

iy
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H

Compressor face total pressuré recovery, PTAVG/HO
|

1]
Blowing hole spanwise spacing!
}

see figure 8
Adiabatic wall temperature
Freestream static temperature

Flowmeter temperature -

Blowing plenum temperature

Corrected blowing temperature
Freestream total temperature i

t

i
Blowing temperature ratio, TTB/TTO

t
Corrected blowing temperature ratio, TTBC /TTO
]

1
Blowing velocity, constant momentum expansion to Pr1, |

X .
- \/2yR(TTBc)/(Y+1) +(Ab) [ KRATC (§%I)Y'1 PIP—PI] /mb

Freestream velocity

. ¢ e . .

Ramp velocity

Axial Distance

Distance aft of highlight

positive to the right

!
,
Ty
t
1

Ratio of specific heats, 1.4

Freestream density

Ramp boundary layer momentum thickness

at blowing station
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