General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



NASA Technical Memorandum 82847

Experimental and Analytical Results of Tangential
Blowing Applied to a Subsonic V/STOL Inlet |

(BAS AT =008 /)
) ] ) L

Richard R. Burley and Danny P. Hwang
Lewis Research Center
Cleveland, Ohio )

Prepared for the

Eighteenth Joint Propulsion Conference
cosponsored by the AIAA, SAE, and ASME
Cleveland, Ohio, June 21-23, 1982

NASA



E-1217

EXPERIMENTAL AND ANALYTICAL RESULTS OF TANGENTIAL BLOWING
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Abstract

Engine inlets for subsonic V/STOL aircraft must
operate over a wide range of conditions without in-
ternal flow separation, An experimental and an ana-
lytical investigation were conducted to evaluate the
effectiveness of targential hlowing to maintain at-
tached flow to high an,. *-of-attack., 7The inlet had
a relatively thin 1ip witn a Liowing slot located
either on the 1ip or in the diffuser, The height
and wiath of these slots was varied, Experimentally
determined flow separation boundaries showed that
1ip blowing achieved higher angle-of-attack capabil-
ity than diffuser blowing, This capability was
achieved with the largest slot circumferential ex-
tent and either of the two slot heights. Predicted
(analytical) separation boundaries showed good
agreement except at the highest angles-of-attack.

Nomenclature
A area
CR contraction ratio
] diameter
H height
h

blowing slot height
inlet length

m mass flow rate

P total pressure

p static pressure

R Reynolds number

RBP  relative blowing power,
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my | /P, \ Y
EQFE -1 x 104
I 0

total temperature

Velocity

axial length from inlet highlight
rake height

ratio of specific heats

blowing slot circumferential extent
viscosity

density

circumferential location
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Subscripts

b blowing

d diffuser rake

de diftuser exit

e edge of boundary layer
F fan face

HL  highlight

I inlet

max maximum

0 free stream

t throat

Introduction

Engine inlets for tilt-nacelle subsonic V/STOL
aircraft must operate efficiently over a wide range

of t1ight speeds, engine throttle settings, and in-
let angles-of-attack., Studies indicate that these
inlets can experience angles-of-attack &s high as
120" at flight speeds of 21 meters per second. A
major concern of the designer in maintaining effici~
ent engine operation at these severe conditions is
possible inlet internal boundary layer separation.
Separation free flow js desirable to minimize both
engine thrust losses and fan blade stresses,

The usual approach to achieving separation free
inlet flow is to make the inlet Jower 1ip thick
enough to minimize the high surface velocities that
occur on the 1ip as the flow is turned inte the in-
Jet, Another approach, however, is to use a thinner
1ip resulting in a shorter and lighter inlet plus
some method of controlling the boundary layer. One
such method is to blow a thin jet of high pressure
air tangentially into the boundary layer to re-
energize it. Blowing is a particularly attractive
method of inlet bouncary layer contro} because a
source of high pressure air is readily available
from the engine,

The paper first presents the results of an ex-
perimental investigation of tangential blowiny ap-
plied to a subsonic V/STOL inlet to maintain at-
tached flow to high angles-of-attack, and a brief
discussion of sume criteria that might be used to
select the appropriate values of the blowing design
parameters. Second, a brief description is given of
an analytical method for calculating the performance
of tangential blowing boundary layer control sys-
tems. Finally, a commarison is made between experi-
mental and analytical results.

Test Facility and Experimental Model

The experimental investigation was conducted in
the Lewis Research Center's 2.74- by 4.58-meter Low
Speed Wind Tunnel, which is an atmospheric pressure
facility with a free-stream velocity range from 0 to
75 meters per second. A photograph of the inlet/fan
combination installed in the test section is shown
in figure 1. The fan is a single stage 0.508 meter
diameter aesign with 15 rotor blades that have a
hub-to~tip ratio of 0,46, Fan pressure ratio is
about 1.17 at the design rotational speea of 8020
rpm, resulting in a tip speed of 213.5 meters per
second. The fan is driven by a four-stage turbine
powered by high pressure heated air delivered to the
turbine through flow passages in the model support
strut. A more complete description of the fan is
given in reference 1.

The inlet angle-of-attack is varied by rotating
the model in a horizontal plane about a vertical
support post. The post provides a passage for the
high pressure turbine drive air which comes up
through the tunnel floor. A vertical pipe that
comes down through the tunnel ceiling and is mounted
on a swivel joint provides a passage for the high
pressure blowing air for inlet boundary layer con-
trol. A portion of the adjacent tunnel vertical
wall was removed to allow the fan and turbine ex-
haust to pass through the wind tunpnel wall during
high angle-of-attack operation.




The inlet shown in figure 1 is an axisymmetric
design with a 1ip contraction ratio, Ay /Aty of
1.46, This results in a relatively thin 1ip inlet
for subsonic V/STOL application where contraction
ratios of 1,69 and 1.76 have been suggestea (refs, 2
and 3, respectively). The internal 1ip shape is
e)liptical with a major-to-minor axis ratio of 2.0,
The fnlet is 1,029 fan diameters long. Two blowing
slot locations were investigated, one on the 1ip and
the other in the diffuser.

Figure 2 shows the parameters that were varied
during the investigation as well as the different
blowing ¢onfigurations, Six of the seven parameters
that were varied are shown in fjigure 2(a)., Angle-
of-attack, a, was varied from 0° up to 110°; free~
stream velocity, Vo, was varied from 18 to 62 meters
/sec, throat veloc?ty, Vi, was varied between 52 and
201 meters/sec, (corresponding to throat Mach num-
bers between 0.15 and 0.60); blowing toi>) pressure,
Pg, was varied from 1,0 to 1.4 times free~stream
total pressure, Py; blowing temperature g was not a
variable, Also varied were blowing slot geight and
circumferential extent, h and o, respectively, as
wf;](b? discussed in connection with figures 2(b)
and (c¢).

The seventh parameter that was varied was slot
location. As already mentioned, one slot was loca-
ted on the 1ip and the other was located in the dif-
fuser, The 1ip slot was located as close to the
highlight as practical (X/Df = 0.008 fig. 2(b)).

Two slot heights and three slot circumferential ex-
tents were 1n§estigated. A 0,0508-cm height slot
(h/Dr = 1x10~°) was tested at circumferential ex-
tents of 30°,.60° and 120°; a 0.152-cm height slot
(h/Dp = 3x107°) was tested at circumferential ex-
tents of 60°, 90°, and 120°, The diffuser slot was
located as close to the inlet throat as practical
(h/Of = 0.20) The two diffuser slot heights inves-
tigated were the same as those for the 1ip slot.
Diffuser slot circumferential extent, however, was
held constant at 120,

Also shown in figures 2(b) and (c) are two
total pressure rakes, one just downstream of the
giffuser slot and the other just upstream of the fan
face. Comparisons of experimental and analytical
boundary layer velocity profiles are made at these
locations,

Test Procedure

A major concern during the test was the safety
of the fan, which meant that the fan blade stresses
should not exceed their limiting value. The proce~
dure for ensuring this is detailed in reference 3.
Essentially it consisted of first setting a low free
stream velocity and angle-of-attack with the fan op-
erating at @ low speed (~2000 rpm}. Then a “"safety
sweep" of fan speed was made during which time the
inlet passes from a worst condition to a better con-
dition (i.e., from separated to attached flow)., The
sweep consisted of increasing the fan speed to about
6500 rpm (this corresponds to the upper value of
throat velocities associated with landing transition
maneuvers of subsonic V/STOL aircraft) while contin-
vously monitoring blade stress levels to assure that
they remain below their limiting value.

Once the safety sweep established that the fan
blade stresses remained below their limiting value,
fan spead was decreased until flow separation oc-
curred. Data were taken just before and after sepa-
ration.

At each free stream velocity, angle-of-attack
was increased in increments of 15 and the above
procedure repeated until either the limiting value

of blade stress or the desired angle-of-attack was
reached, This process was repcated for increased
free stream velocities, In this manner, the enve-
lope of safe operating .onditions for the baseline
configuration was established.

This same operating envelope also was adhered
to for the blowing tests, Thus, if some unforseen
event shut off the blowing alr supply during the
test, fan blade stresses would stil) remain below
their 1imiting value, The procedure for the blowing
test was the same as that for the no blowing tests
with the exception that blowing pressure ratio was
set along with free stream velocity ana angle-of-
attack. Note that utilizing the same operating en-
velope for the blowing tests as for the non-blowing
tests meant that sometimes the separation boundary
for the blowing configuration was not achievea be-
cause the upper 1imit on angle-of-attack was set by
the non-blowing configuration.

Experimental Results

Non-Blowing Correlating Parameter

Before discussing the effect of blowing, a pa-
rameter for correlating separation bounds for inlets
without blowing will be described, This parameter
is the ratio of inlet throat velocity to free stream
velocity, Vi/Vo. How well it correlates the data for
the baseline inlet (no slot) is shown in figure 3.
The results are presented in terms of the angle~of-
attack at which flow separation occurs, a, as a
function of the velocity ratio, Vi/Vq, for a
range of free stream velocities that might be en-
countered during the takeoff and landing maneuvers
of V/STOL aircraft.

As can be seen from figure 3, the velocity ra-
tio successfully correlates the results for the
baseline inlet. The dashed curve in the figure rep-
resents the flow separation boundary for the inlet.
Below the curve, the flow is attached; above the
curve, the flow is separated. This correlating pa-
rameter also has been successfully applied to other
inlet geometries without boundary layer control de-
vices (ref. 3). Moreover, as will be shown later,
this parameter also correlates the results for inlet
configurations that have the blowing slot closed.

It should be noted that for all of the results in
this paper, the inlet maximum internal surface vel-
ocity was always subsonic, This is an important
point because the Vi¢/Vy correlating parameter

is applicable only as long as no shocks are present
in the internal flow (ref. 4).

Also shown on the abscissa of figure 3 is a
range of values for the velocity ratio that might be
encountered during the landing transition of a tilt-
nacelie VIOL aircraft (ref. 2?. At the start of
this transition maneuver, the fan is at part throt-
tle, (i.e., the throat velocity is low) because the
thrust was reduced to decrease the aircraft speed
from cruise conditions. During the landing transi-
tion maneuver, the aircraft continues to slow down
but the throat velocity now increases as the air-
craft transitions from wing-borne to thrust suppor-
ted vperation. The combination of an increase in
throat velocity and a decrease in free stream ve-
locity results in an increase in velocity ratio dur-
ing this maneuver. According to reference 2, the
velocity ratio could increase from 0.85 to 6.0.

Effect of Blowing Location

The effect of blowing slot location, i.e., on
the 1ip or in the diffuser, on the flow separation




boundary 15 snown 1 tigure i tor a blowing siot
height of 0,0508 cm (h/DF o 1x10°9) anu a slot Cire
cumterential extent ot 1.0%,  Results are shown n
figure 4(a) at a olowing pressure rativ, Pg/Py, ot
1,03 in figure 4(b) at a blowing pressure ratio of
1,43 and in figure 4(c) at a blowing pressure ratio
of 1,4, The open symbols denote data points tor lip
blowing, and the solid symbols denote data points
for ditfuser blowing., It should be noted that a
blowing pressure ratio ot 1,0, i.e,, when blowing
total pressure is cqual to tree stream total pres-
sure, does denote blowino since the static pressure
at the exit of the blowmg slot 15 below tree stream
total pressure,

As indicated n figure 4, 11p and dittuser
blowing were eftective in maintaining attached tlow
to high angles-of-attack. Uiffuser blowing {solid
symbuls) was more eftective at the low value ot
blowing pressure ratio, Pg/Pq o 1,0 (tig, 4(a)),

Lip blowing (open symbols) is less ettective at this
pressure ratio due to the aaverse etfect ot the lip
slot itselt as will be explained later. As blowing
pressure ratio increased to 1.¢, 1ip blowing becomes
as eftective as diftuser blowing (tig. a(b)f. At
the high value of blowing pressure ratio, Py/Py

= 1,4, Yip blowing becomes more ettective than dit-
fuser blowing at high velocity vatios (tig. 4(c)).
At this blowing pressure ratio, the tull benefit ot
1ip blowing at the highest angle-of-attack as well
as both 1ip and dittuser blowing at the low angles-
of~attack could not be demonstrateo (symbols with
arrow pointing up). The separation boundary coulu
not be determined anu still stay within the envelope
of sate operating conditions (see discussion of pro-
cedure),

The decrease in the etfectiveness of ditfuser
blowing relative to 1ip blowing with increasing
blowing pressure ratio is probably the result of
where flow separation is located within the inlet,
As the inlet angle-ot-attack is increasca with no
blowing, separation probably starts in the ditfuser
and not on the lip. This is inferred from the fact
that diffuser blowing is etfective and the fact that
blowing downstream of where the tlow separates gen-
erally is not effective (ref. 5). Moreover, the
analytical results, which will be aiscussed later,
indicate that flow separation is located in the agif-
tuser. Hence, the separation must be occuring down-
stream of the aitfuser blowing slot in the inlet
dittuser. (Where separation started in the inlet
had to be inferres because the slow responding
steady state measurements of lip and dittuser sepa-
ration indicated that flow separation on the 1ip and
in the diffuser occurred at essentially the same
time.) Applying a sutficiently high ditfuser blow-
ing pressure ratio as inlet angle-of-attack is in-
creased can completely eliminate diftuser separa-
tion. At the higher dangles-ot-attack, hewever, fur-
ther increases in ditfuser blowing pressure ratio
are not effective because the diffuser is ne longer
the critical element., Instead, at the higher
angles~of-attack separation occurs on the lip and
this, of course, cannot be eliminated by blowing in
the diffuser. To elimimate this flow separation
problem requires blowing on the lip, And by in-
creasing the 1ip blowing pressure ratio, inlet
angle-of-attack capability can be increased beyond
that which can be achieved by dittuser blowing.
Moreover, the results in figure 4 indicate that
blowing on the 1ip not only can eliminate lip sepa-
ration it can also eliminate ditfuser separation,
Thus, higher angle-of-attack capability can be
achieved by 1ip blowing thaw by diffuser blowing
because at higher angles-of-attack the separation
point moves upstream to the inlet lip.

As previously mentioned, there is an adverse
ettect of the slot when 1t 15 logated on the lip but
no signiticant eftect when the slot is located in
the dittuser. This 15 shown 1n figure b(a) where
the tlow separation boundaries tor the 11p slot
closed contiguration (open symbols), the ditfuser
510t closea contiguration (solid symbols), and the
baseline contiguration (1.c., no siot, dashed line)
are compared. {The slot was closed in a way that
tormed a rearwarg facing step.) The separation
boundary tor the diffuser slot c¢losed configuration
15 essentially the same as that for the baseline
contiguration inaicating no eftect of the diffuser
slot. The separation boundary for the lip slot
¢losed configuration, however, is considerably less
than that for the no slot contiguration indicating
the adverse ettect of the lip slot. The reason for
this will be explained shortly,

This same effect accounts for the reduction in
the separation bounaary with 1ip blowing at a blow=
ing pressure ratio of 1.0 that was shown in figure
A{a). To turther explain this, a comparison is made
1n tigure b(b) of 1ip blowing at a blowing pressure
ratio of 1,0 with the 1ip slot closed contiguration
(solia line). Also shown is the baseline configura-
tion (dashed line). The symbols, which denote the
1ip blowing results, generally have the same separa-
tion boundary as that for the 1ip closed configura-
tion. Consequently, 1ip blowing at this blowing
pressure ratio does not re-encergize the boundary
layer enough to overcome the adverse effect of the
1ip slot. The result is that 1ip blowing is not as
ettective as diftuser blowing at the low value ot
blowing pressure ratio.

The adgverse eftect of the lip slot is composed
of twg parts, Une part can by seen by examining the
axial distribution of internal surface static pres-
sures on the windward gige of the inlet. Figure b
compares this pressure distribution for the baseline
contiguration and the small Tip slot c¢losed configu-
ration. For both configurations, the minimum value
of static pressure occurs at the highlight (i.e., at
x/L = 0,0). The 1ip slot closed configuration, how-
ever, has a lower value for this minimum static
pressure which results in an increase in the already
steep adverse pressure gradient downstream of the
Tip slot. This, in turn, increases the tendency ot
the tlow to separate from the 1ip slot closed con-~
figuration compared to the baseline configuration.
An increase in the curvature of the 1ip slot closed
configuration in the region of the h'chlight com-
pared with that of the baseline configuration could
be responsible for the observed effect. No such
effert was observed for the diffuser slot closed
configuration.

The other part of the adverse effect of the 1ip
slot is aue to the fact that, at the 1ip slot, the
flow separates as it passes over the rearward facing
step tormed by the closed slot, and then reattaches
at some distance downstream. Based upon refer-
ence 6, it is reasonable to assume that, at the lo-
cation where flow reattachment occurs, the boundary
layer protile is relatively "weak" comparea with the
profile that exists at this location for the base-
line configrration. Also, a very steep adverse
pressure gradient exists downstream of the lip slot
as already mentioned, Consequently, the "weak" pro~
f1le associated with the 1ip slot configuration is
much more likely to separate due to this steep ad-
verse gradient than is the profile associated with
the baseline configuration. Both parts ot the ad-
verse effect of the 1ip slot contribute to the Tower
separation bounaary shown in figure 5(a) for the lip




slot closed configuration compared to the separation
boundary for the baseline configuration,

In contrast to the lip slot, the diffuser slot
s located downstream of the adverse pressure gradi-
ent, At the location where flow reattachment occurs
due to the rearward facing step formed by the diffu-
ser slot, the boundary layer profile probably is not
much "weaker" than tne profile that exists at this
location for the baseline configuration. Both have
had to overcome the same adverse pressure gradient
shown in figure 6. Thus, the diffuser slot would
not be expected to have much effect on the inlet
flow separtion boundary.

Lffect of Lip Slot Circumferential Extent

As previously discussed, higher angle-of-attack
capability can be achieved by 1ip blowing than by
diffuser blowing, Therefore, the remainder of the
paper will present further details of the aerody~
namic performance of the inlet with lip blowing.

The 1ip blowing results presented so far have
been for a sjot circumferential extent of 120
( 60° from the windward plane). The effect of
changing the 1ip slot circumferential extent on the
flow separation boundary is shown in figure 7. Also
shown is the separation boundary for the baseline
configuration (dashed 1ine). The results are pre-
sented for thg smaller lip slot height of 0.0508 cm
(h/0p = 1x10-9) at a blowing pressure ratio of 1.4,
The circumferential extent of the slot was varied by
closing the slot so as to minimize the change in the
contour of the internal surface in the vicinity of
the slot rather than causing a rearward facing step
to occur.

As the figure indicates, a 1ip slot circumferen~
tial extent of greater than 30" was necessary for
blowing to be effective. Blowing through a slot
circumferential extent of 120° resulted in a very
high angle-of-attack capability for the inlet. At a
throat-to free stream velocity ratio of 3.0 (which,
as already mentioned, is representative of an opera-
ting condition that might be encountered during the
landing phase ot a V/STOL aircraft), the no slot con-
figuration as well as the inlet with a 30° extent of
blowing were capable of achieving an angle-of-attack
of only 55, Increasing the circumferential extent
of blowing to 60° looks like it would increase the
flow separation angle to about 70°; and blowing
through a slot circumferential extent 120 1ncreased
the angle~of-attack capability to at least 110,

The reason for this improvement with increasing
circumferential extent of blowing can be explained
by examining the circumferential variation of the
diffusion velocity ratio shown in figure 8. Diffu-
sion velocity ratio is defined as the ratio of max-
imum-to-diffuser exit surface velocities. The re-
sults shown in this figure were obtained from the
potential flow analysis method described in refer-
ence 8. The diffusion velocity ratio parameter can
be used as an indicator of whether separation is
1ikely to occur, Previous experimental resvlts
(ref. 4) indicatea that separation woulz occur in
;h;s inlet when the ratio exceeded a value of about

The analytical circumferential variation of dif-
fusion velocity ratic is shown in figure 8 for three
angles-of-attack at a throat-to-free stream velocity
ratio of 2.5. The limiting value of the diffusion
velocity ratio, 2.7, is shown on the figure and il-
lustrates that the circumferential extent of the
separated reagion increases with increasing angle-of=
attack., At an angle-of-attack of 50", no separation
would occur since the maximum value of the diffusion

velocity ratio was below 2,7, At an angle-of-attack
of 75°, however, separation would occur and the re-
gion of separation would extena about $0° on efther
side of the windward plane (v = 0°), At an angle=-
of-attack of 110, the region of separation would
extend about 70° on either side of the windward
plane. Thus, to prevent flow separation at high
angles~of-attack requires blowing through a lip slot
that has a large circumferential extent, For exam-
ple, to ayoid flow scparation at an angie-of-attack
of 1107, the blowing slot would have to extend over
at least 120° of the lip circunference.

Effect of Lip Slot Height

The effect of blowing through different 1ip
slot heights on the flow separation boundary is
shown in figure 9 for a slot circumferential extent
of 1207, At blowing pressure ratios of 1.0 and 1.1
(figs. 9(a) and (b), respectively), blowing through
the larger slot height (h = 0,152 cm, solid symbols)
was more effective than blowing through the smaller
slot hefght (h = 0,0508 cm, open symbols).

As already mentioned, blowing through the
smaller Yip slot height at a low blowing pressure
ratio does not re-energize the boundary layer enough
to overcome the adverse effect of the slot. How-
ever, blowing through the larger 1ip slot height at
the same ¢onditions (i.e., same values for free
stream velocity, angle-of-attack, blowing pressure
ratio, and throat Mach number) triples the amount of
momentum injected into the boundary layer. Having
the same flow conditione for both slot heights
{i.e., free stream velocity and inlet mass flow)
means that at any angle-of-attack the blowing jet
velocity was the same, Changing the slot height
resulted in changing only the mass flow rate. The
mass flow rate tripled because the lua~ger slot
height has a slot area three times that of the
smalier slot height.

Comparison of Non-Blowing and Lip Blowing

A comparison of non-blowing and 1ip blowing re-
sults is shown in figure 10, The separa%ion bound-
ary of the relatively thin 1ip inlet (CR = 1.46)
with and without 1ip blowing is compared to the sep-
aration boundary of an inlet having a relatively
thick 1ip (CR = 1.69: ref, ) and no blowing.

As indicated, 1lip blgwing utilizing the larger
slot height (h/Dp = 3x10~°) at a blowing pressure
ratio of 1.1 (solid symbols), can at some conditions
double the angle-of-attack capability of the base-
Tine inlet (dashea 1ine), Furthermore, this 1ip
blowing configuration is as effective ana, in some
cases, more effective in achieving high angle-of~
attack capability than using the thick lip inlet
(dash-dotted 1ine). For example at a throat to free
stream velocity ratio Vy/Vo of 2.5, the relatively
thin 1ip baseline inlet was capable of achieving an
angle-of-attack of only 50°. Lip blowing increased
this capability to 110°. By comparison, the thick
1ip inlet achieved an angle-ot-attack of 82° at the
same velocity ratio of 2.5,

Some Criteria for Selecting Lip

Biowing Parameters

.The same angle~of-attack capability achieved by
blowing through the larger 1ip slot height with a
b1ow1ng pressure ratio of 1.1 can, of course, also
be achieved by blowing through the smaller 1ip slot
he1gh§. However, to accomplish this requires in-
creasing the blowing pressure ratio to a value of

i




about 1.4 as shown 1n figure 1U by the open $ym-
bols. Since essentially the same angle-ot=gtlack
capability can be achieved by blowing thruugh either
11p siot hewght, some eriterion 15 needed ty chvosy
between them, Une eriterion is relative blowing
power {RBP), The equation wsed tur calculating KbP
is shown in figure 10, [t 1s & non=chmensional pa-
rameter that represents the ratic of the ioval
amount ot power required to increase the pressure of
the blowing air from tree stream total congitiens to
the desired value, Py, divided by the 1deal amount
of power in the inlet air stream, Note that when
the blowing total pressure, Py, is equal to the

free stream total pressure, Py, the relative blow-
ing power is zero. Tiis means that ram atr can be
used as the source of the blowing air and, conse=
quently, no power from the propulsion system 18
needed,

The equation also shows that, at the Tow blow-
ing pressure ratios, blowing power is much more sen-
sitive to changes in blowing pressure ratio than it
is to changes in blowing mass tlow ratio (blowing
mass flow divided by inlet mass flow). Thus, 1t is
more efficient (i.e., requires less power) to re-
energize the boundary layer using a high blowing
mass flow ratio at a low blcwing pressure ratio than
visa versa. Based on this, the large 1ip slot
height configuration would be chosen, The results
shown in the small table in figure 10 confirm this,
In order to achieve the same angle-of-attack capa-
bility, the smaller slot height required a blowing
mass flow ratio of about 0.012 a3 a blowing pressure
ratio of 1.4, while the larger slot height required
a blowing mass flow ratio of aboul 0.U21 at a blow=
ing pressure ratio of 1.1, This vesulted in the
larger slot height requiring only about half the
relative blowing power of the smaller slot height
(5.8 compared to 12),

Besides relative blowing power, another criter-
ion that could be used to choose between the two lip
slot heights is whether the air required tor blowing
can realistically be bled from the core-conmpressor.
According to reference 7, a blowing mass tlow ratio
of 0.009 and a blowing pressure ratio ot £.6 are well
within the bleed capability of contemporary core-
compressor, Based on this criterion, the smaller
1ip slot height viould be selected, [t requires a
blowing mass flow ratio of only 0,012 at a blowing
pressure ratio of 1.4, The larger mass flow ratio
required for blowing through the larger slot height
(mg/my = 0.021) falls ftar ¢ “side the core-com-
pressor bleed capability reported in reterence 7.

However, the low blowing pressure ratio (Pg/Po
a 1,1) associated with the larger lip slot height
raises the possibility that the requived air could
be bled oft downstream of the fan rather than from
the corescompressor. To achieye this means that,
when the fan is throttled back during the landing
maneuver, the fan total pressure ratio must stay
above a value of 1.1 (at least in the region where
the air is bled off), It also implies that, to some
extent, the fan operational characteristics are in-
fluenced by the separation characteristics of the
inlet. Because, when the fan is throttled back to a
pressure ratio of about 1.1, the fan airflow must
remain high enough so that inlet tlow separation
does not occur. Thus, blowing through the larger
1ip slot height to keep the blowing power require-
ment low probably means that the blowing air is sup-
piied from the fan, and that the fan operational
characteristics are influenced, to some extent, by
the separation characteristics of the inlet.

bluwing Lerreiating Pargneter

e petential verrelating parsteter to be exati=
ey 1 the ratwe ot Glewing veluoity to anlet
throat veluoity, Viive,  TU was ueriveo by applying
the buskingtes P1 theorem for gimensiongl analysis,
The result wes that the angle-=otedtiack at which
t fow separation ecourred, a  becomes o function of
tour gimensionless parasetirs:

‘et [‘iq., o1 3.3,]
VOV R

by neglecting the Reynolus number ettect, Kgg,
and by assuning h/Ug  to be constant, the relation-

ship reduces tod
s g [:,0 fv';z]
t 't

This relationship must be applied to each blow
ing geometry since h/Up s assumed to be con~
stant, (Note that for the non-blowing geometry,
i.e., whan both Vg anw h are zero, and by neglect-
ing the etfect ot Reynolds number, the relationship
reguces to that for non-blowing which has alreaay
been discussed in connection with fig, 3).

How sucuesstully the relationship correlates
the blowing results is shown in tigure 11, The data
are trom the inlet configuration with S1p bloying
through the smaller slot height (h/Dp » 1x1079) and
the largest slot circumferenitial extent (0 = 120°),
Values of the correlating parameter, Vy/Vy, range
between 2.6 and 5,7, Very few data points have the
same value of Vg/Vy because of the procedure tor
acquiring the data,  Howeyer, preliminary indications
are that the parameter successtully correlates the
data as evident from the lines of constant Vg/Vy,
agrawn through the data, 7This was true not only For
the particular blowing geometry shown but also for
all blowing geometries investigated with this in-
Tet. Further investigations, specifically designed
to test this correlation, dre needeg before a final
determination ot its validity can be made.

Analytical Method

As mentioned earlier, an analytici) methoo has
been developed that can calculate the performance of
V/STOL inlets that utilize tangential blowing for
boundary layer control. It consists of a series of
computer programns developed at the NASA Lewis Re-
search Center. A flow chart depicting the sequence
for using these programs is presented in figure 12.
A1l programs start with the geometry program which
creates the discrete control points for each geo-
metric configuration, Then the incompressible po-
tential flow program is used to calculate the basic
solutions to the problem, These basic solutions are
combined into a solution that satisfies the desired
inlet operating conditions of free stream velocity,
angle~of-attack, and inlet mass flow. Next, the
incompressible flow is corrected for compressibility
and supersonic effects. The compressible potential
flow solution is then used as an input to the two-
dimensional compressible boundary layer program
which calculates the laminar, transition, and turbu-
lent boundary layer characteristics, and predicts
flow separation. A recent extension to this bound-
ary layer program allows the performance of suction
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and tangential boundary layer control concepts to be
calculated. A more complete description of the ana-
Jytical method utilizing suction and tangential blow-
ing is given in refercnce 8,

Comparison of Analytical and Experimental Results

Separation Boundaries

A comparison of analytical and experimental
separation boundaries is given in figure 13 for
three inlet configurations: the baseline configura-
tion (fig. 13({a)); the diffuser blowing configura-
tion with the larger slot height (fig, 13(b)); and
the 1ip blowing configuration with ihe smaller slot
hetght (fig., 13(¢}). The blowing resulte are shown
for a blowing pressure ratio of 1.2 and a blowing
circumferential extent of 1207,

For all three configurations, the predicted
{i.e., analytical) and experimental separation bound-
aries agree well at the lower velocity ratios, i.e.,
at angles-of-attack below 90°: For the baseline cone
figuration at a velocity ratio of b.4, the predicted
boundary was about 10° low. The reason for this is
not yet completely understood but, because of this
discrepencey, no attempt was made to predict separa-
tion boundaries for the two blowjng configurations at
angles-of-attack greater than 90°.

For the diffuser blowing configuration at a
velocity, ratio of 3.2, the predicted result also was
about 10° low. This Is felt to be a result of the
predicted location of flow separation being differ~
ent from the experimental location, This does not
cause a significant difference between the predicted
and eaperimental separation boundaries as long as
both the predicted and experimenta) separation lo-
cations occur downstream of the diffuser blowing
slot, But at high angles-of-attack, the predictea
separation location occurs upstream of this slot,
The analytical calculations cannot be done beyond
the separation point, Therefore, the angle-of-
attack is reduced in order to move the separation
location downstream of the blowing slot, The ana-
Jytical separation boundary then talls below the
experimentally determined boundary.

As previously mentioned, the analyhical method
for predicting internal flow separation with tangen-
tial blowing utilizes a two-dimensional blowing jet.
Thus, the analytical results are strictly applicable
only in one plane, namely the windward plane of the
inlet. The good agreement between predicted and
experimental separation boundaries at angleg-nt-
attack below 90" implies that internal flow .epara-
tion starts in the windward plane rather than at
some othey circumferential location.

At other angles-of-attack and blowing pressure
ratios, internal flow separation might also first
occur in the windward plane. However, it may also
be possible for the flow to separate at some other
circumferential location. This can be explained by
referring back to figure 8 and nnting that the dif-
fusion velocity ratio is a measure of the adverse
pressure gradient, When the inlet is at an angle-
of-attack greater than zero degrees, there is a cir-
cumferential variation in internal static pressures
in the forward part of the inlet resulting in a cir-
cumferential variation in the adverse pressure gra-
dient, with the steepest gradient occurring in the
windward plane. At very high angles-of-attack, a
considerahle circumferential extent of the flow must
diffuse through an adverse pressure gradient greater
than that required for separation to occur (i.e.,
above Vpax/Vde = 2.7). Kt each circumferential
location, éhe amount of momentum required to re-

energize the boundary layer sufficiently to maintain
attached flow is different, and is proportional to
the magnitude of the tressure gradient above that
value where flow separation is 1ikely to occur,
Thus, there is a circumferential variation in the
amount of momentum required to keep the boundary
layer attached with the greatest amount required in
the windward plane,

Also when the inlet 1s at angle-of-attack, the
¢ircumterential varfation in irlet surface static
pressure combined with a constant Blowing total
pressure results in a circumferential variation in
total-to-static blowing pressure ratio at the exit
of the blowing slot. Thus, there is a circumferen-
tial variation in the amount o. momentum injected
into the boundary layer, with the greatest amount
injected at the windward plane.

The necessary condition for attached flow is
that the amount of momentum injected at each circum-
ferential location must be at least equal to the
amount of momentum required at cach circumferential
location., As just discussed, the circumferential
variation in iajected momentum has a trend similar
to the circumferential varfation in required momen-
tum, However, there is no guarantee that at each
circumferential location the proper amount of momen-
tum will be injected to ensure the attachment of the
boundary layer., Consequently, 1t is not obvious at
which circumferential location flow separation would
start and, therefore, some ot the discrepency be-
tween experimental and analytical results that occur
at the higher angles-of-attack (see tig, 13(b)) may
be a result of the analytical calculations being
applicable only at the windward location.

Velocity Profiles

A comparison of experimental and analytical
velocity profiles was made at two axial locations in
the windward plane, one at the diffuser rake and the
other at the fan tace rake (see fig, 2). The re-
sylts are shown in figure 14 for the baseline con-
tiguration and figure 15 for the aiftuser blowing
configuration with the larger slot height, Both
configurations are at conditions where separation
boundaries were compared in figure 13 (a = 40°,

Vt/Vg = 1,6 for the no slot configuration;
ax 90°, VelVo = 2.1, Pg/Pq = 1.2 for the
diftuser b%owing configuration},

For the baseline configuration, the predicted
velocity profile is somewhat "stronger" than the
experimental profile at both axial locations (fig.
14(a) and (b)), This difference, however, is small
enough so as not to significantly effect the separa-
tion boundary.

For the diffuser blowing configuration, the
predicted and experimental velocity profiies agree
well at the diffuser rake location except in the
vicinity of y/Hg = 0,%, where the predicted velog-
ity is too high ?fig. 15(a)). This difference prob-
ably results because the blowing velocity profile at
the exit of the blowing slot, which must be speci-
fied in the prediction methods, is not the same as
the ex?erimental velocity profile at this location,
A similar trend in blowing velocity profiles was
observed in ~eference 9. By the time the flow has
reached the fan tace rake, however, enough mixing
has taken place so that the predicted and experimen-
tal velocity profiles agree very well (fig. 15(b)).

Sumnary of Results

Experimental and analytical investigations were
conducted to evaluate the effectiveness of tangen-
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tial blowing in preventing interna) fiow separation
over the range of operating conditions 1ikely to be
encountered by inlets for subsonic V/STOL aircratt,
The results of the investigation can be sunmarized
as follows:

Experimental

1. Both lip ana diffuser blowing were cf=-
fective in maintaining attached flow to
high angles-of=attack,

2, Higher angle~of-attack capability was
achieved by 1ip blowing rather than by
diffuser blowing,

3. The angle-of-attack operating range of
this inlet was, at some conditions,
doubled by utilizing Yip blowing,

4, Lip blowing was eftective using either
of the two slot heights., Using the
Jarger 1ip slot height required less
power, The boundary layer is more ef-
ficiently re-cnergized using a high
blowing mass flow at a low blowing ve-
locity than using a Tow blowing mass
flow at a high blowing velocity.

5, To inc¢rease the angle-of~-attack capabil-
ity of this inlet required increasing
the circumferential extent of 1ip blow-
ing, Lip blowing had to cover a circun-
ferential extent of 120° to maintain
attached flow at the highest angles-of~
attack,

6. The ratio of blowing velocity to inlet
throat velocity, Vg/Vy, successfully
correlates the olowing results for a
given blowing geometry (i.e,, fixed
slot height, location, and ¢ircumferen-~
tial extents.

Arnalytical

1, For both non-blowing and blowing con-
figurations, the analytical and experi-
mental flow separation boundaries agree
well at angles-of-attack below 90°.

1.

2

3.

4

5

6'
7'

8,
9,

¢, At the lower angles-of-attack, the anae-
Iytical ang experimental boundary layer
velocity profiles show goou agreement
at the two inlet axial locations where
comparisons were made,
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ANGLE OF ATTACK, o, deg

FREESTREAM
VELOCITY,
Ol
misec
@] 18
(] 20,6
< 25,7
A 30,9
D 4l,2
Ly 61,8
OPEN SYMBOLS
DENOTE LIP SLOT
SOLID SYMBOLS
120 fo DENOTE DIFFUSER SLOT
BASELINE 9
80 |— sLom)>
60 |— /M
40 }— /D’/t;u"f
" T R
(a) Lip and diffuser slots closed,
120 —
BASELINE
100 — (NO SLOTI~~._,
<
80— “SLIP sLoT
60— CLOSED
a— o
B | | | |
200 3 4 6 8 10

VELOCITY RATIO, Vi/V,
(b} Lip blowing pressure ralio, Pg/P, = 1,0,

Figure 5. - Effect of closed slots on separation boundary
and comparison of lip slot closed results3with lip blowing

at a pressure ratio of 1,0, h/Df = 1x10™%; 8 = 120%,
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GEOMETRY PACKAGE
(2D, AXI)

CONTROL POINTS

INCOMPRESSIBLE
POTENTIAL FLOW

BASIC SOLUTIONS

LINEAR COMBINATION
& CORRECTIONS

SPECIFIC SOLUTIONS
CORRECTIONS FOR
COMPRESSIBILITY AND
SUPERSONIC FLOW

BOUNDARY LAYER

LAMINAR, TRANSITION,
TURBULENT, SEPARATION

SUCTION
BLOWING

Figure 12, - Schematic diagram of inlet flow prediction computer programs.
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ANGLE OF ATTACK, q, deg

120
100
80
60
40
20

120
100
80
60
40
20

120
100
80
60
40
20

FREESTREAM

— o VELOCITY,
Vo,
i o m/soec
Vo)
- v o) 18
o 0 20,6
- ,g’ O 25,7
Y A 30,9
| @ AN 41,2
D 6.8
I I | __OPEN SYMBOLS DENOTE
(a) Baseli lot EXP. DATA
a) Baseline (no slot). SOLID SYMBOLS DENOTE
_ ANAL. DATA
A
I I I |
(b) Diffuser blowing. PglPg = 1,2; hiDp = 31073,
o
—
o
| | | I
0 7 4 6 8

VELOCITY RATIO, V{IV,
(c) Lip blowing. PglP, = 1.2; hiDg = 1x1073,

Figure 13, - Comparison of experimental and analytical separa-
tion bounds. @ =120°,
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