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FOREWORD

The research work described in this report was performed
by Frankford Arsenal, U, S. Army Muniticns Command, Phila-
delphia, Pennsylvania, and was sponscred by the U, S, Army
Research Office, Durham, North Carclina, The werk was
accomplished under Army Research Prcject Order ARO(D) 5-62
dated 18 December 1961, Dr, Sherwcod Githens, Jr., Deputy
Chief Scientist ¢f the Army Rzsearch Oifice, was the project
officer, The research program was conducted from March 1962
to December 1962 and carried out by the Pitman-Dunn Labcra-
tories, Resezrch and Development Croup, urnder the dirsction of
Mr, Charles J. Litz, Jr,, Pr-je:t Engineer, and Mr, Agnew E,
Larsen, Chief Investigater,

Personnel cof the Aeronautica! Engineering Department,
Princeton University, The James Farrestal Research Center
(under Contract DA 36-038-SA2-06002), ccnducted a preliminary
study as the aerodynamic part cf the subject project. A repcrt
covering the results of this study is presented in its entirety in
the Appendix. Dr. David C, Hazer, Associzate Professor, and
Mr, F, Carter Karins, Graduxte Student, conducted this study.
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ABSTRACT

Operating with the demonstrated and proven state-of-the-art
of boundary layer phenomenon as related to airfoils, this project
studies two objectives: (1) the uses of safely stored propellant
energy instantly released and directed through ducting, ejectors,
and/or other means, to appropriately located apertures on the air-
foil surfaces and (2) the reattachment of the circulation flow
through ballistic-combustion-powered boundary layer control of
the airflow over and around stalled airfoil test models,

In pursuit of these objectives, an intensive survey of authori-
tative literature on boundary layer aerodynamics revealed no
previous published interest in the determination of the time interval
phenomenon involved in the sequence of airflow events associated
with loss of circulation flow and its restoration,

The preliminary research efforts were directed toward the
acquisition of time interval data., This was accomplished, in part,
by recording and measuring the time interval required for decay
of circulation flow with the breakdown of 1lift in stall, and the
measurement of time for the reattachment of circulation flow in the
restoration of lift, These experiments were conducted in the smoke
flow tunnel of the James Forrestal Research Center of Princeton
University, Concurrently, the expenditures of energy involved for
restoration of circulation flow were also recorded and measured,
These values of transient energy were subsequently utilized by
Frankford Arsenal in computations to determine the propellant
energy requirements for full scale application of these emergency
boundary layer control concepts on the U, S, Army Caribou air-
plane.

Continuation and expansion of future efforts before full flight
tests, both in wind tunnel experiments and in scale model tests of
the ballistics aspects, are fully warranted by the results and
findings thus far.
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INTRODUCTION

This project employs the concept of using the appropriate
performance characteristics of propellant energy to counteract
the catastrophic consequences of loss of lift in stall of all types
of fixed wing aircraft,

Historical Background

A disproportionately high share of all fatal aircraft acci-
dents occur during the take-off phase of the flight profile (from
analyses of records,(l)* approximately 90 percent). In most of
these cases the aerodynamic phenomenon involved is stalling.
This stall, or sudden loss of lift, is the inevitable consequence
resulting from the breakdown of orderly circulation flow over
the airfoils, This disasterous situation is the same with all types
of fixed wing aircraft,

It should be recognized that the emergency aspects of stall-
ing are potentially present in every take-off or landing. Should
there be any momentary gusts or maneuver beyond maximum lift,
or should there be a reduction of air speed through lowered power
during this critical phase of flight operation, a stall or loss of
lift will occur, This loss of lift is an aerodynamic consequence
caused by a breakdown of the air flow over the wing profile at
large angles of attack. This phenomenon, called stall, arises
from the separation of boundary layer from the airfoil and is
usually accompanied with simultaneocus loss of control, Together,
these constitute great hazards to flight,

Means for fail-safe reliable recovery from this catastrophic
situation in flight have long been sought, Some automatic aero-
dynamic means of extending lift at larger angles of attack by re-
attachment of flow through the medium of nose slots, either fixed
or movable, have been used effectively for years.(z) Likewise,

a large school of effort has employed aerodynamic slots in the
rear portion of wings, contiguous to the leading edges of the aileron
or flaps, The real justification for using these aerodynamic means

*SEE REFERENCES,



resides in extending the speed range (i.e., ratio - maximum to
minimum speed) of the airplane by reducing take-off and landing
speed (slots open) and increasing the top speed at the smaller
angles of attack (slots closed).

Discussion

Powered energy sources have been employed, either alone
or in conjunction with some of the above aerodynamic means, to
extend the lift range or to delay stall, No previous means have
used powered energy expressly to reattach the separated airflow
to the airfoil in the incipient state of stall, This quick reattach-
ment of airflow is a prime requirement for controllable flight,

Over a period of 17 years, Frankford Arsenal personnel
have accumulated a vast experience in developing solid propellant
in propellant actuated devices (PAD) for emergency escape of air-
plane crew members, Using this experience, they have conceived
the idea of applying such energy as the primary source for resto-
ration of lift at stall, Thus, through the use of propellant energy,
safely stored and ready in propellant actuated devices (such as
gas generators), this project proposes to overcome the recognized
limitations of known present means in a novel manner - it pro-
poses to transmit this energy through internal ducting to wing and/
or control surface profile apertures at appropriate locations for
instant automatic reattachment of the flow by known boundary layer
control techniques,.

Accordingly, based on this concept, a patent disclosure was
issued and, on 11 September 1961, a technical proposal was
drafted and forwarded to the Army Research Office - Durham
(AROD) for consideration., This proposal was received favorably
by them. Subsequently, on 18 December 1961, AROD sponsored
and funded their authorization to Frankford Arsenal to study such
a device, establishing Research Project No. ARO(D) 5-62, with
initiation date of March 1962,

As outlined in this proposal, the task was not to accommo-
date and implement the escape of the personnel in the low altitude
regime of flight profile; rather, it was to enable them to remain
with the aircraft and recover it by the use of proven ballistic tech-
niques of PAD in the restoration of full flight lift through reattach-
ment of the boundary layer., This should reduce the accident hazard
to both life and aircraft,
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APPLICATION OF PAD ANTISTALL CONCENT
TO THE CARIBOU AIRCRAFT

A contract (DA 36-038-SA2-06002) was awarded to the James
Forrestal Research Center, Department of Aeronautical Engi-
neering, Princeton University, to conduct a preliminary study of
the rate of growth and decay of blowing-jet-induced circulation on
two-dimensional profiles,

Their report (included in this report as the Appendix) repre-
sents the first known record of the actual measurement of transient
interval of time for circulation flow to breakdown and subsequently
be restored on two-dimensional airfoil profiles. These measure-
ments and the visualization of smoke flow phenomenon represent
an enlightening examination of separation and reattachment of air-
flow through control of the boundary layer,

From the results of the Princeton study, the leading edge
blowing from the NACA 23015 profile was selected for extending
the investigation to a typical Army aircraft, {The NACA 23015
profile is typical of the type used in low speed aircraft, such as
transport and cargo carriers.)

It was determined that Frankford Arsenal ballistic engineers
would proceed with theoretical investigations of the feasibility of
applying the principle of propellant energy as the power source for
the full scale restoration of lift on the U, S. Army Caribou air-
craft, Studies and computations were made to determine the pro-
pellant energy required, Then, a PAD Gas Generator capable of
supplying the working fluid for cperation of the antistall device
was investigated for this aircraft, In short, the object of this
study was to determine an order of magnitude in determining the
PAD requirements necessary to restore lift to a stalled aircraft,
not to design an optimum PAD gas generator,

The following empirical method was used to estimate the
amount of solid propellant required to apply the PAD antistall

system to the Caribou,

The flow momenturmn coefficient equation (page 31) was used
to compute the jet thrust (using nitregen gas) required at the
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leading edge slot of the Caribou wing to restore the circulation
flow about an airfoil for a take-off speed of 65 mph (V,, free
stream velocity of 95.4 fps). The free stream density, p,. was
assumed to be that of air at standard temperature and pressure
(STP), The wing area over which the jet is acting, S, was taken
as 2/3 that of the total wingarea of the Caribou (912 ftz).* The
value for the flow momentum coefficient, Cp' was taken as 0,047

(see Appendix).
)
g J

% = 12

H 1 2
2PoVo S

where Vj = jet velocity at the slot, fps,

mass flow through the slot, lb/sec.

€
t

jet thrust at the slot, 1lb.

m,g
<
it

Po = free stream density, slug/ft;3 (0.00237).
V, = free stream velocity, fps (95.4).

wing area over which the jet is acting, ft2 (600).

47]
if

jet thrust at slot, 1b

0.047
1/2 (0.00237) (95.4)¢ 600

jet thrust at slot = 304 lbf.

In determining the time of operation for the PAD gas gener-
ator, it is necessary to consider two values: reattach flow and
sustain flow,

(a) Reattach Flow - the time interval required to reattach
the airflow about the airfoil, The impulse is:

F, 304 (. 5)
125 1bg-sec.
*Caribou values taken from Reference 3,
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(b) Sustain Flow - the time interval required to enable the
pilot to make corrective actions to restore the aircraft to normal
flight. Thus, the PAD generator, in addition to supplying gas for
sufficient time to re-establish flow, must maintain this condition
of sustained flow long enough for the resumption of normal con-
trollable flight, The impulse is:

Fy = 304 (30)

9120 lbf-sec.

A time cycle of 0.5 second was used in the computations to
determine the propellant requirement for reattachment of flow.
Similarly, a time cycle of 30 seconds was assumed and used in the
determination of the propellant requirement for the sustained flow.

The weight of propellant required to develop the equivalent
thrust was determined empirically, Ammonium nitrate composite
type propellant, selected for this study, has a specific impulse,

Ibg-
Isps of 180 —£2%C

I . Thus, the equivalent amount of solid propel-
m

lant is:

{a) Reattach Flow -

Fy 152
W, = — = —= =0.8421b
P Isp 180 m
where Wp = weight of propellant, lb,,
Fy = impulse, lbg-sec
L lbm-sec
ISp = specific impulse, —ibf_
(b) Sustain Flow -
_ 9120 _
Wp = 180 - 50.5 lbm

A charge adjustment will have to be made to compensate for
heat losses,



The solid prepeliant selected 13 ¢f the ammeornium nitrate
composite type {(NH4NC3;., This type of prepel.srt has 3 rela-
tively cool burning temperzature, The prcducts ¢f combustion axe
smoke-free, relatively norercsive, roncerrasive, znd nentoxic. (%)
Ammonium nitrate composits base propellirts have been used in
such systems as airplane starter cartridges,i {51 spin mcfors, (6)
and pressurization units for guided missile svstems. {7

The configuraticn of the propeliznt czr be estiblished from
the combined operatirg time {36, £ sec}, prope.iant dersity {0,053
lbm/in.3) and total charge weight {51, 34 b )

r \Fressure vessel) rsquired
irg the typ i 1 igmt‘_cn, zmount cf
ratirg prazssure,’ {8
In operation of aircr=fr, when muost stalls cccur ir the take-
off condition, a gust causes cne wing to rise or £237 and cne control
surface to lose response hefore the other, irducirg 2 spin from the
unsymmetrical leading.

The mass-momenrt-of-inert . of the aircraft {particularly for
large carriers like the Carib-ue! tends to delay ¢r prevent an immedi-
ate response, Hcwever, cnca rcll is induced, the mzss-moment-of-
inertia of the aircraft tends to keep the rcll geing, recessitzting
sufficient altitude to enable the pilot's ncrmal contrel 2djustment to
counteract the roli, If sufliclient &l%itude is lacking, the urcentrclled
aircraft will strike the ground disistrousiy,

The use of 2 propeilant energy antistai. system works in con-
junction with the ma.ss-m;»men’r.-d-merfia, of the aircraft, whose
momentum creztes the equivzlent reilative motisr Sf the frze stream
velocity., This sequence of events facilitatzs the PAD system's
functioning in the incipient stzge ¢t less-of-lift. Thus, the fcrward
momentum of the aircraft is an esserntizl prerequisite as used in
conjunction with the PAD boundzry l2ver contrcl system. The un~
ceasing forward moticen of the aircraft, if caught in sufficient time
to prevent becoming circular or unsymmetrical, either in roll or
pitch, assures the equivilernt of the free stream vslecity, This
continuity of air flow about the zirfcil functicns, together with the
propellant gas irom the PAD antistzll system, in reattaching the
separated flow through boundary layer contrel,
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Artist concepts of the PAD antistall and its application to
the Caribou are presented in Sketches 1, 2, and 3.

In Sketch 1, it is noted that the stalled condition arises at
either take-off or landing, This is so since the lift of an aircraft
wing in normal flight is dependent on the relative flow of air over
its surface as the aircraft is propelled forward (Sketch 2A), When
the velocity of the aircraft is decreased, however, the attack of the
airfoil must be increasged in order to maintain the required amount
of lift. If the velocity of the aircraft decreases to a point where
an increase in the angle of attack no longer results in sufficient lift,
stalling is encountered, At this angle of attack, the resulting turbu-
lence has destroyed the circulation flow of air (Sketch 2B), result-
ing in loss of lift, The PAD antistall system functions instantly to
maintain a smooth circulation flow of air (Sketch 2C) when the angle
of attack approaches the maximum and stall is imminent or actual.

In operation of an antistall system, air is instantly drawn in
through perforations distributed about the upper surface of the air-
foil or blown out at either the leading (Sketch 3) or trailing edges.
The antistall system causes the circulation flow to be reattached,
or adhered, to the upper surface of the airfoil,

As a result, therefore, this study offers a means of reducing
the hazards of stalling during the critical phases of flight profile
in take-off and landing.

CONCLUSIONS

On the basis of the investigation performed with the PAD
antistall project, an important and almost completely unknown
segment of aerodynamics has been discovered., Thus, the basic
concept as presented in Frankford Arsenal proposal (ARO(D) 5-62)
has been removed from the realm of abstractness.

Based on the studies as outlined in this report, the amount
of solid propellant needed to reattach the circulation flow about a

stalled airfoil (Caribou) at take-off, in an effort to save both the

7
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pilot and the aircraft, is in the order of 0.842 1b, The amount of
propellant required to sustzin the reattzched flow long enough to
enable the pilot to control and maneuver the aircraft into normal
flight is in the order of 50,5 1b, These values of propellant have
a significant meaning when compared to those required to eject
the pilot; e. g., the M8 rocket catapuit has a 6, 3-1b grain and the
XM7 has a 30-1b grain.

RECOMMENDATIONS

It is recommended that studies be continued to include PAD
gas generator design and testing. Such a program would include
the following three-phase testing sequence,

Phase I - Smoke Tunnel, The smoke tunnel would be vsed
for a specific airfoil profile to cover a range of angles of attack,
A scale model of the PAD antistall system would be evaluated in
the smoke tunnel,

Phase II - Wind Tunnel. The wind tunnel would be used for
larger airfoil profiles to cover a range of angles of attack with a
full scale model of the PAD antistall unit. This phase would per-
mit a study of flow techniques on the full scale model simulating
flight conditions.

Phase III - Flight Tests, The aircraft wings of a test air-
craft would be mounted with a 4-foot span section of the PAD anti-
stall system, The system would be evaluated under full flight
conditions where stall is actually induced. Use of pressure trans-
ducers and time reference camerzs will be used to record a time
plot of the response of the aircraft, For this test, the PAD anti-
stall unit would be mcunted on the external surface of the airfoil,

11
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9. Boundary Layer Literature Reviewed (List submitted by
U. S, Army Research Office - Durham).
National Advisory Committee for Aeronautics:
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David Taylor Model Basin, Carderock, Md.-
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In addition, many other authoritative treatments, as

published by NACA and other sources (NASA, RAE, NATO, ARAD,
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APPENDIX

A PRELIMINARY STUDY OF THE RATE OF GROWTH AND
DECAY OF BLOWING-JET-INDUCED CIRCULATION
ON TWO-DIMENSIONAL PROFILES

PRINCETON UNIVERSITY
Department of Aeronautical Engineering
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Abstract:

High speed motion picture photography was utilized to study
the rate of change of the Two-dimensional smoke fiow patterns about
airfoils produced by the application of boundary layer control by
blowing, The times required for circulation build~up atter blowing
Jet initiation and for circulation decay after blowing jel cessation
were determined,
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SUMMARY

High speed motion picture photography was utilized to study
the rate of change of the two-dimensional smoke flw patterns about air-
foils produced by the application of tangential blowing jets at various
locations on their upper surfaces, Two airfoils, an NACA 23015 and an
NACA 65006, were employed for the tests because of the difference in their
stall patterns at the Reynold's numbers studied, one displaying a typical
trailing edge separation, the other a short bubble~type leading edge
separation,

Tests were made at various angles of attack, blowing momentum
coefficients, free stream velocities, and mode! configurations. The times
required for circulation build-up atter blowing jet initiation and for
circulation decay after blowing jet cessation were determined. The meas-
urements were not detelled enough to separate all of the factors affect-

ing the rates of change, but the major variables were identified.
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INTRODUCT I ON

At the request of representatives of the U, S, Army's Frankford
Arsenal, a preliminary investigation of the factors affecting the rate of
time required for the build-up or decay of profile circulation induced by
surface blowing jets was undertaken, The arrangements studied were typi-
cal of many that have been proposed for high-titt boundary layer or cir-
culation control, The purpose of the investigation was to obtain order
of magnitude information with which to evaluate the feasibility of a pro-
posed emergency system dasigned to re-establish the fiow about a profile
that had suffered either inadvertant stall or powered lifting device
fai lure,

The method selected to obtain the desired information rapidly
and economically utilized the 2" x 36" Two-Dimensional Smoke Tunnel of the
Subsonic Aerodynamics Laboratory of Princeton University's Department
of Aeronautical Engineering. The models were placed in this tunnel at
fixed angles of attack and the change in the smoke flow patterns produced
as a blowing jet was turned on or off was photographed with a 16 mm Wol-
lensak Fastax high speed motion picture camera., The resulting movies
were then analyzed frame by frame to obtain the desired information.

Two entirely different types of airfoils were employed, an NACA
23015 displaying a trailing edge stail, and an NACA 65006 displaying a
short bubble leading edge stall., Both were equipped with ,20-chord plain
flaps and blowing shots located near the leading edge and at the flap

hinge line,
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Since the main interest of this exploratory investigation was
centered on the flow patterns resuiting when the wing was operating at
angles of attack above which it would normalily be stalled without the
application of boundary layer control, a large percentage of the tests
were conducted at relatively high angles of attack, The boundary |ayer
control system employed on the NACA 23015 profile could, because of the
large nose radius of the section, attach the flow even if the stall angle
were exceeded by 5 or more degrees, The NACA 65006, having a considerably
smaller nose radius, could not be reattached at angles much greater than

| or 2 degrees above its stall,
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EXPER|MENTAL EQUIPMENT

Smoke Tyanel

The wind tunne! employed for these studies was the Princeton
University 2" x 36" Smoke Tunnel. This tunne!, which is described in
detail in Reference 1|, is capable of speeds up to about 80 teet per sec.
with good streamiine resolution, Owing to mode! and blowing supply limi-
tations, however, the maximum speed for these tests was restricted to

60 ft. per sec,

irfol il

The two airfoil sections employed are shown in Figure I. Each
had a sixteen-inch chord and two-inch span. They were constructed of
mahogany and Plexiglas and were equipped with 0,20-chord plain flaps.
Blowing slots were located .02-chord aft of the leading edge and at the
flap break,

The interior of each profile was designed to serve as a plenum
chamber in the pressure system of the blowing jet, A static pressure
tap located in this plenum chamber provided a means of measuring either
the static pressure at the blowing slot when the pressure supply was
turned off or the stagnation pressure of the gas ejected from the slot

when the pressure supply was turned on.

Pressure System
The gas supply for the biowing Jet consisted of & cylinder of

compressed nitrogen, a reducing valve, an electrically operated shut-off

19
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valve, and the associated piping necessary to connect the tank fo the
model. Nitrogen was used as the gas in the pressure system because, being
inert, it would not react with fse vaporized kerosene used to produce the
smoke streamlines in the tunnel,

A pressure reducing valve lowered the pressure from 1500 psi
at the supply tank to the O - 6 psi range at which the experiments were
conducted., An electrical solenoid valve provided & means of rapidly open-
ing and closing the supply line to the plenum chamber in the model. The
operation of the solenoid was controlled by a timer connected to the Wol-
lensak Fastex camera which photographed the sequence of events at rates
up to 4,000 frames per second. The Timer was adjusted either to open
or close the valve as required at a time sufficiently delayed atter the
start of the camera to have permitted the fiim to come up to speed, but
rapidly enough to record the fuil change in circulation, The vaive it-
self was placed as close as possibie to the plenum chamber in order to
reduce the time lag of the system.

The pressure system is shown schematically in Figure 2,
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DATA RECORDING

The two-dimensional |ift coefficient at any given instant served
as a means of determining the relative magnitude of the circulation., The
litt coefficient was determined by the method of stream-line displacement
described in Reference 2, The variation of |ift coefficient as a func-
tion of the angle of attack for the given airfoils was obtained from
Reference 3 and then correlated with streamline displacement data for
the particular models used in this investigation. The calibration curves
so obtained were then extrapolated to the angles of attack at which the
tests were made.

This extrapolation, admittedly a dubious procedure, was neces-
sary both because many of the tests were made at angles of attack at which
the profiles were operating in a stalied condition and because the lift
coeftficients obtained by use of the blowing jet were considerably greater
than the maximum |ift coefficient given in the literature for the basic
profiles.

In order to determine the time history of the circulation as the
blowing jet was either started or stopped, all that was required was the
streamiine displacement at aﬁy given instant, Since the effects studied
were of a transient nature, the instantaneous stream!ine displacements
as events proceeded were recorded by means of high-speed motion picture
photography,

The time required to change the circulation from one value to

another was assumed to be the time interval between the start or stop
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of the blowing jet and the time at which the leading-edge stagnation point
reached a new point of equilibrium, The time at which the jet started or
stopped was recorded by means of a pressure transducer connected to the
static pressure tap in the plenum chamber of the airfoil, Signals from
the transducer were amplified and tihen recorded on a Sanborn recorder.

The Wollensak Fastex camera, used to make the high~speed motion
pictures of the event, was equipped with a timing light driven by a sig-
nal generator recording time intervals of one thousandth, 0.001, second
on the edge of the film, The time scales on the Sanborn recorder and the
motion picture film were correlated by means of a flash gun and light
meter arrangement, The signal produced by the light flash triggered by
the circuit controlling the operation of the solenoid was amplified and
then recorded on the Sanborn recorder. Thus the tight from the flash
gun was recorded on the film and simultaneously, the impulse from the
light meter was recorded with the pressure data on the Sanborn multi-
channel recorder,

!t was not possible to obtain quantitative pressure data from
the pressure transducer because the unit used required a harmonic filter
in tThe amplifier circuit that was not available. Therefore, the pressure
data were used only as a qualitative indicator of the system pressure,
Quantitative pressure data were obtained by use of a "U" tube manometer,
and therefore only the steady-state pressures in the plenum chamber could
be measured.

Because of the nature of the devices employed‘in the data re-

cording sequence, a period of time elapsed between the signal and the
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actual initietion of the jet. Further time elapsed before steady jet con-
ditions could be established. These times are all included in the mea-
sured time required to bring the forward stagnation point to equilibrium,
A number of calibration procedures were tried, but within the instrumenta-
tion limitations of this preliminary study, no successful techniques of
accurately esvaluating these effects and subtracting them from the total
time was found. ‘The times measured for the circulation build-up and de-
cay are thus probably conservative, although a definite statement cannot
be made untii more information comparing the time raequired to establish
the mode! jet with the time required to establish a similar full-scale
jet can be obtained.

Figure 3 presents photographs of the experimental arrangement,
The surveyer's transit was used to determine the steady state streamiine
displacements as accurately as possible, Figure 4 is a slightly enlarged
photograph of a typical 16 mm strip of test film showing the timing marks

on the side,
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(o) Fastex comero (c) Pressure transducer amplifier

(b) Sanborn recorder (d) Transit

DATA RECORDING EQUIPMENT

{e) Smoke tunnel test saction (h) manometer
(f) Model (i) Signal generator for timing
marks on film
(g) Nitrogen bottle
(j) Time sequence control

(k) Fastex camera

SMOKE TUNNEL TEST EQUIPMENT
FIGURE 3
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FIGURE 4. TYPICAL TEST FILM
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TEST PROGRAM

The objectives of any preliminary invesfiga+ion are generally
to obtain order of magnitude solutions under conditions of both {imited
time and money. More specifically, the objectives of this study were
to determine the suitability of the test techniques, and to obtain so
tar as these test techniques permitted, intormation relating to the iength
of time required to establish or destroy flow patterns associated with a
powered boundary layer control system,

Although the problem of the length of time required to create
or destroy a given circulation is a general one, with applications rang-
ing from the fields of gust alleviation to flutter, the particular concern
in this case was with the development ot a safety system designed to over-
come the separated flow associated with either an inadvertent stall of
an unpowered wing or the abrupt cessation of a powered BLC system. In
either case, the profile would probably be operating in an angle of at-
tack range well above that required for C'max of the basic uncontrolled
wing.

Because of the large variation in the nature of protile stall,
two typical sections having very different stall characteristics were
selected. The first was an NACA 23015 section, This section is |58 thick
and stalls, in the Reynolds Number range of interest, as result of a sepa-
ration ot the turbulent boundary layer starting at the trailing edge and
moving forward. The second profile was of an NACA 65006 section which

characteristically displays an abrupt separation from the leading edge.
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For this preliminary study, it was decided that in order to hold
the number of variables within bounds, the angle of attack would not be
changed during the process of the build~up or decay of circulation, but
would be held at an arbitrarily selected constant value, In the actual
case, of course, a sudden loss or gain of lift would produce a dynamic
response of the aircraft and a resultant change in angle of attack., 3ince
this change would be a function of the particular type of aircraft under
consideration, it was decided to defer an investigation of the influence
of the rate of change of angle of attack until a later program,

The procedure followed was to set the wing at an angle of at-
tack of interest and fo adjust the powered boundary layer control! as de-
sired, defining its operation by the ftow momentum coefficient. This
momentum coefficient, Cu' is used to relate the slot flow to the resultant
degree ot circulation control provided, assuming a fixed profile geometry,
angle of attack, location and atignment of the powered device, and con-
stant free stream conditions. The flow momentum coefficient came into
general usage in the literature after theoretical and experimental work
had revealed that a term based on flow volume alone was not suitable for
the desired jet situation.

The blowing jet cannot be simulated by a source, but acts rather
as a series of sinks distributed along a thin membrane. The basis for
the parameter Cu is the thrust of the jet at the slot. It is found that,
where the operation is primarily that of altering the potential flow pat-

tern, this term is unique, but it becomes less rigorous where merely
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controlling the viscous boundary layer to avoid separation is the major
effect, (In practice, Cu yields good correiation for trailing-edge
systems, |Its value for use with leading-edge systems has, however, not
yet been fuilly established.)

Cy is defined by non-dimensionalizing the jet thrust as foliows:

- v
Cu = I (w/q) !

/2 pg Vo© S

where

Vj = jet velccity at the slot, ft/sec.

w = mass flow through the slot, Ibs/sec,

(w/g) Vj = jet thrust at the slot, Ibs.

po = free stream density, siugs/ft°

Vo = free stream velocity, ft/sec

S = wing area over which the jet is acting, 12

Some investigators feel that, where the blowing slot is located
well forward of the trailing edge, it is more convenient and just as real-
istic to use the ratio of the jet velocity at the slot to the infinite free
stream velocity, VJ/VO, rather than the flow momentum coetficient, Cu
(Reference 4),

In order to put the equation for C, in more useful form, the
fol lowing expression for Wj is substituted into the original equation:

Mi= gAY

where:

g = acceleration of gravity, 32.2 ft/sec®

pj = Jjet density, slug /413
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Aj = Jjet slot area, 12

Vj = Jet velocity, ft/sec,

The resulting expression is then:

= p.A.v,B
172 po Voo S

C,

This equation can be further simplified if it is noted that for
the velocities involved, pJ/po ~ l. This simplification is valid, even
considering the use of pure nitrogen in the jet, because the jet and free
stream velocities are refatively so low that any difference in densities

can be negiected, The final form of the equation is then:

Cy= 280 ¢ Yj 2
Vo
Bernoulli's equation for incompressible flow:

Py + 1/2 p V® = p,
was applied between the plenum chamber and the jet slot. The value of
the static pressure in the plenum chamber, when the pressure system was
turned off, was assumed to be the static pressure into which the jet was
exhausted, Since, for all practical purposes, the nitrogen in the plenum
chamber was at the stagnation condition when the jet was operating, the
value of the static pressure in the plenum chamber when the pressure system
was turned on was the steady state stagnation pressure of the gas ejected
from the slot. The equation for the jet velocity is thus:

Vi = 02 o = pa)/p, P2

J
where:
Vi = et velocity, tt/sec
Pe = plenum chamber static pressure with the jet operating,

Ibs/ 12 '
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ps = plenum chamber static pressure with the jet otf,
Ibs/#13

p; ™ Jot density, slugs/#t®

The jet density used in the calcu |lation of the jet velocity
was that of nitrogen at a temperature of 80°F., and a pressure of one at-
mosbhere. Nitrogon was assumed to behave as a perfect éas under these

conditions so that the perfect gas equation holds:

p = p/RT

where:

p = density, slug /ft3 :

p = pressure, Ibs/ft?

R = gas constant = 1774 #+2/sec® °R for N,

T = temperature, °R

Using the above conditions, the jet density is calculated to
be:

pj = 0.0022! slugs/tt®
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ANALYSIS OF EXPERIMENTAL ERRCR

In order to determine the degree of accuracy of the experimental
data presented in this report, smple values of the data are presented
below,

I, Free stream velocity

calibration error
Total head pressure static pressure
24,65 + 0,02 in, HyO 25,00 £ 0,02 in, H,0
q = 0,35 +£0.04 in., K0
p = 0.002319 slugs/#t3

Using Bernoulli's equation, the free stream velocity is calcu-
lated to be:

Vo = 39.6 + 2.3 tt/sec

An additional variation due to the error in the "q" meter read-
ings produced an error of + |.0 ft/sec. The drop in the line voltage
to the motor generator set caused by the light banks used fo illuminate
the test section introduced an additional systematic error in the value
of the free stream velocity. The maximum change in the "q" meter under
these conditions was less than one-tenth (0.10) of a scale division.
Theretore, the maximum error resulting was less than 8,35§ of the mea-
sured free stream velocity. Thus, the total possible error in the mea-
surement of the free stream velocity was + 16,70%.

Jet velocity Error:

q; = 7.00 £ .04 in H;0
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Py = 0.00221 slugs/ft®
Vj = 181.54£0,5 tt/sec

The error in the measurement of the jet velocity was + 0,28¢%
of the measured value,

Cu Error:

The error in the value of Cu for the example is the sum of the
percent errors ot V, and Vj- Therefore, Cu ii.known to an accuracy of
+ 16,988,

Time Error:

In addition to the difficulties discussed previously resulting
from unknown time lags in the system, the accuracy of the measurement of
the time required to change the circulation was limited by the ability
To determine the time at which the streamlines reached equilibrium, This
time was determined by measuring the streamline displacement at ten-frame
intervals on the data film, Thus, the equilibrium point was determined
to an accuracy of + |0 frames on the motion picture film, This was equi-
valent to an error in the time measurement of + 0.C05 seconds. An addi-
tional error in the time measufemenf of + 0.005 seconds was incurred in
reading the data trace of the pressure transducer., The systematic error
due to the time lag of the pressure sensing and recording equipment was
assumed to be also on the order of + 0.005 seconds., Thus, the total error
of the time measurement was + 0,015 seconds.

Cy Error:

The values of the two-dimensional lift coefficient obtained

were used as qualitative measurement only since the accuracy of the
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streamline displacement method used to determine these values was unknown
when applied to angles well beyond the stall,
The order of magnitude of the possible errors from each source

is summarized below.

|. free stream velocity + 16.70%
2. jet velocity + 0.,28%
3, flow momentum coefficient, Cu + 16,98%
4, growth or deca; time + 0,015 seconds
5. two-dimensional coefficient of lift unknown
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DISCUSSION OF RESULTS

In spite of the |imitations on both the quantity and the accur-
acy of the results obtained, a number of interesting facts emerged from
these investigations, The most significant of these is the fact that the
time for circulation build-up or decay is a much stronger function of
tfree stream velocity than of the jet velocity, a not too surprising fact
since the profile circulation atfects the entire flow field not just the
region adjacent to the jet,

The data obtained with the NACA 23015 profile are tabulated in
Table |, In order to obtain an idea of the phenomena involved, a large
number of runs were conducted at an angle of attack of 20° or slightly
more than 5° above the basic airfoil stall, Steady state tests indicated
that at this angle, the flow could be reattached by blowing through the
leading edge slot with a minimum Cu = ,047., Employing this value, run;
were made at free stream velocities of 20, 40, and 60 ft/sec., At the high-
est speed, the reatrtachment, although appearing complete To the eye, was
disclosed by the film to be of an unsteady nature, creating some.difficulfy
inthe determination of the time to bring the forward stagnation point to
rest,

A study of the fiim disclosed the reattachment process started
approximately .01 sec after current was supplied to the solanoid valve,
The first eftect discernable was the beginning of the formation of a vor-
tex at the jet nozzle exit. This grew rapfdly in size, although its exact

dimensions were difficult to determine owing to the limited definition
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TABLE |

Model No., | NACA 23015

Run . Vo v; Vo To T

No. o 8° tt/sec f1/5ec c/sec sec/c sec

. 5 20 0 20 59.4 15 ,0667 .350
2. 4 20 0 40 119.0 30 .0333 . 160
3, 6 20 0 60 181.0 45 0222 .
4, 9 20 (o} 40 64.0 30 0333 175
5. 10 20 0 40 79.6 30 0333 261
6. 15 20 0 40 112.0 30 0333 . 156
7. 16 20 0 40 137,0 30 ,0333 .156
8., 17 20 0 40 159,0 30 0333 . 162
9. 20 16 0 20 57.4 15 .0667 318
0. 18 16 0 40 120.0 30 .0333 139
ite 19 16 0 60 168.0 45 0222 . 124
12, 7 20 15 40 121.0 30 0333 .160
|3, 8 20 45 40 121.0 30 .0333 . 132
l4, 12 20 0 20 59.5 15 .0667 . 720
15, 11 20 0 40 121,0 30 0333 .251
6. 13 20 0 60 182.0 45 .0222 .198
17. 23 7.5 15 20 125.0 15 L0667 17
18, 2l 7.5 15 40 246.0 30 .0333 .11
,230

9. 24 7.5 45 20 126.0 15 0667 +.020
20. 25 7.5 45 40 245.0 30 0333 . 103
21, 26 7.5 45 60 369.0 45 .0222 ,055
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TABLE | (Continued)

Initial Final

T/T, _E_!}, I_._.E- "T_E_ Growth Decay of! Cy o)
5.25  .0474  x X 1.56 2.20 .64
4.8  .0476  x X .98 2,24 1.25
7.47

5.93  ,04%0  x x 1,58 2.33 .75
5.25  .0137  «x X 1,32 1.2 .00
7.85  .0212 «x X 1,02 1,32 .30
4.69 .0822 «x x 1.42 2.18 .76
4,69 0631  x x 1.86 2.16 .30
4,86  ,08%  «x X 1.50 2.37 ° .87
4,78 0441 x X .50 2.08 .58
4,14  ,0488  x x 1.94  2.37 .46
5.59  .0422 «x x .42 2.18 .76
4.81  .0492  «x x 1.38 2.53 .15
3,96 ,0492 X X 2.00 3,14 1.14
10.70 .0475 x X 2.08 1.32 .76
7.54  .0492  x X 2.28 115 1,13
8.92  .0495  x X 2.24 .32 .92
.76 .1450 x (.35 1.64 .29
3.05 L1810 x 1.94  2.08 .10
3.59  .1470 x 2,16 2.45 .29
3,09  .1390 x 2.16 2.45 .29
2.48  .1410 x 2.30 2.53 %
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provided by the spacing of the smoke streams, and began to move down-
stream adhering to the upper surface of the profile, The speed of down-
stream motion of this vortex appeared to increase with time, although

the lack of definition of its core and its rapidly expanding size made
this difficult To determine, [t is felt that this increase in speed was
primarily a reflection ot the build up of jet velocity, but it may also
have reflected a natural increase in the upper surface flow‘;elocify owing
to reattachment,

[t is interesting to note that after the passage of this vortex
the flow started to attach to the upper surface, but that this fact was
not reflected as a motion of the forward stagnation point until the vor-
tex had reached the vicinity of the trailing edge. Once the forward stag-
nation point started to move, however, as shown by Figure 5,vif continued
at a roughly constant rate (if small perturbations are neglected) until
its final equilibrium position was reached,

It proved impossible to relate the time trace of the pressure
orifice within the mode! to the actual jet build-up. As Sthn in Figure
5, as the valve started to open, the pressure transducer recorded a pres-
sure drop, probably due to the gas stream rushing pasT‘iT. As the gas
rushed in, filled the plenum, and started to be ejected out the slot, a
series of pressure surges were recorded, with steady state conditions not
being achieved until| atter the equilibrium circulation had been reached,
Without much more detailed instrumentation, it is impossible even to haz~

ard a guess about the behavior of The jet during this period.
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This inability to define the jet conditions may not be as severe
a limitation as it might at first appear. Figure 6 compares the time
for compiete circulation equilibrium as a function of Cu. It will be
seen that once Cu was increased sufficiently to achieve essentially com-
plete reattachment of the flow, the time required to reach equilibrium
conditions was essentially constant, 1t is interesting to note, owing
to the conditions of these tests, possibly the Reynolds number range, or
possibly the close spacing of the wind tunnel walls, and resultant wall
boundary layer interference, Thaf;Aalfhough 2 Cu of .049 (Run No. 6) was
insufficient to achieve complete attachment of the flow at a speed of
60 ft/sec., a value of .0422 (Run No. 15) accomplished the Task at 40
ft/sec,

Changing the extent or the character of the separated area changes
the time required for reattachment, Figure 7 is a comparison of the times
required to achieve circulation equilibrium at a Cu = .047 for the pro=-
tile at angles of attack of 20° and 16°, the former being about 5° above
stall, the other only 1°, As wouid be exp ected, the time required at
the lower angle of attack is appreciably shorter than that at 20°,

Because of the strong dependence of the circulation growth time
upon the magnitude of the free stream velocity, these data have been pre-
sented as plots of the ratio T/Ty, the time required to achieve circulation
equilibrium, to the time required for the free stream to travel one chord
length, versus the free stream velocity measured in chord lengths per

second,
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At the present moment there is insufficient information avail-
able to specuiate about the shape of these curves, Reattachment of a
separated flow is a complicated process in which both the viscous and
inerfial forces within the separated region and the blowing jet play a
major role., Thus, although the free stream velocity is a major factor
in determining the time it takes for the flow field to react to a change
of conditions about the profile, iT is by no means the only one.

Deflecting the trailing edge flaps when the profile was at angle
of attack of 20° had comparatively little effect upon the time required
for circulation growth although, as shown by Figure 8, the surprising
result was obtained that deflecting the flap by 45° did produce a reduc-
tion in the time required of about .028 seconds. Detailed studies utiliz-
ing the streamline defiection method showed that, although the profile
went from a cy of 2.0 to 3,14 for a &cy = |.14 as the leading edge blowing
vas applied in 84 = 45° case, it went from 1,38 to 2.53 for a Acy = |.15
in the 6; = I15° case and from .98 to 2.0 for a Acy = 1.02 in the flaps-
up case. Further examination showed that the extent of the reattached flowv
was considerably less in the §; = 40° case than for the 6; = I15° case,
leading to the conclusion that the shorter time required for circulation
growth was merely a reflection of the fact that a large part of the highly
deflected flap was unaffected by the biowing jef., The result was that
the circulation growth acted as if the effective chort of the profile
was shorter than its actual chord,

For comparison purposes, a series of tests of the inverse case,

namely that of an airfoil with an operating BLC system which was suddenly
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interrupted, were conducted, The resulting times for circulation decay

are compared with the times for circulation growth for the corresponding
speeds, Cu, and angle of attack in Figure 9, Since the traces showing the
solenoid valve action indicated no particular difference between the length
of time required to open and the length of time required fo close, the
conclusion is that the greater times required for circulation decay is

a reflection of the inertia of the mass of air entrained by the blowing
jet.

Since blowing over the flap could not increase the stalling angle
ot the wing, but on the contrary tended fo reduce it, tests of the flap
blowing were conducted at an angle of only 7.5°. With a flap deflection
of 15% there was only a slight separation, so extensive tests were not
conducted. With &, = 45° the blowing jet had a much greater effect., As
shown by Figure 10, the variation of the time required for circulation
growth with forward speed was roughly of the same nature as for the pre-
vious cases, but much faster. The total change of circuiation was of
about the same order of magnitude, but because only ithe fiap had suffered
complete separation; the steady state value of the minimum Cu required
was much greater. On the other hand, the fact that the separated area
extended onty over the .20-chord flap undoubtedly accounted for the
shorter time required for reattachment,

The NACA 65006 airfoil behaved in much the same manner as the
thicker NACA 23015 section, except that the leading edge type of separaiion
proved much more difficult to control. Staltl of the basic airfoil oc-

curred between 11° and 12°, and it proved impossible with the arrangement

47



P Eaes

-r

]
|
M

TTITTT

b ek b

ND DECAY TIM

‘Wu.
&
A
a9 .
B3
T . e
)
it B
i i
4 ,1m -
T |
13

qmmsclm
L l

-




* _
B NS H BE%s: +
. ; 5 *
Y j. 1
M T
. IOHS o el o 41
: ! ot Eigess
” i - 11 "
i anl fages
i
i
— - pasgmasyueEds +' deazad
: R L r i A58
: i
o s :
3 N P
; : - . ve =+ - -84
L “ Sa88 e=ii
: i -~ 2! mus! Ay g 331 i0g
o | ! il i a T R SRR TR
: M Lelciateiam siacants I - Tt
i T i T mar 1§ gagmepuyne paung gnan: e
S 1 ! _ \ T i o Essn
el el IR S SR S T - [ A RS i . .L Y
: : ! . ; 1y 0 !
I . : i : Eihye
: : : TR B : b
Lo i ; ) IR tH 1
R S ! ! i re 8T ! 3 :
[ S S S it RS St of -— = : —4
_ ” m T . _ f i
! : ; . s T
i ] N .
) ) ‘ iy : ]
R o e e, el Ll T ~ - =]
i 1l
| _ 1
4+t
i 2l
t ; pest]
; &1 [peys
i it THrr
1 asy kg
: ! aiye)
e =g
: ey
: T
: 52 e
T i T
— 1
! +
“ R '
: SLEE
- - EEvEd S v shez] Fabel Paskt BN
| 3 EIT=t £ ise] 1oeed ERoRd MEN
i Fa Hekistehs (oS FIRSY ool
" FEER PR32 KR EN RO REH) SR
i H pig prns aall chan
“ Fup] besiq pees pdnl favui a52N
- - b - ; =g ey e T T
" L , &
| tITH st iEss
! 3338 ] RS
— =R IS et
Bypd aial)iyas
i e :
R O tEat: 3 r
! . My i - S e Pt
i R LS SuTY v
T ; I B R L.
: — - oot %30S LON T kit

49



employed to exceed @ = 12.8° even when employing a Cu of as much as ,071,
It was thought the different character of the separation, initiating as
it did from the leading edge, might explain the relatively short circula-
tion growth Times shown in Figure I, but further tests indicated that
iT was merely a matter of the flow attachment not being complete. As
shown by Figure 12, as Cu was increased, the circulation growth time (and
circulation) increased until it was comparable to the time required to
reattach the NACA 23015 profile,

The results of the tests on the NACA 65006 protfile are presented

in Table 2.
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TABLE 2
Model No. 2 NACA 65006

Vo V H VO To T

o §° ft/sec #1/3ec c/sec sec/c sec
12.8 0 20 122.0 | (5 .0667 .216
12.8 0 40 246.0 20 .0333 123
12.8 0 60 368,0 45 .0222 .096
12.8 0 20 124,0 is .0667 471
12,8 0 40 244,0 30 ,0333 .229
12,8 0 60 373,0 45 0222 .184
12.8 0 40 297.0 20 .0333 .156
12,8 0 40 377.0 30 .0333 . 166
.75 < 30 40 491.0 30 .0333 1S
.75 30 40 384.0 30 .0333 15
.75 30 40 323.0 20 .0333 S

53



T/T,

3.24
3.70
4.32
7.07
6.92
8.28
4,78
.99
3.47
3.47

5.35

0701
0713
.07086
.0724
.0705
.0725
. 1035
. 1670
. 4000
.2440

1730

TABLE 2 (Continued)

Growth

+ o cemmm———

X

pd

Initial
Cy

92
1.06

.06

Final
L.
l.

2’

2.

28
50
50

.34
.28
.28
.50
.56
.14

20

00

£

.36
.44
.44

.22



CONCLUSIONS AND RECOMMENDAT I ONS

The results of this preliminary investigation clearly indicate
that the smoke tunnel, when combined with high speed photographic tech-
niques, is capable of providing unique information about unsteady flow
phenomena, Further, it has shown that the time required for the growth
or decay of circulation is dependent upon the extent of the separation
existing without the appiication of boundary layer control and the type
of boundary layer control applied. Except as an indication of the above
factors, the total change of circulation level does not seem to control
the growth or decay times, a given change of circulation being more rapidly
achieved by blowing over the flap at a ltow angle’of attack than by leading
edge blowing at high angles. Another interesting point that emerged was
the relative insensitivity of the leading edge system to increases of
C“ once reattachment had been achieved. This would not be expected in
the case of flap blowing because, after reattachment, increases in Cp
produce pronounced jet flap effects causing continued increases in |ift,

To improve the quality of the results obtained to date, the
accuracy of certain measurements must be improved. More accurate free
stream velocity measurements can be obtained by pulsing, at a known rafe,
one of the smoke streams visibie in the camera field, Much more accurate
blowing or suction information is required. About the only wey tris can
be obtained is by utilizing a rake of static ant total head tubes in the
slot, each connected to & pressure transducer having a suitable response

time. With such instrumentation, a detailed separation of the eftect of
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the various parameters affecting the rate of circulation growth or decay
could be obtained.

Although these measurements are of interest, they have just
scratched the surface of an important and almost completely unknown seg-
ment of aerodynamics. With refinements of instrumentation, a great deal
of detailed information could be obtained about a !arge variety of boun-
dary layer control devices including those employing suction. Further,
mode! mount changes could be incorporated in the smoke tunnel which wouid
permit investigations of plunging or pitching models and the consequent

isolation of such effects,
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