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J. SUMMARY

\ wWaJ
N A study has—been made of methods of conducting preliminary

estimation ‘of the aerodynamic characteristics of wings and profiles
employing various forms of high-lift devices. These high-litt devices
Include all forms of flow control for which sufficlent data are
available to form the basis of such semi-empirical methods of estimation,
4hﬁd#¢4ona$iy,£ghose controls for which little data exist are discussed,as
fv+4¥~65~possi£+e, (n all cases an attempt h;gégéen made to study and
describe all phenomen@ basic to the effectiveness of the particular device,
Was add

and extensive use,of the smoke funnel facilities at the Forrestal

Research Centeryhas been -made fer--this—ptrpose.

hig , (ore iluded 2
Hris—report--inctudes methods,of estimating the #we-dimensional
- A

effectiveness of both Ieading—andVTraiIIng-edge devices applied fo
arbitrary profiles. ~These estimations are based on data collected by a
large numberﬁof investigators, substantiated and extended where necessary
byrsmdké and wind tunnel tests conducted at Forrestal.

jﬁ&An intensive effort was made to develop a technique of prédicfing

4
the creation and persistance of the leading-~edge vortex for the three-

dimensional case as a function of leading-edge radius, effective
Becduie o}

Reynolds Number, leading-edge sweep, and aspect rafio.,\Due~¢o the

unavailability of dafa and The multiplicity of important variables, this

approach proved unsuccessful,as did all attempts fo rigorously predict the

characteristics of wings equipped with high=lift devices, anrd et—the-

present-moment it appears that empirical results based on closely similar

configurations form the only adequate means of accurately predicting the low-

. speed performance capabilities of a given design. This report attempts,

w(Q,
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however, to determine and pcint out the rrends which may give some insight
into control design for a given wing as well as indicate areas where

further research is apt to be most profitable.
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JII, _INTRODUCT ION

High-lift controls such as trailing-edge flaps and, to a lesser
extent, slots and slats have been used for a great many years for the
purpose of improving the take-off and landing characteristics of aircratt,

As World War || was spreading throughout Europe it became obvious
that very short take-off aircraft of the liason and short-haul cargo
types could be of considerable tactical use, particularly in operations
off unprepared landing strips. This led fo the development of aircraft
us}ng large, full span slotted flaps, leading-edge slats, and finally,
in Germany, to the development of practicable powered controls involving
suction and/or blowing. The use of these relatively powerful controls in
conjunction with what might be called the low performance type of aircraft
has ‘proven quite successful.

IT must be remembered, however, that, in abplying such controls to a
‘design, the ideal aero&ynamic advantage can never be completely achieved.
The geometric controls add considerable weighT and complexity and thus the
speed range (maxImum speed minus minimum speed) advantage ideally yielded by such
controls is reduced. |t has been found to be very disadvantageous to
supply energy to the powered form of control through robbing the
reciprocating engine. Thus, in aircraft powered with such an engine, it
is generally necessary to provide an additional power source. This again
can add much weight, especially for the iarger aircraft where the blowing
or suction must be disftributed over a greater span,

Current thinking in the low performance { < 500 knots) field is
tending somewhat away from the short take-off and landing (S.T.0.L.)
aircraft and toward the vertical take-off and landing (V.T.0.L.). This

trend is primarily a result of a re-evaluation of factical needs, the
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y.T.0.L. aircraft being used as an §.T.0.L. when under over loaded conditions.

|t is probable that the §.T.0.L. aircratt ls the more efficient machine if

sutficient runway length is available, bul this probability has not yef

been established as @ general truth. |t might be pointed out that,

although the normal V.T.0.L. operafes primarily as a thrusting machine, many

of the high-1iff devices common to the §.T.0.L. may be incorporated in such

a design. For Instance, heavy tlaps are basic fo the performance of the
nyectored slipsfream" versions of such aircraft while The ducted tan, the

ma jor component tor some V.T.0O. designs, can be made considerably more

efficient through the use of separafion controls. Certainly y.T.0.L. and

§.7T.0.L. aircraft are not mutually incompatible. There is room for much

more research in both fields and the problem of t1ow control must be oné

of the major phases of such research.

To this point the discussion has been concerned with aircraff in The
"low—performance" category, That is, relatively low-speed, non-combat
aircraft of the liason or short-haul franspor? types with basic configuraftions

which, in themse | ves, are not deleterious to landing‘or take-off peyformance.

The problem here is thus to make a good |ow-speed aircraft even betfer in that

respect. At the other end of the scale is the aircraft dedicated to extremely

high speeds, quite often with seemingly completfe disregard for low-speed
performance.

The rapid technological strides made by engine and airframe manufacturers
since the original development of the turbo jet engine have resulted in
alrcrafT of greater and ever greater high speed capabilities. This trend has
been due in large parT-To the use of thinner and thinner wings, lower aspect
ratios, ‘and generally higher wing loadings. T is unfortunate that these

CONF I DENTIAL”
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contiguration changes, while pushing up maximum speed, have also severely
decreased the lifting potential ot the airplane and thus radically increased
its minimum flying speed. This situation, of course, reflects itself in
extremely long take-off and landing runs as well as dangerously high touch-

down speeds.

Some current attempts to ease this situation involve the design of
larger and largér catapults and arresting gears, the use of drogue-chute
landings and, in several cases where the wing section and planform permift,
the use of high angle-of-attack take-offs to achieve some lifting thrust,
Additionally, much effort'is being spent én the development of suitable
thrust reversers,

Assuming that wing section and planform are estfablished by high speed
considerations, it is widely felt that the most generally applicable
solution to the low speed problems connected with high gpeed aircraft lies
In high~lift flow control. Such a control may, in general, be used
successfully for both landing and take-off, while the usual power source
for such alrcraft, the turbojet engine, is, unlike the reciprocating engine,
extremely well suited (by virtue of the excess pressure maintained by its
compressor) to provide power for a powered form of flow control system. In
addition, the high-lift device may be.carried as an infegral part of the
wing and is generally of such a nature as to not aerodynamically damage the
aircraft's high speed performance. With the exception of the very special
purpose "Téil—sifferé", it is doubtful that any V.T.0.L. design wlll rival
the more familiar configurafion in the very high speed regime for a good

i
many years.
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High-1ift tlow control as applied to the high-speed aircraft certa:nly
maintains some of rhe probiems mentioned previously concerning ifs use with
the "low performance” aircraft. Although the problem of power source is
alleviated, the use of powered controls on large aircraft is, because of
weight-addition and climb-out considerations, not as yet a completely
acceptable solution. As was the case with the low performance aircraft,
however, these problems normally simply serve fo reduce the net efficiency
of the control rather than to make that control actually disadvantageous,
Perhaps the one disadvantage fo any efficiently designed control is the
complexity it adds to the overall design.

Although high-lift flow control may be used to advantage with any
éircraf? configuration, major interest lies in its use with the very high
pertformance or, on the other hand, the very low performance aircraft, Such
controls provide |ift increases through effecting changes in profile
geometry or through delaying separation by energizing The wing's boundary
layer. High-lift controls can be either powered or unpowered and their
effects are often described as "boundary layer cégfrol (B.L.C.") or
"circulation control”, Any one control can be designed as a combination of
the types above and/or create effects which are neither a pure B.L.C. or
circulation. Further, many control sysTems‘call for more than one high-
lift device,

The effects of such flow confrols and flow controls systems are far
from being completely understood. Although a large number of different
systems have been designed and developed, few inroads have been made toward
sclidifying knowledge regarding the flow processes involved, the true

capabilities of the more basic systems, and the relation of the various
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systems fo each ofther as wel’ as fo ihe possibie parameters of signiticance,
In the important range near maximum litt very iittle knowledge can be
brought to bear upon the problem of pred:cfing the characteristics ot even
the uncontro!led two-dimensional profile. The three-dimensional case is
still more a question mark, and the addition of controls to this case
further complicates the situation,

The field of flow controi has been of particular interest to the
Subsonic Aerodynamics Group at Princeton University tor the past five years.
Thus, when approached by the Bureau of Aeronautics and asked fto conduct
an investigation of the flow mechanisms of high-lift flow controls as
applied to wings and profiles, much of the preliminary thinking had
already been initiated.

This report represents a summary of the state of aerodynamic knowledge
"

in this important field. The flow mechanisms created by the various control
types are discussed. |In addit.on, an attempt has been made to determine
and present methods by which the aerodynamic coefficients made possible
through use of the various'confrolgican be predicted. The report
illustrates that, to a large degrée,‘}hé effects of all systems are but

~~

omena and hence the

results of varying mixtures of the same few flow phenom

Py
a program would require years even if the e T&?é/facilifies of an

organization such as a large governmental laboratory were devoted fo The

problem. In this case, the facilities available were very much less

CONF IDENTIAL
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extensive and so recourse had to be made To limited experimental studies into

:Those regimes that were most lightly covered in the literature. These

studies, at the request of the Bureau of Aeronautics, were made to
concentrate on the etfects of fhe various leading-edge devices; but it is the
intention of this report to deal, insofar as possible, with the effects

of all forms of boundary layer and circulation control.

So as to maintain the scope of this report within reasonable limits,
no attempt has been made to deal with systems which are primarily low-
drag flow controls. Similarly, no attempt has been made herein fo study
the power requirements or weight addition necessary for operafion of the
various boundary layer and circulation control systems considered, since,
to a very great extent, these will be determined by the specific application
considered, certain aircraft configurations being more amenagle to some
types of systems than others. No evaluation of the relative efficiencies
of various systems has been attempted since such a comparison can only
intelligently be made within the limitations of a specific design
configuration and mission.

The two-~dimensional portion of this report is felt fo give quite a
complete state-of-art aerodynamic summary. As mentioned previously, the
concentration here is on leading-edge devices as opposed To the more
familiar trailing-edge controls. The impérTanT combination of leading-
edge and trailing-edge controls has also been considered. Much more
correlative difficulty was encountered in the three-dimensional studies
and this portion of the report is.Therefore of a more cursory and

qual itative nature than the two-dimensional section.

CONF 1DENT tAL
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Considerable elementary and descriptive information has been

included in the hope that it will be of assistance in the understanding

of the flow mechanisms involved. There are fo be found, here and there,

some rather speculative statements telt necessary to fhe pfoper

development of the subject and indicative of little more than the

intuitive feelings of the authors. The attempt has been made fo siate them
in such a way that they not be confused with widely documented findings.

A quite complete bibliography covering the field of the aerodynamics

of high=lift flow controls may be tound at the conclusion of the text.

This bibliography has been cross-indexed as to subject and author for fhe

convenience of the reader.
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5.1 STALLING CHARACTERISTICS OF BASIC WING SECTIONS

3.la_ General Discussion

(The material presented in this entire section
draws very beavily on the references given in the Bibliography, Unless
a reference is used as a major authority or is directly quoted, it is not
specifically mentioned in The text),

In order to gain insight info the complex phenomenon of the three-
dimensional stall pattern of a wing, it is valuable to investigate the
two-dimensional effects that give rise to these three-dimensional
characteristics.

In general, as indicated by inviscid theory, the slope of the [ift
curve when plotted agalnst the angle of attack is a straight Iine in the
region of low angles of éffack, the exact value of the slope varying with -
the type and condition of the profile under consideration. As the
angle of attack is further increased, however, variations from the
straight |ine appear. These may be gradual or sudden depending upon the
type of boundary layer separation that occurs, but in every case there
are symptoms of the flow mechanism that [imits the [ift prodq?ing
capabilities of the profile under consideration. Since these variations
are produced by the boundary layer they are funcfiéns of all the variables
that effect boundary layer growth: Reynolds Number, stream turbulence,
surface roughness, distribution of pressure gradient produced by thicknegs
disfribution, leading-edge radius, and camber. Thus it is not possible 1o
assign certain fypes of tlow separation to specific airfoils since The‘
character of this separation may totally change with a change of flow

conditions.

CONF I DENTIAL
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Ia order To sTudy the behavior ot the boundary layer separation,
consider the profile shown in Fig, | emersed in a poTenTiél flow field
at a fairly high angle of attack. The theoretical pressure distribution
for this profile is shown in Fig, 2, 1In the region a to b the flow will
normally stay laminar due to the favorable pressure gradient, but atter
passing the pressure peak at b, instabilities will occur, Depending
very much upon the Reynolds Number and the magnitude of the adverse
pressure gradient, the boundary layer will follow one of five courses.
It may:
(a) remain laminar and attached (generally only if the gradient
is small or the distance To flow over the surface is small)
(b) undergo transition from ftaminar to turbulent flow and remain
aTTachqd to the profile's upper surface.
(c) undergo transition from laminar to furbulent flow and
subsequently separate from the surface,
(d) develop a laminar separation with reattachment of a
turbulent flow to the profile's surface at some point
downstream,
(e) develop a laminar separation without subsequent reattachment,
The question of whether or not the boundary layer will separate
while remaining laminar depends entirely on whefher transition to
turbulence, which in turn depends on the Reynolds Numbar, free stream
turbulence, surface roughness, eTé,‘will oceur before the laminar
separation point has been reached, |If fhe boundary layer does become
turbulent it is able to withstand a greater. adverse gfadienT than it

could in its laminar state and hence separafion is delayed. As the flow
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proceeds along the upper surface the turbulent boundary layer grows and
the boundary layer profile changes, leading to turbulent separation.

These types of boundary layer separation give rise to three general

types of stall identified by McCullough and Gault (Ref. I10) as:

I. Traillng~edge stall (preceded by movement of the turbulent
separation point forward from the trailing edge with increasing
angle of attack)

2. Leading-edge stall (abrupt flow separation near the leading-edge
generally without subsequent reattachment)

3. Thin-airfoil stall (preceded by flow separation at the leading-
edge with reattachment at a point which moves progressively
rearward with increasing angle of attack,

(1t should be pointed out that, Ilike McCullough and Gaulft, Throughbuf
this report the stall will be considered as the flow condition which
follows the first lift curve peak).

An attempt will be made in the following paragraphs to describe

these three types of stall in detail, but it must constantly be born

in mind that in general no type can uniquely be assigned to a particular
profile since a cﬁange in flow conditions (a change in free stream
tfurbulence, free stream velocity, the application of a high |ift device,
etc.) may easily change the sTafI characteristics. |1 can be stated with
some conviction that, excepting very thick and very thin profiles that
form the limiting cases, both turbulent and laminar boundary layer
separation are present at the stall, and stall characteristics depend

upon which fype becomes dominant. No anaiytical method for rigorously

determining stall type under a given set of circumstances has yet been
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satisfactorily developed and the designer must make recourse To esperimenial
data obtained under conditions as closely simulating the design conditions
as possible,

35,1b Trailing-Edge Stall

Trailing-edge stall is most commonly associated with
relatively thick profiles, i.e., Those with thickness ratios ranging
upwards from 15§. Since the vast majority of aircraft experience up to
the end of World War || had been obtained with aircratt employing such
thick wing sections, it is not surprising that this stall phenomenon is
better known than the other two types. Fig. 3 presents a series of Two-
dimensional smoke tunnel photographs of the development of the stall on

a NACA 23015 profile which clearly show the basic phenomena involved.

-1t must be pointed out that since these photographs were obtained at a

Reynolds Number of only 3.4 x IO5 they cannot be expected fo agree in
detail with wind tunnel data taken at higher speeds. However, it has
been found that the smoke tunne! in which these photos were taken
(Fig. 15) normally yields, apparently due to a stabilizing influence of
tunne! sidewall boundary layer growth, profile stall patterns
characteristic of much higher funnel speeds. Fig. 3 is felt therefore
to yield not only a clear demonstration of trailing-edge stall, but
also a reasonabfy good qualitative picture of the higher speed stall
characfer{;fics of this particular airfoil.

Fig. 3a shows the profile at zero angle of attack. Although there
is no streamline directly on the upper sur{ace of the profile, as can be

seen there is one only slightly above, and from it the behavior of the

surface flow can be deduced. It can be seen that this streamline remains
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laminar to the 42% chord point at which point transition occurs, Due to the

turbulent growth, smoke from this streamline aftaches to the upper surtace

at the 74% chord point and becomes a part of the profile boundary layer and

wake,

Fig. 3b shows the profile at an angle of attack of 4°. Here it can be

seen that the transition point has moved forward to the 31§ chord point
(it is probable that transition on the protile surface is earlier) and fhat
the turbulent flow attachment point has moved forward to approximately

the 574 chord point, It will be noted from the picture that the wake at

the trailing edge is becoming very thick and, although it is not clear,
it is possible that separation is occurring over about 10§ of the trailing
edge.

In Fig. 3c the angle of attack has increased to 8° and although the
surface flow is not clearly indicated, the growth of the separated region
at the trailing edge is evident. Fig. 3d showing the profile at an angle
of attack of 12° is possibly more revealing since the upper surface flow
is more clearly defined. [t can be seen that the transition point of the
streaml ine above the surface has moved to about the 10§ chord point and
that turbulent attachment occurs very rapidly downstream of this pbinf.
The gro%fh of the turbulent boundary layer is clearly indicated up to
about the 50% chord point where the smoke has diffused too completfely to
be seen. From the outer streamline pattern it can be estimated that
separation is occurring at about 70% chord point.

Fig. 3e shows conditions just past the point of maximum [ift
(defermined in these tests by the streamline displacemenf). The profile

is at an angle of attack of 16° and as can be seen transition is very

near the leading edge. (The seeming laminar separation ahead of the
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transition point is produced by the phatographic angle - the streamline
was actually never attached To The surface). As indicated, the growth of
the turbulent boundary layer is very rapid and separation occurs at
approximately 50% chord point. In Fig. 3t the angle of attack of the
profile has been increased fo 20° and the upper surtace aft of the 3 to
5% chord point is completely separated.

The force and moment characteristics of a profile .subjected to
trailing edge stall demonstrate smooth and continuous variations from zero
litt to a point well beyond the stall., The aerodynamic characteristics of
The NACA 633-018 are shown in Fig. 4. The break in fthe pitching moment
curve shown for this profile is very unusual. Almost invariably trailing-
edge stalling profiles reveal a smooth pitching moment stall,

Careful smoke and fuft tests conducted on a similar thick profile
(158 %) indicated that separation began at the trailing edge at an angle
of attack corresponding to that at which the slope of the lift curve
began to tall off (8° in this case), and moved forward sTeadily until at
maximum |ift the entire rear half of the profile was in a region of separated
flow. Beyond the point of maximum |ift, the separation point continued To
move forward at a rate roughly equal to that prior to the stall for two or
three degrees at which time its motion accelerated rapidly and separatfion
occurred at fthe leading edge. On thicker profiles it is not uncommon for
the rate of separation point movement to remain constant after the stall
until The upper surface is completely separated.

The pressure distributions shown in Fig. 5 give a considerable clue as
to the flow mechanisms effecting the flow over such a profile. An Increase
in the peak pressures continues for several degrees after the stall. The
pressure recovery over the after portion of the profile is continuous to
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an angle of between 6° and 12° after which there is a distinct flattening
ot the pressure distribution curve indicating the relatively constant
pressure of a separation region. It will be noted that this flat portion
of the curve extends forward with increasing angle of attack, actually
covering about one half of the profile at the stall,

A pressure survey of the 15§ thick airfoll confirmed the smoke and
tutt investigations that trailing-edge separation initiated at 8°.
Further confirmation was found through the use of a boundary layer survey

which indicated that a value of 2.6 of the boundary layer shape parameter

displacement thickness 8*
H = =
momentum thickness ©
was achieved at the trailing edge at an angle of 89. Refs. Il and I2

have shown that this value is indicative that turbulent boundary layer

- separation has occurred.

One of the interesting bits of information that can be gleaned from

pressure distribution studies results from plotting the readings of

individual pressure taps against ‘the angle of attack. In many cases, the
curves of the pressure variation in the region of the noée display a
slight discontinuity. This is caused by a slight "bubble" of separation
containing a relatively constant pressure. Given a sufficient number of
curves, a‘rough'approximafion of The magnitude and location of the

bubble can often be made. The appearance of this bubble is, of course,

.a funcTion'Qf the Reynolds Number, the initial turbulence of the flow,

the thickness, and the radius of nose curvature, but an examination of
existing data indicates that ‘it exists at higher Reynolds Numbers and

thickness ratios than was previously‘realized“

CONF IDENTIAL




-19~

CONF IDENT I AL

.

Since this "bubble" of separation has relatively signiticant eftects
even upon thick protiles that exhibit predominantly frailing edge
separation and forms fthe major contribution to the phenomena of leading-
edge and thin airfoil stalls, some discussion of its nature is required.

Unfortunately, far too little is known of this flow phenomenon
and its mechanism remains obscure, |t is known that the laminar boundary
layer cannot ordinarily exist for long in a region of adverse pressurec
gradient, and if sutficient disturbances are lacking to cause premature
transition to the turbulent regime, the extent of the laminar region will
be limited by separation. Although this phenomenon is generally referred
to as laminar separation, the term laminar applies to the condition of the
boundary layer at the point of separation and not necessarily to the flow
within or bounding the separated area. As can be seen from the high
speed photographs shown in Fig. 6, the flow leaves the surface in the
laminar state, continues in this manner for some distance, undergoes
transition and finally reattaches to the surface in a Turbulent state, A
result of this turbulent reattachment is that the turbulent boundary layer
at a given point downstream of the reaftachment point is thicker than
would be the case without the sepafafidn. Thus even the turbulent boundary
layer's tendency To separate is increased.

it is extremely difficult to examine the flow within smaill separation
"bubbles" of this nature, but smoke flow studies give an indication of a
forward transport of mass along the profile surface between the separation
poinf and the point of Tufbulenf reattachment. This is a circulatory
flow, but seems different from a vortex formation in fthat the velocities

do‘nof increase toward the core. Rather, the turbulent air within the
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bubble demonstrates characteristics more commonly associated with a solid
core type ot motion although The separated region is generally oblong
rather than circular.

Von Doenhotf (Ref. I3) has speculated that there is a simple
relationship between the length of the separated laminar flow prior to
transition and the Reynolds Number based on the local velocity outside of
the boundary layer at separation and the distance between the points ot
separation and the beginning of transition. According to this hypothesis,
assuming a constant value of this Reynolds Number, any increase in local
velocity, whether due to increased angle of afttack or increased free-
stream velocity, would produce a decrease in the distance tfrom separation
to transition, and hence the extent of the bubble. Smoke tunnel studies
and the boundary layer investigations of Refs., 14 and 15 have shown that
this is an over-simplification and that the suggested Reynolds Number of
50,000 can vary between 30,000 fo 60,000 for different angles of atftack
of the same profile, but for Thjn.proffles at the higher angles it seems
like a useful hypothesis.

The theoretical studies made to date of these boundary layer
phenomena are nof of much use fo the designer in predicting maximum |ift
of such profiles, or even invpredicfing the type of flow that will exist
at stall. Potential flow ftheories allow the calculation of pressure
distribution provided the effects of the boundary layer flow are small,
Viscous theories permit the calculation of some forms of boundary layer
flow provided that the pressure distribution is known. Thus a combination
of these Theories and empirical boundary layer data can be used fo predict

the point of laminar separation, fransition and turbulent separation at
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low and moderate angles of attack, but as Abbolt and von Doenheif (Ret, 8)
have indicated, none of the wing characteristics can bc calculated with
contidence if the flow is sepaf&*éd over an appreciable part of the surface,

General boundary layer studies so far conducied shed much light on
the mechanism of the flow phenomena encountered. These studies have shown
that transition takes place at a value of Reynolds Number that is dependent
upon the magnitude of the disturbances to fthe boundary layer. There is a
Reynolds Number (approximately 2,300 for pipe flow, for example) below
which all disturbances are damped out by the effects of viscosity. As the
Reynolds Number is increased beyond this value some types of disturbances
are amplified and will eventually cause transitions. Further increase of
the Reynolds Number causes amplification to occur for a greater variety of
disturbances and increase the rate of amplification, Under these
circumstances transition can be delayed to high values of Reynolds Number
only by reducing all disturbances such as stream turbulence, unsteadiness,
surface waviness and roughness to a minimum, br by the application of
power in the form of suction arranged to confrol the growth of the boundary
layer.

The mechansim of.transition is still very imperfectly understood, but
smoke flow studies such as those shown in Fig. 7 have added considerably
to the qualitative understanding of the phenomena. As can be seen, the
laminar boundary layer defined by the smoke stream begins fo develop a
wave-| ike motion of increasing amplitude as it moves downstream. Actual
transition occurs when the boundary layer flow rolls up into discrete
vortices fthat proceed for a short distance downstream before dissolving
into a field of tfairly uniform furbulence, It is probable that the
disturbances within the laminar layer that produce the wave motion are

CONF 1 DENT 1AL




CONF 1DENTTAL

vortex=like in nature Dbul T g w0l uni«l The GisCrole vortices are formed
that there is a significant change i noundary layer depih and welocity
profile, These studies show Thal this point is not fixed, and moves back
and torth over a limited area, thus accouni.ng ior rhe so-colled "iransitlion
region",

Applying this information to the case of the thick protf.le near stall,
one arrives at the conclusion that the laminar separation will occur if
flow conditions are such that fransition does not occur before the
separation point. The likelihood of this being the case decreases with
increasing Reynolds Number, but it must be pointed out that with low
atmospheric turbulence and a smooth section laminar separation has been
detected on an 8% thick section at a Reynoids Number of 5.8 x IO6 (Ref.
10) and it is probable that it is a lot more common than was once supposed,
particularly when some form of circulation or trailing-edge boundary layer
control is applied.

3.1c_leading-Edge Stall

Leading-edge stall is a type of flow that was of little
intferest until after World War Il. when in order to avoid compressibility
difficulties aircraft began using thinner and thinner wing sections as well
as heavy sweep. Although, as péeviously pointed outf, it is impossible to
assign a given type of stall to a specific airfoil, one can generalize to
the extent of saying, that undér normal flight conditions this type of
stall is typical of sections of moderate thickness, i.e., those ranging
from 9§ to 15% thick,

A tfairly high Reynolds Number exampie of leading edge stall is

furnished by the characteristics of an NACA 63,-012 protile taken from
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Ref 10. As can pe seen irom Fag, 8 ine rorce and moment characterisrics
ot this protile demonstrate abrupt disconTinuities when rhe angle of

attack for maximum Iitt .5 exceeded., The 1ii1 curve shows litfle or no

curvature near maximum fift and the break in the curve at stall is sharp,
Actually the buticting after the stall was so severe that the Tunnel

dynamic pressure had To be reduced to obtain salé operation,
A study of the pressure distriLbations of this profile (nor included
here but shown in detail in Ref. 10) indicated a continual increase in the

peak negative pressures af the profile nose up to the stall ar which

T point they suddenly ccllapsed, and the static pressure along the chord

became more or less constant as i1n a separated region.

Tutt and liquid film studies of this profile indicated that with the
exception of a very small bubble at the leading-edge which formed at a
low angle and persisted up to the stall, the flow was steady over the
upper surface until the stall, at which point separation apparent!y occurred
simultaneously over the entire profile. Under certain conditions (profile
configuration, Reynolds Number, etc) such profiles remain completely
separated after the stall while in other instances a turbulent reattachment
takes place aft of the leading edge and the stalled profile demonstrates
the characteristics of having a large circulatory flow over its leading
edge. The center of this region of circulatory flow moves rearwards with
increasing angle of attack, finally resulting in complete separation.

This turbulent reattachment has the effect of producing a second lift
curve peak after the primary stall. This peak never achieves the same
lift values of the primary stall, but the fall-off of |ift is more gradual
atter its formation than atfer the sudden leading~edge separation at the
maximum |ift point. In this characteristic, as will be seen later, the
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flow closely resembles the thin airfoil stall discussed in the next section.
Although the exact mechanism of leading-edye stall remains obscure,
it is apparent that i1 resulfs from a tlow condition at the leading edge
that, like trailing-edge separatfion, is initiated long betore maximum |ift
is achieved, Since measurements have shown this leading-edge separation
to be located downstream ot ihe pressure peak, it would seem, as von Doenhoft
has summarized, that the laminar boundary layer passes around the leading
edge, fthrough the pressure peak and separates, the tlow continuing away
from the surface along a path approximately tangent to the surface at the
point of separation. Transition occurs and the expansion of the turbulent
motion spreads at such an angle relative to the path of ftangency of the
separated laminar flow that the flow quickly reattaches fo the surface as
a turbulent boundary layer.
An increase in the angle of attack will move the point of minimum
pressure nearer the leading edge causing the laminar separation within the
adverse pressure gradient to occur sooner. Simultaneously, transition is

accomplished earlier due To the instabilities caused by the increased
adverse pressure gradient. Ordinarily this effect would cause-a more rapid
turbulent attachment, but since these flow phenomena arel0ccurring in a
region of increasing airfoil surface curvature, a cerfain equilibrium is
achieved, the earlier ftransition combensafing for increasing separation
angle. This process continues until the angle of aTTack has been increased
to such an extent that the separafion point has moved to a region of profile

curvature ot such magnitude that the transition point is so located fhat

the growth of turbulence can no longer achieve reattachment--tus |imiting

the maximum |ift,

CONF IDENT 1AL

yw
®

=T




.
0

CONF IDENT 1AL

As a function ot proiile shape and local Reynolds Number, i1 is quite
possible thal the equilibrium discussed above may be lost and yet not
yield immediate complete flow breokaway. Many profiles exhibit this
equilibrium at low angles of attack, but there is found an angle where
this previously small, constant size bubble proceeds to grow. As the angle
of attack is permitted to increase turther, rhe bubble increases in extent
toward the frailing-edge until a stall occurs that is a modification of
the abrupt leading edge stall of the type defined by McCullough and Gault
and tends to resemble the thin airtoil stall which is characterized by
the formation of a large leading-edge separation even at a low angle of
atfack. An example of such a separation-stall pattern is shown in The
smoke flow photographs of Fig. 9.

Fig. 9a shows the profile at a zero angle of attack and cleariy shows
the long laminar run of the flow on the upper surface, fransition, in:dicated
by the thickening of the upper streamline, not occurring until the flow
very nearly reaches the 80% chord point. When the angle is increased to
4° as in Fig. 9b, it can be seen that, although transition has moved forward,
the flow appears smoothly attached to the entire surface (probébiy a leading-
edge type small bubble exists here, but the smoke flow does not reveal it).
When angle of atfack is allowed to increase to 89, a leading edge separation
Examination of the outer streamline

of the type shown in Fig. 9c occurs.

pattern indicates that no trailing-edge separation is present. Fig. 9d shows

the profile at a point just past its maximum Iift., |1 will be seen that the
leading-edge bubble has grown as predicted and that a very slight separation

at the frailing edge can be detected. Fig. 9e illusfrates the fiow that

results when the angle of attack is increased well beyond the stall, the flow
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being completely separated from the upper surface,

As indicated by the pressure distributions ot Fig. 10, rhe formation
of the region of leading edge (thin-airfoil type) separation reduces the
values ot rthe peak negative pressures obtained at the leading edge by a
considerable amount, replacing them by the region of relatively constant
pressure typical of a separation. Fig. |l shows how the formation of this

separation bubble affects the force and moment characteristics of the

proiile, Although all the characteristics are noticeably affected, the |ift

curve is of most interest. |t will be noticed that, when the thin-airfoil
type of bubble forms, a step appears in this curve and the slope lessens
an appreciable amount, It will be noted that the stall is gentle and
gradual, reminiscent in shape (buf not in CI values) of the stall of a
thick profile with a large leading-edge radius.

IT may be expected that reductions in free-stream Reynolds Number
would fend to increase the stability of the laminar boundary layer,
thereby increasing the length of separated laminar flow before transition.
It woqld thus be quite possible tor free-stream Reynolds Number reductions
to cause increased magnitude of the leading-edge bubble and convert stall
Type of a given profile from that of fthin-airfoil. For this reason, and
since the characteristics of the leading-edge stall and the thin airfoil
type of stall are so different, profiles subject to these flow mechanisms
should demonstrate reiafively large and significant Reynolds Number
effects. This is‘confirmed by investigations of the type reported- in
Refs. 81 and 84. in the latter Dike has suggested the formulation of a

similarity parameter which would relate the stall performance of a thick
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profile ar a low Reynolds Number to that of a thinner profile at a higher,
No attempt has been made To carry this concepi past a qualitative statement
and it is dubious that any rigorous quantitative procedure can readily be
developed.

5 1d Thin=-Airtfoil Stall

As has been indicated in the previous section, thin-airfoil
stall is generally associated with very thin sharp-nosed profiles. It
differs from leading-edge stall primarily in the fact that separation
region appears at the leading edge at very low angles of attack and grows
farger with increasing angles, maximum |ift generally being achieved when
the angle is such that the point of flow reattachment is located
approximately at the frailing edge. For a typical leading-edge stall the
separation is small and grows only very slowly up to the stall at which
point separation occurs very rapidly.

A diamond-shaped profile is shown in Fig. |12 to demonstrate the major
characteristics of this type of flow. As can be seen, a separation appears
at the leading-edge almost as soon as the angle of attack is changed.

This separation represents the flow's viscous adjustment to boundary
conditions. Since the theoretically infiﬁiTé velocity (resuiting from
the infinitely sharp leading edge) is impossible, a bubbie must form as
soon as there is movement of the forward stagnation point, The mechansim
of the reattachment and of the flow within the sepéraTed region is only
imperfectly understood.

One of the reasons for the difficulties involved in understanding
the mechansim of the separation is that measurements have shown the

existence of a vortex within the separation region, both by the presence
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of a strong reversed flow and the shape of the static pressure profiles,
This vortex presents difficulties since experiments conducted within the
Subsonic Aerodynamics Laboratory strongly suggest that some axial velocity
is necessary for any true vortex motion to exist, Thus it is probable
that the vortex observed and measured in two-dimensional tunnels is in
fact a three-dimensional phenomenon with trailing vortices extending down-
stream in the wall boundary layer. The inferpretation of measurements
thus becomes very difficult,

Boundary layer profiles measured at the point of reattachment show
neither a typical laminar nor a typical turbulent shape, but tufts
indicate a very rough flow just downstream of the reattachment point that
gradual ly becomes smoother as the frailing edge is approached. This may
again be an indication of the three-dimensionality of the flow. For
moderate angles of attack, fully developed turbulent boundary layer pro-
tiles have been measured at the tfrailing edge.

When the reattachment point reaches the trailing edge, the primary
stall is obtained and the |ift gradually decreases with increases of
angle of atfack, untll a flow condition is reached that causes the |ift
again to increase to a second peak value, which is generally higher
than the first. Since the second rise seems to fall into a region in
which vortex streets have been measured in the wakes of flat plates,

Ref. 16, it would appear that the rise was simply due fo the vertical
éomponenf of the resulTan} force acting on a separated flat plate.

The force and moment characteristics of the double wedge
investigated by McCullough and Gault are shown in Fig. |3, the pressure

distribution in Fig. 14, |1+ will be seen that the !ift curve is Iiﬁéar
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and thar ihe stall characteristics are gentle. The pitching moment curve
shows a detfinite tendency fo cut back soon after separation initiates,
This tendency appears to be a characteristic of protfiles stalling in rhis
manner and can also be seen for the 64A006 profile. Fig. Il. The
pressure distributions exhibit very low pressure peaks and illusirate,

by the increasing extent of the regions of constant pressure on the

upper surface, the growth of the separation region from the leading-edge.

3. le Empirical Stall Studies

As previously indicated, it is well known That the maximum
lift attainable by a profile is a function of Reynolds Number, thickness,
thickness distribution, and camber. Further, it would seem intuitively
obvious thal any effect of these parameters on maximum |ift may be
directly afttributed to their relationship with the manner in which
separation initiates and grows and the type of stall which eventually
limits the airfoil's lifting capacity. The question Thﬁs arises as to
what the effect of these parameters is upon separation and stall fype
and, knowing this, what insight can be achieved leading Toward a better
understanding of maximum |ift phenomena.

The only meahs currently available to investigators of this problem
is an approach based upon experimental data and involving for the most
part the rather unsophisticated technigue of frend-hunting. Refs. 9, 10,
22, 23, and 24 present experimental |iff curves for a large number of
profiles and form the basis for the following study. Only airfoils with
relatively smooth surface conditions will be considered, and Mach Number
effects have been assumed to be negligible. (Available information

indicates that This assumption should be quite valid both for the data
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utilized in this section and for full scale aircraft in landing or take-
oft configuration).

In Figs. l6a and b, plots of maximum Jift vs, Reynolds Number for
various thicknesses and thickness distributions are given, For purposes
of clarity, only symmetrical profiles have been considered here except in
the case of the "230" series. General trends readily observed are:

(1) Increasing Reynolds Number generally yields increased maximum

lift coefficient, the thinner profiles being less susceptible

to this effect than the thicker ones,

(2) Increasing thickness generally yields increased maximum lifft
coefficient except at low Reynolds Numbers, where a profile of

approximately 12% thickness offen appears to be capable of

lift coefficient values in excess of those attainable even with

«

thicker profiles.

(3) Maximum liftt coefficient would seem to be less for profiles
having the point of maximum thickness fairly far aft on the chord
line.

(4) Increased camber increases maximum |ift,

(5) At extremely low Reynolds Numbers, there would appear to be a
tendency for the maximum |ift coefficient of all profiles to
approach a relatively constant low value (C‘max = ,8).

Perhaps somewhat more revealing are the crossplots of the above

curves shown in Fig. |7, The "00" series of profiles has not been
consi fered here because of insufficient data in the high thickness range

and because its curve shape characteristics where known seem very similar

to those of the 63, 64, and 65 series shown, In its place, The maximum
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litting potential of a series of protiles characterized by a sharp nose
(and maximum Thickness at 50% chord) has been presenred. The double-wedge
would be a typical example of this type of airfoil. It is of some
inferest that there is every indication that "sharp-nose" profiles have
maximum |ifting characteristics which are quite independeni of Reynolds
Number, "Sharp-nose" points plotted in Fig. |7 were obtained from
references 10 and 78. The "round-nose profiles", at all Reynolds Numbers,
reveal similar curve shapes. As thickness is increased, maximum litt is
increased until a thickness of approximately 12§ is attained. There occurs
here a rather sharp change in slope, and as thickness is increased furiher
the curve becomes closely linear. In this high thickness regime, increased
thickness seems eitheir to increase or decrease maximum |ifting potential-
depending upon Reynolds Number and thickness distribution. The "sharp-
nose" profiles, in range of available data, appear to reverse the general
thickness effect. Here, increésed thickness yields slightly decreasing
maxfmum lift. An item of possible significance is that all the profiles
considered seem to show a tendency toward achieving closely the same
maximum |ift coefficient at a thickness of approximately 4§. This trend
is very similar to that mentioned previously as an effect achieved
through taking profiles of any thickness to a very low Reynolds Number,
and this lift value again is Clmax = .8,

Knowing now the qualitative and quantitative effect of the various
parameters on maximum lift, it would be expected that, if the variation
of stall pattern with these parameters could be approximated, considerable
insight into a physical understanding of the meaning of The curves of

Fig. 17 could be gained. To accomplish this, the shapes of the buffet and
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stall regions of the lift curves of numerous symmetricai profiles were
studied, The resulfs of this study are shown in Fig, I8 for symmetrical
63, 64, 65, and 00 series airfoils., The three types of stall have been
divided here info four separation-stall patterns:

(A) Stall due to trailing-edge separation. This regime is alsol
intended to include that borderline case where separation occurs
both at the leading-edge and frailing-edge, the limiting
phenomena being, however, the frailing-edge type (relatively
gentle buffet and stall).

(B) Stall due to leading-edge type separation. Some trailing-edge
separation also possible (relatively sharp fall-off in lift
at stall). ‘

(C) Stall due to thin-airfoil type separation, possible leading-

edge type separation at lower angles of attack (gentle buffet

and stall).

(D) stali due o thin-airfoil type separation. Thin-airfoil type

R =

separation initiating at angles of attack very close fo zero
(gentle buffet and stall).

Types A and D may be so identified, even though their stall shapes

are similar, through consideration of general maximum |ift level and the
separating sharp stall region. The range of type C was established
through the aid of Ref. 10 and It would seem possible to establish further
this region by a s%udy of maximum lift level,

Fig. |18 reveals the range of thickness and Reynolds Number, for the
various thickness distributlions, through which the separation-stall

pattern Is of each of the types above. As these curves have been defined
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by data points lying between lines, ftheir accuracy is limifted by the data
points available. The profiles investigated were of five thicknesses, eacn
at from three to seven different Reynolds Number (see Figs. |6a and 16b).
It may be noted that as expected, an increase in Reynolds Number for a
profile of given thickness will increase its tendency away from the thin-
airfoil stall and foward trailing-edge stail. Increasing R.N. from a

very small value to a high value will, for the thick profiles, change stall
type from D to C to D To A. Very thin profiles would seem fo require

a very high Reynolds Number in order fo achieve trailing-edge stall, if,
indeed, trailing-edge stall can ever (without control) be achieved.
tncreasihg thickness has the same effect as increasing Reynolds Number,
stall type changing from D fo C to B to A. AT very small Reynolds Numbers,
trailing edge stall can only be achieved for very thick profiles -~ perhaps
not until the protiie approximates a circle, where definition of stall type
essentially falls down. Moving the point of maximum fhickness rearward
appears to increase The R.N. (const. thickness) or thickness (const. .R.N.)
at which the separation-stall pattern moves from one type to the next.

It should be understood that smooth transition between stall-type regions
and smooth variation in degree within each region can be expected. For
example, a profile showing trailing-edge stall characteristics is, near

the leading-edge stall-type region (B), considerably affected by leading~
edge type separation. Increasing R.N. or thickness, thus moving the
profile characteristics further from region B, will decrease any effects

of leading-edge phenomena until reasonably pure trailing-edge separation Is
present. Likewise, in region C, as a profile's characteristics move from

D toward B, the fransition from leading-edge Type separation to thin
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airtoil type separation will occur at a higher and higher angle of atfack
until region B is entered and actual stall occurs as the resull of leading-
edge type separation.

Considering Fig. 17 together with Fig. I8, it now seems possible to
correlate the shape of the maximum Iift vs, thickness curve (Fig, 17) with
the changing pattern (with thickness) of stall type. |t appears that the
curve can be broken down into five portions of characteristic shape. These
five portions may be found from use of Fig. I8 to correspond to rhe four
separation-stall types plus a fifth which is indicative of trailing-edge
stall essentially unhampered by leading-edge effects,

Pure thin airfoil stall seems fo create a relatively constant
maximum |ift coefficient, C‘max = .8, in a thickness range of approximately
4% to 6%, and is defined by region D, Fig. I7. For a profile thickness
of about 4%, at these Reynolds Numbers, the "round-nose" profiles appear to
acquire characteristics very closely the same as those of "sharp-nose"
sections. Note how an extrapolation of the "round-nose" curves from a
thickness of 6% to that of 4% must closely approximate the maximum f1ft
obtained here by the "sharp-nose' profile. The fall-off in maximum |ift
with increased thickness for the 'sharp-nose' airfoils,‘which apparentiy
stall in a pure thin-airfoil manner for any practical thickness and Reynold's
Number, is probably explained by the increased boundary layer thickness over
the aft portion of the profile at all angles of affack due to the effect of
increased thickness increasing the trailing-edge angle. |In that, in the Jow
thickness range, both "round-nose" and "sharp-nose" profiles stall by the
same phenomena, it might be expected that region "D'" would show some
increase in G as thickness is decreased below that of 4-6% and that the

max
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curves for both profile types would closely coincide. (This equalizing
effect of the pure thin-airfoil stall serves to explain the phenomena
mentioned previously regarding all profiles at low Reynolds Number). It would
further seem logical that for Reynolds Numbers higher than those shown this
coincidence would occur at a lower thickness and slightly higher maximum
lift level. (Assuming the "sharp-nose" curve is relatively independent of
Reynolds Number, and the effect of increased Reynolds Number is 1o raise
the "round-nose" curves - at a R.N. of twenty million, maximum |ifft
coefficient for 6% protiles seems To be around .95).

"Portion C of the maximum Iift vs. thickness curve would appear fo be
indicative of a stall occurring as the thin-airfoil type, but with
separation of the leading-edge type occurring in the low angle-of-attack
reglon. Increasing maximum |ift with thickness (at Reynolds Number) is
without doubt due to the effect of increased thickness delaying to higher
angles of attack the transition from leading-edge separation type to thin-
airfoil separation type, This portion of the curve Is characterized by a
slope increasing with thickness, Increases in Reynolds Number would
appear to raise maximum }ift in this range, while moving the point of
maximum thickness aft will lower maximum [ift,

Portion B of the maximum |ift vs. thickness curve can be found to
define that region where stall is due to leading-edge Type separation
(although a secondary stall of the thin-airfoil type may wéll occur in the
lower portions of B). This part of the curve is characterized by 1ift at
stall Increasing with thickness, but with slope now decreasing., The |ift

increase is apparently due to the increased leading-edge radius created
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by increased fthickness, thus allowing the profile to go to higher angles
of attack prior to flow breakaway. The decreased slope could well be

due to partial trailing-edge separation occurring prior to final leading-
edge stall -~ for, in this range of lift coefticient, frailing-edge

separation can well be present, |ncreases in Reynolds Number and changes

in chordwise location of maximum thickness have the same effect on
maximum |itt in this region as in portion C.

Trailing-edge stall appears to initiate in region A, which may be
defined as the curved region immediately aft of the point of maximum
curvature, There would appear to be considerable effect from leading-
edge separation present here and stall, though distinctly not of the
leading-edge type, is somewhat sharper than the usual trailing-edge stall.
The greater the Reynolds Number, the lower the lift level of this portion
of the curve and the soconer this portion occurs along the thickness scale,

Portion Z, a relatively linear segment of the curve in the high

thickness regime, is thought to define existence of quite pure trailing~

(very

edge stall, the leading-edge now having |ittle or no effect on C,
max

little, iIf any, leading-edge separation being present at angles of attack
prior to trailing-edge stall). This segment of the curve will yield
decreased |ift with increased thickness at low Reynolds Numbers, However,
as Reynolds Number is increased the slope of this portion decreases and
finally increased |ift is achieved with increased thickness. This change in
slope with Reynolds Number would appear to be less rapid for profiles of
further aft point of maximum thickness,

It has thus been shown that a study of separation-stall phenomena

offers a logical means cf understanding the relaftionship between a
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symmetrical profile's thickness, thickness Jistribution, and Reynolds
Number and the maximum |ift attainable with that protile. This is
particularly true in the case of nose-stalling protiles. Variations in
Reynolds Number and nose radius and shape (thickness and thickness distri-
bution) may quite logically be correlated with variations in maximum [ift
potential ity through consideration of the effects of these parameters on
the ftype of nose separation, the change in magnitude and type of separation
with anéle of attack, and the kind of stall ultimately created by this
nose separation - abrupt or gradual. Although the phenomena of trailing-
edge separation and stall have long been recognized, the effect of profile
shape and Reynolds Number on the maximum !ift of profiles with this
characteristic is not so readily subject to physical understanding and
interpretation.

The curves presented in Figs,, 17 and |18 serve to explain physically
the variation in profile maximum [ift through relating separation-stall
patftern to the parameters of thickness, fhickness distribution and
Reynolds Number, and, of course, may also be used to predict maximum |ift
for the series shown. However these parameters are obviously not sufficiently
definitive to allow prediction of maximum |ift for any profile. Considering
any given smooth, symmetrical airfoil of known separation- stall charaéTerlsTics,
it would seem reasonable that Reynolds Number and one or more geometric
parameters should completely define maximum |ift coefficient.

The first problem encountered in any approach of this nature is that
of finding parameters which suitably define separation-stal! ftype. In the

case of nose stall (lines D-C and C-B of Fig, 18), the simple parameter of
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leading-edye radius would appear to be somewhat bLefter than that of profile
thickness, Particularly, line D-C, when plotted against leading-edge radius
rather than thickness, yields closely a single line independent of thickness
distribution and even independent of small values of camber. As thickness
(radius) is increased at Reynolds Number, leading-edge radius loses its
significance, no longer being superior to thickness as parameter, It is
unfortunate that these curves, beéause of insufficient data, could not be
drawn sufficiently accurate as to permit more extensive empirical parameter
study, |t might be mentioned that Reynolds Number based upon the leading- .
edge radius could well have merit as a ferm of physical significance in the
nose stalling configuration, However, development of any best parameter or
parameters to hold for all degrees and variafions of nose stall would seem
very difficult until more is learfied regarding the action of the boundary
layer in adverse pressure gradients and regions of sharp curvature. The
situation appears even more nebulous for frailing-edge stalling airfoils.
Certainly the quite different separation pattern alters the emphasis on the
geometric parameters useful for nose-stalling profiles while adding new
terms such as trailing- edge angle, etc.

Were it possible To uncover parameters uniquely suited for prediction
of separatfion-stall characteristics, the next step would be fo apply these
to the prediction of maximum |ift coefficient, It is found here that
leading-edge radius is no longer even closely definitive in the nose-
stalling regime, yielding as wide a variation between the different
thickness-distribution series as the parameter of profile thickness. Use

of other simple parameters indicative of leading~edge angle proved no more
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successful., One cause of this is that, when lift level is being considered,
lift curve slope as effected by trailing-edge angle comes into importance
even in the thin profile configuration. This effect is very noticeable in
the case of the '"sharp-nose" profiles. Here again, the frailing-edge
stalling airfoil presents a problem as great as, or greater than, that of
the nose stalling type.

Certainly the determination of exacting parameters for maximum Iift
prediction is a problem which can hardly be solved with current empirical
data or existing theory. |t is obvious that no one geometric parameter,
and probably no one set of parameters, will fit both the leading-edge
and trailing~edge stalling cases. Further, when cambered profiles or
profiles in a turbulent free stream and/or with surface roughness (or
discontinuities) are considered, considerable complexity is added. The
Thrge parameters used in this section, free-stream Reynolds Number, profile
thickness, and profile thickness distribufion, appear as applicable to the
total symmetrical profile picture, considering both trailing-edge and
Iéading-edge stalling profiles, as any known at this time. For this
reason, and because Reynolds Number and thickness seem to yield an
unusually good physical picture of the relationship between "round-nose"
and "sharp-nose" airfoils, these parameters were selected for use
throughout this portion of the report.

To this point very |ittle has been stated concerning fthe cambered
profile. Fig. i9 demonstrates the effect of increasing the amount of
camber on 64 - series profiles. |t will be noted that increased camber

raises maximum |ift coefficient throughout fthe Tthickness range,
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Investigation into the separation-stall pattern (as a function of thickness
and Reynolds Number for various degrees of camber applied to this and
several other series of profiles) revealed that the interprefation of curve
shape presented previously in the symmetrical profile case still very
closely holds, correlation being perfect for the 63, 64, and 65 cambered
series while the 230 series yields what is seemingly leading-edge type
stall somewhat beyond what is thought to be the point of maximum

curvature, The reason for this discrepancy is currently not known. It was
further noted that although thin-airfoil stall gives way to leading-edge
type separation at approximately the same thickness (independent of camber),
increased camber allowed frailing-edge sfafl to become the |imiting
phenomenon for thinner and thinner airfoils. This can be seen by the
reader, if he wifl accept the curve-shape principle, from study of the
curve shapes, Fig. 19. A discussion of the possible significance of this
and other observations regarding the cambered profile may be found in the

following section.

3.1f Possible Significance of Empirical Stall Sftudies ~- B.L.C.
Concepts

At this point it would be well to discuss briefly the effects

upon a profile of the application of either circulation control or boundary
layer control,

These two terms have unfortunately been given a wide variety of
definitions, depending upon whether the individual proposing such "
definitions were interested primarily in the basic function of the control
itself, its overall effects, or its effects upon only a portion of the wing

on profile. Invariably, however, considered in the most rudimentary sense,
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circulation contral involves the increase of lift at angle of attack, and
boundary layer control (B.L.C.) is concerned with extending the base
profile litt curve.

For purposes of this discussion (and basing definitions upon increment
in lift attainable over and above that of the base profile), circulation
control will be defined as that control which, through Increasing effective
camber, increases the |ift coefficient of a profile even at an angle of
attack where the profile suffers no separation or unusually thickened
boundary layer (i.e.: even where the profile itself is obtaining a ift
predictable by potential theory). Boundary layer control would then be
that control which, through its ability to energize the boundary layer or
otherwise delay or prevent separation, increases the Iift coefficient of a
profile only at those angles of attack where separation or a very thick
boundary layer exists on the base profile. The |ift attainable through
such a system would, by implication, be limited by the profile's
theoretical characteristics, Using these definitions, circulation
control has its basis in increasing the profiie's theoretical lifting
capabilffies while B.L.C. permits the profile to realize at least partially
its own otherwise unfulfilled theoretical potentialities.

Application of circulation control normally reveals a shift of profile
lift curve to the left, showing increased l|ift at all angles until the base
profile angle for maximum [ift is approached. The trailing-edge flap
would be an example of a circulation control. A profile with B.L.C.
generally retains the angle of zero |ift of the base profile, maintains a

lift curve slope close to theoretical, and achieves maximum |ift at angles
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of attack and thus lift coefficients in excess of these attainable by the
base profile,

Any definitions for these two terms must be applied with caution and
possible implications considered. Certainly all definitions depend upon
what is considered to be controlled. For instance, were the definitions
given here with respect to a trailing-edge flap rather than the base
profile, the use of a control to assist the frailing-edge flap toward
achieving its theoretical potential in éffecfiveness must be considered
as B.L.C. (with respect to the flap). However, with respect to the base
profile such a system is normally circulation control as it increases the
effective camber of the overall configuration. Another possible source
of difficulty is that angle of attack is itself a matter of definition.

A flapped configuration may have an angie of attack based on a frailing-
edge flap definition, a leading-edge flap definition, or a cambered
profile definition. As the base profile (flap undeflected) has angle of
attack defined in the same way in all cases, the value of circulation
control due to flap deflection is very violently a function of angle of
attack definition. |If confusing elements such as these are kept in mind,
the applicafioﬁ of any sound definition for the boundary layer and
clrculation confrol terms is greatly facilitated.

Although in many instances both circulation control and boundary
layer control (as well as other |ift increasing effects) are brought into
play through the use of a single controlling system, it is quite possible
to have a "pure" boundary layer control (i.e.: no clrculation control).

The remainder of this section will be concerned with just such a system
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and the implications which can be gleaned from the previous section
regarding its possible capébilifies. Further discussion of circulation
controls may be found in Section 3.2,

As defined here, boundary layer control enables a profile to approach
its theoretical }ifTing potentialities but not to exceed them, Hence, at
low angies ot atfack, where due to lack of separation the profile is
closely achieving its theoretical potential, the |ift curve of the controlled
profile closely coincides with that of the uncontrolled. When separation
initiates on the base profile, the two curves will divergé, the controlled
configuration maintaining a slope closely equal to that which would be
theoretically predictable for the profile shape in question, The
controlled profile curve follows this slope to an angle of attack which can
be considerably greater than that at which the base profile stalls. The
maximum |ift coefficient achieved by a profile with B.L.C. can thus be
much higher than that possible with the base profile.

Although a few systems can control leading-edge or trailing-edge
separation with closely equal facility (complete-chord upper-surface
suction, for instance), most boundary layer control systems are designed
primarily fo delay or prevent separation at either the leading-edge or
the trailing-edge of a profile. A confrol located at the leading-edge
would in all probability Se selected for use with the thin profile which
is characterized by leading~edge (or thin-airfoil) separation. A
trailing-edge control would doubtless be used with Trailiﬁg-edge stalling
thick profiles. Although some leading-edge boundary layer control systems
can also partially control trailing-edge separation, this must generally

be considered a minor effect demanding of large amounts of power. Trailing~
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edge B.L.C. can seemingly be of no assistance at all in controlling any
leading-edge separation, |t would thus seem that, for purposcs of
simplification, B.L.C. can here be treated as pure B.L.C. (both leading-edge
and trail ing-edge separation confrolled, no circulation control), pure
leading-edge B.L.C. (leading-edge separation controlled, no control of
trailing-edge separation, no circulation control), or pure trailing-edge
B.L.C. (frailing-edge separation controlled, no control of leading-edge

separation, no circulation control), The pure B.L.C. system as defined can

cover such systems as complete-chord upper-surface suction as well as the

combination of leading-edge and trailing-edge systems located on the same (no

circulation control) profile.

Considering the pure boundary layer confrol system, where both leading-
edge and trail ing-edge controls are present, the maximum |ift possible with

such a system can be approximated by potenfial theory. The Jift coefflicient
for a profile as given by thin airfoil theory is:

Cq, = 2TrSin
Lift coefficient can be seen fo reach a maximum value of 27Tt (or 6.28) when

sin o is maximum ( oL = 90°)., Modifications of this equation to consider

the effect of profile thickness yield results such as the following for normal

Cq = 27 r+_‘_&f_> SinelL
33 \ C /max

As the ferm added here is quite small, it can safely be stated that the

airfoils;
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usual uncambered profile, completely controlled, has a maximum [ift
coetficient ot close to 6.28 at an angle of attack of 90°. Certainly a
great deal of control power would be necessary to achieve this, but this
value does represent the maximum amount of 1ift which can possibly be
aTTained.by a profile with a pure (both leading-edge and trailing-edge)
bcundary layer confrol system.

A considerably more difficult problem is that of approximating the
maximum |ift attainable Through use of either a pure leading-edge or pure
trailing-edge boundary layer control. There is here, for reasons later
described, no recourse to potential theory, only empirical data being
available upon which to base any study. This is indeed unfortunate as
the vast majority of B.L.C. applications more closely approximate the
pureAIeading~edge or tralling-edge case than the pure (overall) B.L.C.
system,

Intuitively, it would seem obvious that, even if the type of stall
(leading-edge or trailing-edge) characteristic of a given profile is
prevented at all angles, the profile can still experience stall of the
other type if angle of attack is increased sufficiently. For instance,

a pure trailing-edge B.L.C. can probably be powered sufficiently to
prevent Trailihg~edge separation at any angle of attack, but, when the
profile reaches an angle of attack where leading-edge separation initiates,
stall will soon occur from the leading-edge. The reverse pattern would be
expected in the case of a pure leading-edge system applied to a normally
leading-edge stalling profile.

Experimental evidence seems fo back up the speculation above, Fig. 20

demonstrates the appearance of typical |ift curves of a thin profile with
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a leading-edge control and a thick profile with a }railing—edge control,
These curves represent a slightly idealized case as the two controls have
been assumed to be pure B,L.C. devices. However, experimental data from
actual systems which approach this idealized case reveal the same general
characteristics and stall shapes.

The thin protfile, without control, is seen from Fig. 20A to stall
from the leading-edge. With a small amount of confrol, but not enough to
achieve an angle of attack where trailing-edge separation initiates, this
curve would be expected to extend slightly upward and stall (not shown)
in closely the same manner. Thus the B.L.C. has served to delay the
occurrence of stall, but has not prevented leading-edge separation. The
addition of further control power would extend this curve to an angle of
attack where.stall is influerced by trailing-edge separation, giving a
mixed type of stall as shown. Were the leaa\ng—edge control now made
capable of delaying any leading-edge separation to an angle beyond that
where trailing-edge stall occurs, it could be said fo have prevented
leading~edge separation, and, in the case of the pure system shown, the
occurrence of trailing-edge stall would establish the maximum Iiff
coefficlient that this profile with B.L.C. could achieve, regardless of
control power. It will be noted that leading-edge B.L.C. does little to
increase the siope over that of the base thin proflle as this leading-edge
stalling profile yields a slope already very close t; theoretical,

Fig. 20B reveals the same general pattern as Fig. 20A. Complete
control of trailing-edge separation can be said to occur at that control

power where the profile stalls completely from the leading~edge. Lesser
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control powers, even though final stall occurs from the leading-edge, permit
sufficient tralling-edge separation prior to stall to reveal a mixed (and
lower |ift) separation-stall pattern. It may be noted here that, unlike
the case in Fig. 20A, the use of trailing-edge B.L.C. on a tralling-edge
stalling profile can be expected to give some |ift Increment even in the
relatively low angle of attack range. This is due fo the fact that
trailing~edge stall is normally preceeded by a rapidly thickening turbulent
boundary layer and a rather long buffet (separation) regime,

The previous paragraphs have served to introduce the concept that the
maximum |1ft attainable by a profile with either a pure leading-edge
B.L.C. device or a pure trailing-edge B.L.C. device is most probably
established by the lift coefficlent at which there occurs pure frailing-
edge or pure leading-edge stall respectively. ("Pure" stall would be
that which occurs at ?ne of the separation-prone reglons with no separation
occurring simultaneously at the other separation-prone region). A
necessary corollary Té this would be that a pure leading-edge B.L.C. system
would yield‘no lift Inéremenf when applied fo a pure frailing-~edge stalling
profile, nor would a pure frailing-edge boundary layer confrol help atf all
when applied to a pufe leading-edge stalling profile.

The apparent complete dependenée upon viscous phenomena of the !ift
limitations here {mposed reveals why the prediction of lifting potentiality
with most forms of B.L.C. cannot be approached through potential theory.
Boundary layer theory is also unable to predict maximum possible |ift with

such devices, and hence recourse must be made fo empirical data.
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Considering still the pure leading-edge B.L.C. system and the pure
trailing~edge B.L.C. system, it has'been found that the empirical stall
studies discussed previously can be of some assistance in determining the
possibility ot predicting the maximum |ift attainable through the use of
either device,

Looking now at the plot of C, vs. profile thickness (Fig. 17)
ma .

X
for any profile series at a constant Reynolds Number, it would be of some
value to inspect the probable changes made in this curve if the
restriction were applied that protfiles in this ;eries could not separate
trom the leading-edge. In other words, what might be the appearance of
this curve if all profiles must stall in a "pure" trailing-edge manner?
One segment of the true (no control) curve already satisfies this
restriction. This is the clos€ly linear, thick profile portion, labeled
"z". Assuming that the slope of this portion of the curve Is indicative
of the effect of profile thickness on the maximum |ift of pure trailing-
edge stalling airfoils of the given series and Reynolds Number, it would
seem that this |inear segment might be exfrapolated to lower thicknesses.
Segment "Z" and its extrapolation would thus, based on the assumption
above, define the appearance of this curve for the profile series which is
not permitted any leading-edge separation and therefore would form the
locus of maximum |ifts attainable for a profile of this series and Reynolds
Number with "pure'" leading-edge B.L.C. (complete control stall, Fig. 20A).
Suppose now that the profile series in question, rather than
restricted to pure trailing-edge stall, is restricted to pure leading-edge

stail. The region of the frue C'max vs, t/c curve which most closely
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satisties this restriction is the lowest portion of segment "B'", Fig, 7.

In this region, trailing-edge separation, if present at all, is of minor
importance, Assuming, as in the case above, that the slope of this
portion of the curve is indicative of the eftect of profile thickness on
the maximum |ift of pure leading-edge stulling airfoils, extrapolation
of this segment of the true curve to higher thicknesses could yield a
curve indicative of the maximum |ift characteristics of profiles (of the
given series at the given R.N.) stalling in the pure leading-edge manner,
This extrapolation would then define the maximum |ift attainable for a
profile with pure trailing-edge B.L.C. (complete control stall, Fig. 20B).
These extrapolations are shown in Fig. 2IA. |+ will be noted that
| inear extrapolations have been used. This is a reflection of a rather
strict interpretation 6f the assumption given in the previous two
paragraphs, That is, that not only are the slopes of the pure portions
of the true curve indicative of the effect of profile thickness on the
maximum |ift of pure stalling profiles, but that there are no secondary
thickness effects, Experimental data from tests conducted using
clgsely pure leading-edge and trailling~edge B.L.C, systems (discussed in
section 3.3) reveal rather good agreement with results obtained from use
of these exfrapolafions,.parficularly above a profile thickness of
approximately 6§. |11 thus seems that the assumption above has a good deal
of validity and that even tThe linear inferpre}afion has sufficient merit
for use in prediction studies.
Consideration of the effects of well-forward camber on a profile's
maximum |ift characteristics provides some demonstration of the possibili-

ties of the linear extrapolation method. Comparing the cambered protfile
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with its base symmetrical counterpart, it would be expected that cambering
(considered as a control system) would provide both circulation control
and B,L.C. with respect to the symmetrical protile. With a small amount
ot camber located fairly well forward it would be thought that the

primary B.L.C. would be at the leading-edge, although the camber could

also induce some premature trailing-edge separation or stall (negative
trailing-edge B.L.C.}. This system is, of course, anything but "pure".

Its correlation with the |inear extrapolation method is, however, quite

possible.

Studies were made of the maximum |ift characteristics, as given in
Ref. 9, of 63, 64, and 65 series profiles with and without small amounts
of forward camber and at three Reynolds Numbers. The plot of C'max vs,
protfile thickness for the 64 series is shown in Fig. 19, This plot and
those for the 63 and 65 series revealed the following: (1) The stall-type
significance of the cambered profile curve shape is analogous to that for
the symmetrical profile - Fig. 17. (2) In the thickness range where the
base symmetrical profile stalls in a pure trailing-edge manner, cambering
raises the |ift-level of the C'max Vs, j/c curve but does not effectively
alter its slope. (3) The pure frailing-edge stali segment of the cambered
profile curve extends to a profile thickness at least as low as is the
case with the base symmetrical profile, in many cases lower. (4) The
Trail{ng~edge (not necessarily pure) stall segment of the cambered profile
curve extends To lower profile fhicknes;;;“;ﬁe greater the camber. The
regionsof maximum curvature for the c?mbered profile curves appear to |ie

closely on the linear extrapolation o} the base symmetrical profile's
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pure trailing-edge stall line, Stall points above this extrapolation were

found, with very few exceptions, to be of the trailing~edge type, while
those below were leading-edge. (5) The cambered profile demonstrates very
nearly the same Reynolds Number and thickness distribution effects as its

base symmetrical protfile. |f symmetrical profiles of different thickness

distributions have different pure trailing-edge stall slopes, identically
cambered versions of these profiles yield closely the same slope difference,
(6)AC|, . due to camber is greater for thicknesses less than that

defining maximum curvature for the base symmetrical profile curve,

The above observations should not be expected to hold for profiles
with large amounts of camber or with camber located relatively far aff,
They do hold quite well, however, for the "normally" cambered profile
(small amount of camber located fairly well forward). Fig. 2IB
demonstrates some of the characteristics mentioned above.’

The relatively constant positive |ift increment due to camber in the
high thickness regime must be attributed to circulation control as any
leading-edge B.L.C. effect will be zero in this thickness range. The
question now arises as to what portion of the lift increment at lower
thicknesses can be allocated to circulation control. It is generally
conceded that any positive circulation confrol, in the absence of
leading-edge B.L.C. must increase the tendency of a profile to stall from
the leading-edge. Thus a trailing-edge stalling profile, glven circulation
control, can stall from the leading-edge at a premature angle of attack and
lift coefficient. A leading-edge stalling profile will stall even sooner
when under the influence of a positive circulation control. This means,

for purposes of this discussion, that a-circulation control of given

S
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effectiveness ( 450'04;0 ) can never yield a A&Clmax greater than '
that which it achieves in the thick profile case, The term, ékC,‘x:o .
may be shown experimentally to be independent of thickness in the cambered
case being considered. The creafion of leading-edge boundary layer
control through cambering is thus evident as camber creates even greater

A Clmax for the leading-edge stalling profiles than for the trailing-
edge slalling airfoils. Also, it must be remembered that camber allows
the profile To go to very low thicknesses and still notstall from the
leading-edge.

Assuming, conservatively, that circulation control is independent of
thickness and equal to ékc'max for the thick profile regime, it may be
subfracted out at all thicknesses. Affer this has been accomplished only
the leading-edge B.L.C. effect of camber remains, Correlation with the
I inear extrapolation method as applied to the base symmefric profile is
readily seen. The fall-off in maximum |ift from the |inear extrapolation
line as thickness Is decreased is explained by the fact that a given
amount of camber is less effective in delaying leading-edge separation the
thinner the profile,

The probable negative trailing-edge B.L.C. menfioned previously has
been disregarded in the analysis above. Its effects are certainly quite
small and consideration of the problem will reveal that although its
effects can change the situation quantitatively it cannot be altered
qualitatively. Division in this manner of the effect of any complex
system (which is not achieving complete control) intfo its leading-edge

B.L.C., frailing-edge B.L.C., and circulation control elements is certainly
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most difficult and often highly misleading. One reason for thic is that
circulation control lacks reasonable definition and all too often becomes
entangled with trailing-edge B.L.C. It is somewhal easier to assume one
of the boundary layer controls To either be of negligible effect or group
it with circulation control. Luckily, many systems are amenable to such
an approach.

Many rather interesting features regarding the |imitations and |ikely
characteristics of systems approaching the pure leading-edge or pure
trailing~edge B.L.C. cases may be derived from consideration of the
implicatlons of the linear extrapolation method. This method indicates
that the |imiting maximum |ift attainable with such systems is very much
a function of profile thickness, profile thickness distribution, and
Reynolds Number,

" A pure leading-edge B.L.C. system may be expected to yield zero

‘SC'max (with respect to the base profile) at all Thlcknesseé.gggxg
that at which pure trailling-edge stall occurs on the base profile. This
thickness where lxn'max goes to zero may be expected to decrease with
increased Reynolds Number and increase if the point of maximum thickness
is moved aft on the profile (note trends shown in Figs. 17 and 18). A
pure trailing-edge B.L.C. system will yield zero ‘kclmax at all
thicknesses below that ‘at which pure leading-edge stall occurs on the
base profile, Again, this limiting thickness will be smaller the dgreater
the Reynolds Number and greater the more aft the point of maximum

thickness is located on the profile. (Figs. |7 and I18).
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Based upon the |inear extrapolation method and study of Fig. 17, the
pure leading-edge B.L.C. (complete control) will initiate gains at
thicknesses less than that described above and would be expected to create
greater z:.c,max the thinner the profile. For a given thickness,

[&Clmax probably would be greater the less the Reynolds Number. Also,

movement of the point of maximum thickness rearward on the profile seems to

general ly increase ZSC, for glven thickness. The pure trailing-
max

edge B.L.C. (complete control) will create greater ZS(” the thicker the
max

profile. For a given fhickneés, AC will now generally be smaller
max

the smaller the Reynolds Number., The effect of movement of the point of

‘maximum thickness aff is also opposite fo the effect shown for the pure

leading-edge B.L.C. system, the aftward movement of this point generally

reducing the Z&C, for a given thickness. Figs. 22 through 25
max

demonstrate the application of the linear extrapolation method to symmetrical

profiles of the 63, 64, and 65 series al Reynolds Numbers from 3 x 106 to

9 x 108,

The preceeding observations as well as Figs. 22 to 25 are based upon

study of the general curve shapes of Figs, |7 and I8 and the slopes of

the "pure" stalling regions shown in Fig. |7, As these data are comprised

of only three profile series at three Reynolds Numbers, there is, of course,
the possibility fthat these trends may not hold for all Reynolds Numbers

and profile series, |t is felt, however, that the trends are realistic in
the range of data considered, and are not the result of reading too much
info somewhat scattered empirical data. Confirmation of this is found in

the cambered profile studies, fthe cambered profile characteristics
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following the same frends established by the pure trailing-edge stalling
portion of the corresponding base profile curve. Hence, it would be
erroneous to disregard Reynolds Number, or even thickness distribution, in
applying this method.

In applying fhe | inear exfrapolation method, it is first necessary to
obtain data for the profile in question so as to enable at least the
plotting of that portion of the CImax vs. t/c curve from which the |inear
extrapolation is to be made. It is also necessary that this data be at
the Reynolds Number of interest. The C'max attainable with a pure leading-
edge B.L.C, will be defined by the |inear extrapolation of the pure
trail ing-edge stall portion of this curve, The C|max,aTTainable with a
pure frailing-edge B.L.C. will be defined by the linear extrapolation of the
pure leading- edge stall portion of The.curve (a line drawn tangent to the
point on the cﬁrve where slope is maximum), |t must be remembered that Thfs

method predicts the maximum possible Iift coefficient achieved through use of

such systems and says nothing about the amount of confrol(necessary to achieve
this complete control.
The degree of deflection, blowing, suction, efc. which is necessary
to achieve complete control is a function not only of Reynolds Nuﬁber,
profile thickness, and profite thickness distribution, but of the contfrol
geometry, location, and overall efficiency. The ability of any given
B.L.C. system to achieve complete control, the extent to which it
approaches a "pure" control, and the system's partial control characteristics

will be subjects covered in Section 3.3.
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As was mentioned previously, the division of any complex confrol info
its elements is highly difficult, Léf us now, however, consider a system
with a fixed circulation control such as a trailing-edge flap of given
deflection., |t sufficient data is available for this system as applied
to profiles of a given series at a given Reynolds Number, it is possible
to plot a C'max vs. t/c curve similar to that of Fig. 17. Indications
are that the addition of controls does not alter the curve shape
significance as given in Fig, |17. Hence it seems logical that the |inear
extrapolation method may be used with profiles with circulation control
as well as with the base profile so long as the C'max vs, T/c curve for
that profile series with the given circulation control is known,

It further seems that if the C'max vs. t/c curve for a profile
series with a fixed amount of tral!ing~edge B.L.C. were known, the linear
extrapolation method would indicate the limiting |ift attainable through
the addition of a pure leading-edge B.L.C. system to this trailing-edge system
of known characteristics, The same could be said for the addition
of a pure trailing-edge system to a leading-edge system of known
characteristics. In fact, It appears that the limit [ift attainable
through the addition of either pure system to any existing system for
which a Clmax vs. t/c curve may be obtained can be found through
application of the |inear extrapolation method. The problem here is,
of course, the determination of the characteristics of the system prior
to the addition of the pure system. Empirical data seems the only good
source for such information.

Although much of the data showﬁ.in this summary report appear To

Jjustify the use of an approach such as the |inear extrapolation method,
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true establishment of its vallidity and shortcomings must await further
investigation, |If verificatlon is achieved, it is possible that through
study ot the inter-relationships among the CImax vs. T/c curves for large
numbers of profiles throughout a wide Reynolds Number range, this method
could become a more wieldy and quite useful tool.

3,1q Conclusions and Summary

All forms of stall result from a separation of the boundary

layer and this separation may occur in either the turbulent or the laminar

region, Although it is difficult to assign a given type of stall to a

given profile, thicker profiles with large leading-edge curvature generally
demonstrate frailing-edge stall which progresses from a furbulent separation
while thinner profiles with smaller leading-edge radii generally produce a
stall resulting from laminar separation at the leading edge.

Separation of the boundary layer can give rise to three different

general types of stall:

(1) Trailing-edge stall (preceded by movement of the turbulent

separation point forward from the trailing-edge with increasing
angle of attack.)

(2) Leading-edge stall (abrupt flow separation near the leading-
edge ~~ generally without subsequent reattachment )

(3) Thin-airfoil stall (préceded by flow separation at the leading~

edge with reattachment at a point which moves progressively
rearward with increasing angle of attack.)

These.three general stall types above occur as the result of the

three possible separation types:
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Trailing-edge separation (turbulent separation point moving
forward from the trailing-edge with increased angle of attack.)
Leading-edge separation (laminar separation bubble occurring at
the leading-edge, its exftent being invariant with angle of
attack unti! abrupt flow breakaway occurs.)

Thin-airfoil separation (laminar separation bubble occurring at

the leading-edge, increasing in chordwise extent with increased

angle of attack.)

Although the three separation ftypes can be said to give rise to the

three corresponding stall types, it quite often occurs that two or more

of the separation types can be present prior to profile stall. |In fact,

there are at least six separation-stall patterns possible:

(1

(2)

(3

(4)

(5)

(6)

Stall proceded only by frailing-edge type separation --no
laminar separation prior to stall.

Stall due to trailing-edge type separation but with laminar
separation present at angles of attack prior to stall,

Stall due to leading-edge type separation but with trailing-
edge separafiop present at angles of attack prior to stall.
Stall due fo leading-edge type separation -- no frailing-edge
separation prior to stall.

Stall due to thin-airfoil type separafion, the laminar bubble
at low angles of attack being of the leading-edge type == no
trailing-edge separation.

Stall due to thin-airfoll type separation with no leading-edge

type separation or ?railing-edge separation occurring prior to

stall,
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There probably exists still more combinations such as stall due to
thin-airfoll type separation with trailing-edge separation existing prior
to stall and vice versa. Certainly it is offen impossible to ascertain
which separation actually friggered the stall. Just fo complicate the
issue, with both leading-edge and thin-airfoll stalling profiles a
secondary stall resembling the thin-airfoil type will occasionally occur.
Although leading-edge or thin-airfoil separation can occur on the same
profile under the same free-stream condltions, it is impossible by
definition for both leading-edge and thin-airfoil separation to coexist
(at the same ~_ ).

The separation-stall type for a given profile depends upon the profiie

thickness, thickness distribution, and Reynoids Number. For a given

"Reynolds Number and profile series it is possible to correlate separation-

stall type with the shape of the maximum lift coefficient vs, profile
thickness curve, Fig. 17 indicates that with decreasing thickness
separation-stal| type moves from the pure trailing-edge to the pure thin-
airfoil (from | to 6 above). |1 Is interesting to note how seldom there
occurs only one separation type at angles of attack prior to profile stall
and how much difference stall type and separation mixtures can make in
profile maximum |ift,

The effect of Reynolds Number on the normal profile's separation-
stall characteristics is demonstrated in Fig., 8. It can be seen that
decreasing Reynolds Number for a glven profile is essentially the

s

equivalent of decreasing its thickness at a constant Reynolds Number. As

all "sharp-nosed" profiles such as the double wedge must stali in a thin-
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airfoil manner, there is no noticeable Reynolds Number effect on such
profiles.

Although the material presented in this section of the report
clearly shows the trends which can be expected in the stalling characteristics
and maximum [iff coefficients attainable with variations In the thickness,
thickness distribution, and Reynolds Number of a profile, no rigorous means
of predicting these characteristics of any given profile are available.
A study of these trends, however, casts a great deal of light on the
possibilities of predicting the maximum |ift attainable through the use of
boundary layer controls.

It is felt that linear extrapolations from the pure trailing-edge
and pure leading-edge stalling portions of the C[max vs., t/c curve for the
given profile series can closely define the limit maximum ]ift attainable
through the use of a large number of boundary layer controls. This
-approach further seems logical even for use with profiles with circulation
control., Alfhough much of the data presented in later sections appear to
demonstrate the validity of such an approach, trae verification of its
usefulness must await further investigaftion,

5.2 THE EFFECT OF TRAILING-EDGE DEVICES

3,2a General Discussion

THe quest for shorter fake-off and landing distances and
better Ifffing characteristics in general has been‘golng on since long
before the Wright brothers' flight. Between the First World War and the
present time this problem has become increasingly Important and has

presented ever greater difficulty in solution as aircraft have reached
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for faster and faster maximum speeds. As high speed (and high wing loading)
capabilities are completely at odds with the short take-off and landing
concept, engineers have added to the aircraft configuration those high |ift
"devices" which might be used to achieve |ift increases when such extra

litt is desirable while creating as |ittle adverse effect as possible when
high I1ft is nof'necessary. While the word "device" has, by training, a
raTHer ugly connotation among aerodynamicists, it must be admitted that only
such controls which can be termed "devices" have to this date successfully
approached a general solufion.fo the high speed vs, short fake-oftf and
landing problem, The helicopter has so far proven itself limited in speed
and range.. The V.T.0.L. aircraft is still in its infancy and its maximum
speed and range characteristics remain a question mark, while the

integrated jet aircraft with a combined propulsive and lifting system is
currently littie more than a twinkie in the researcher's eye. Of course,
these approaches have a great deal of potentiality, but they cannot in the
very near fufure be expscted to yield a real solution fo this current and &‘

growing conflict,

The devices which will be considered in this report may be classified

as (1) trailing-edge controls and (2) leading-edge controls., It is the

purpose of this section to explore the high [ift producing effects of those

types of devices that endeavor to influence the circulation about the
profile by means of effecting a change in flow conditions at the trailing=-
edge. Into this category are grouped all the traditional types of flap;
the plain flap, the split flap, the slotted flap, etc. and, in addition,

those relatively new devices that employ flow singularities either fo improve
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the effectiveness of a deflected flap or to influence the potential flow
directly, Those controls which, although located near the trailing-edge,
operate primarily as boundary layer rather than circulation controls are
discussed in the section covering leading-edge devices (3,3).

An attempt is made to examine the flow mechanisms involved with each

trailing-edge device so that its operation may be better understood. In

addition, so far as is possible, summaries of the performance of these
devices have been prepared and techniques of estimating section force
and moment coefficients have been suggested. Only two-dimensional
characteristics are discussed in this section, smooth profile surtace ‘
gohdi?ions are assumed, and compressibility effects have been assumed to
be negligible. These two assumptions were necessitated by the data
available but should not invalidate the applicability of the information
contained herein to the reallistic, full-scale case, parficularly if use of
such information is |imited to preliminary design purposes,

"Circulation" may be obtained in several ways, perhaps the simplest

form of circulation being the '"Magnus effect" created by a spinning g

cylinder or sphere, This effect, dependent upon viscosity for its operation,
is demonstrated in Fig. 26, The smoke |ines are seen to increase in both
upwash and downwash when the cylinder is caused To rotate rapidly in a

clockwise direction. Such a streamline pattern is indicative of a

circulation being developed and generating an upward-directed |ifting
force. Circulation is, of course, applied To a wing profile in a much
different manner, From potential flow considerations it becomes obvious

that the location of the trailing-edge stagnation point has a determining
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effect upon the lift generation of a profile. Looked af in its simplest fterms,
i the trailing-edge stagnafion point can be located in such a way that the
flow path from the torward stagnation point over fhe upper surface is
maximized and the path befween the forward and frailing-edge stagnation

points on the lower surface is minimized, fhe largest value of circulation

(and thus the largest Iiff increment at a constant angle of attack) will

be obtained, This is, in effect, what is attempted by giving a profile

camber, The cambered profile has circulation control with respect fo its
symmetrical counterpart by virtue of the reorientation caused in the relative
location of the leading-edge and trailing-edge stagnation points.

Thin airfoil theory demonstrates that any given degree of camber will
create a greater circulation it if located near The trailing-edge rather
than the profile leading-edge. This would indicate thaf the use of a
large amount of camber applied To the trailing-edge of the profile could be
very useful as a high-lift circulation mechanism, the one major problem
being the poor high speed characteristics of such a configuration, The
trailing-edge flap solves this problem, being a variable camber circulation
control located at fhe tralling-edge where it can be most effective.

0f the almost infinife varietfy of frailing-edge flaps which have been
TegTed, the types that have been most widely used are the plain flap, the
split flap, the single slotted flap, of which the Fowler flap is a special

example, and The double slotted flap., These flap Types are shown in Fig. 27

while Fig. 28 demonstrates fhe airflow over the various flapped configurations
at a constant small angle of attack. Note that the frailing-edge flap,

|ike the spinning cylinder, yields a marked increase in upwash as compared
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with the uncontrolled protile, This (if the two configurations are at the
same angle of attack as is the case here) is indicative ot the achievemert
ot litt increase through increased circulation.

The plain and split flaps can be seen to create an effective stagnation
area behind and beneath the flap hinge but, due to separation, cannot, at
this deflection angle, force the formation of a stagnation point at “the flap
trailing-edge. As this amounts to a loss in potential circulation, the double-
slotted and double flaps were devised. Such flaps allow higher-pressure
lower surface air to bleed onto the flap upper surface, thus energizing
the "dead'" air in the flap's boundary layer, delaying separation, and
increasing circulation through permitting the flap to more closely achieve
notential flow, The Flowler flap yields additional |ift benefits through
extending the chord of the profile,

Fig. 29 demonstrates the effect of the several flap types upon the
profile 1ift curve, Note that the gain in |ift occurs as a shift of the
entire |ift curve to *he left, This is a characteristic of circulation
control as opposed to boundary layer control. However, boundary layer control
with respect to the flap, as occurs with the slotted types, may be seen to
create additional circulation control with respect to the base protile,

Official willingness fo permit increases in landing-strip length and
carrier size as well as catapult and arresting gear improvements for some
time enabled such frailing~edge devices as discussed above to adequately
contain the take-off and landing problem within reasonable bounds. However,
the high speed alrcraft with very large wing loadings developed in the last

several years has forced a decision between the provision of cven greater
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landing and take-ott room or the utilization of more powerful aircratt-
borne controls, The latter would seem for several obvious reasons to be
the more logical approach,

The devices already discussed have circulation lifts which are
severely iimited by flow separation, the turbulenl boundary layer being
unable to remain attached because of the severe adverse pressure gradients
encountered along the deflected flap's upper surface, |t would seem feasible
then that, if this separation could be prevented and the stagnation point
fixed to the flap trailing-edge, potential flow could be approximated and
large circulation increases could be achieved. This thinking has led, in
the past few years, to fairly infensive studies of powered flaps -- flaps
utilizing blowing or suction to prevent any possible flow separa}ion over
the flap. Such research has indicated that the use of power will not only
cause |ift increases through energizing the flap's boundary layer but can
achieve further increases due to jet reaction or effective chord extension.
Additionally, it has been found fthat blowing or suction at the trailing-
edge can, if properly designed, yield largé lift increments even in the
absence of a flap, Some typical powered trailing-edge devices are shown
in Fig. 30.

It might be mentioned that there are fwo parameters which are generally
used to relate the slot (or porous area) flow characteristics of a powered
control to the resultant degree of boundary layer énd/or circulation control
provided; assuming of course a fixed profile geometry, angle of attack,
location and alignment of powered device, and free stream condition, These

parameters are the "flow quantity coefficient", CQ, and the "flow momentum
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coetficient", C;L , used in the cases of suction and blowing respectively,
CQ is a non-dimensional parameter expressing the volume flow through

the control slot or porous area. This fterm came into being through the

original theoretical suction~slot work where the slot was replaced by a

sink with strength proportional to volume flow, When the suction is

operating primarily on the potential flow (as could be the case with

trailing-edge suction, for instance), CQ has been found to be a unique flow

parameter, Alfthough its validity is not so cleaf when the system is

operating mainly to control The'boundary layer, no more appropriate parameter

has yet been derived. The flow quantity coefficient may be defined:

cq - _q (3.2al)
RS

where: Q = control volume flow ~ 13/ sec

Vo = infinite free stream vel. - ft/sec

S = wing area - 12

The flow momentum coefficient, C},L , was devised after theoretical

and experimental work had revealed that a ferm based on volume flow alone
was not suifablé for the directed jet situation. The blowing:jet cannot
be simulated by a source, but acts rather like a sink distributed along a
thin membrane, The basis for the parameter, C}L , is the thrust of the
Jet at the slot. Here again, it is found that where the operation is
primarily that of altering the potential flow pattern this term is closely
unique, but it becomes less rigorous where boundary layer confrol is the
major effect, (In practice, C}k ylelds good correlation for trailing-

edge systems, {ts value for use with leading-edge systems has, however,

not yet been fully established.) C/}_ -is detined where the jet thrust
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has been non-dimensional ized as follows:

e Ve
c .3 (3.2a2)
+ _L(Do\/ozs

2

jet velocity at slot - ft/sec
mass flow Through slot - Ib/sec

where: V,

o

%gvs-= jet thrust at slot - Ibs

i

@, = tree stream density - slugs/f'f3

This may be put in terms of CQ;

_ VAVAYG AR s 9;‘7
C, =2Cql Y ‘) = 2C _.._><___ (3.2a3)
M Q(vo eo QQ Sf Eo

density of jet at slot - slugs/H3

where: Ef

S¢ = slot area - #12
Normally the density ratio may be assumed T (except where near-sonic,
sonic, or supersonic blowing is achieved).

Some investigators feel that, where the blowing slot is located well
forward from the trailing~edge, it is more convenient and just as
realistic to use the ratio of jet velocity at the slot to infinite free
stream velocity, VJ/VO, rather than C}L . Available test results of
forward located blowing slots shed Iitftle }ight as to which of these two
parameters is preferable. Vglocify ratio may be related to CQ as follows:

e

i/_f.:. = <_§_ C ‘ (3.224)
y Q

]
o S5
Maximum possible CQ for a given free stream velocity occurs when

sonic conditions are encountered at the slot or point of minimum area in
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the duct., Any increases in suction power beyond that corresponding fo such
an occurance would be expected to be ot |ifttle value., The blowing parameter,
C/L , however, may be made to increase, because of the density term, even
after the establishment of choked conditions. Expansion slots can be used
to permit even further increases in C }; . It 1s understood that
unpublished results of tests at these very high C o 's indicate its
continued acceptability as a definitive parameter,

The selection of a blowing or suction system of course depends very
much on the requirements of the specific aircraft. Disregarding any profile
pressure distribution effects, suction at the trailing-edge generally
necessitates smaller pressure ratios to create the same |ift increment as
the blowing system, which, however, can be designed, through the use of
narrow slots, to require as low or lower mass flows, The properfies of
the blowing jet indicate that such a system is necessary to acquire very
large Z&CJL 's without the extensive use of flaps, Losses in the
blowing slot are much less than the corresponding losses would be in a
suction slot, Further, the Jet ehgine may be bled in a rather simple
manner to provide blowing while its application to a suction system is
considerably more difficult. Although most of the rather over-generalized
statements above would seem fo favor the use of blowing, there are
certainly many configurations for which suction (or combined suction and
blowing) might be the preferable system. |t cannot be stressed foo
strongly that the selection of a system is almost completely dependent upon

the particular application -~ the performance needs of the aircrafft,

structural considerations, etc,
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Generally speaking, the trailing-edge device creates lit! increases
through its ability to provide circulation control. Many systems also
provide an element of boundary layer control (with respect to the profile,
the flap, or bofﬁ), while some can create effective or geometrical chord
extension. Additional increments can be obtained with blowing systems
through jet thrust effects,

|7 was shown in Section 3,| that a completely controlled (B.L.C.)
symmetrical profile had a |imit possible C|max of 6,28 at an angle of
attack of 90°, This was determined through potential flow considerations.
It might then be thought that such a profile with circulation control,
providing no chord extension or jet reaction effects but yielding sufficient
boundary layer control to simulate potential flow, would be limited at
900 and at a |ift coefficient of 6.28 plus the value of the circulation
increment taken, say, at X = 0°. Hazen, in reference 6lc, indicates
that this would not be the case. Electrolytic plotting tank studies of a
profile with various split flap arrangements show an inviscid fall-off in
circulation effect as angle of attack is increased from zero. Fig, 3l
demonstrates the results of these studies. |t will be noted that maximum
| it becomes constant for the greater values of circulation control at
angles of attack around 20° and at a |ift coefficient of anund 7.0.

Thus,‘alfhough thin airfoil theory appears capable of accurately
predicting the zf& Cjat & = 0° for profiles with a given circulation
control and complete boundary layer control, the maximum possible [ift
coefficient attainable with exiremely large values of circulation will, for

such a sysfem, possibly be not much greater than the 6.28 given for the base
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symmetrical profile, Again, jet reaction and chord oxiension cticets con
invalidate this estimate, permitiing the ailtainment of much larger maximum
Fifts,

3,20 _Eftects of Circulation Control upon Leading~Edqge Stall

I't is offen assumed that the increase in profile maximum [itt
coefficient due to the addition of a trailing-edge circulation control is
equal 1o the increase in lift at zero angle of attack, This assumption iz
hased on the many |i{t curves shown in fexts, most of which indicate a
constant stall angle independent of flap deflection. The tesTing and use
of very thin airfoil sections and controlled flaps in recent years has
shown that, although it is valid for very thick profiles with standard flap
types, such an assumption can be highly erroneous for these more modern

systems,

While trailing-edge circulation confrols can be used to advantage in

conjuncticn with thin airfoils, their usefulness is offen severely [imited

due To a circulation-induced tendency toward premature leading-edge separation,

Increased circulation means an increased upwash at the feading-edge and thus
an increaséd "effective" angle of attack., As occurrence of leading-edge
separation is, for a given Reynolds Number, a function of effective angle of
attack, it is obvicus that such separation must occur at an earlier
geometric angle the greater the circulation, This effect can be further
aggravated in the three-dimensional case, some contigurations achieving

no increases in maximum |ift whatsoever through the use of such circulation
controls., Fig., 32A demonstrates a typical patfern of premature stall

on a thin airfoil. Note that leading-edge stall can develop beyond a
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certain value of circulation even though the base profile stalls from the
trailing-edge.

A lesser known phenomenon is that sometimes noticeable with the powered
form of trailing-edge circulation device, |t appears that, if the suction
or blowing is of sufficient strength and in such a location that a portion
of the profile forward ot the hinge Iine may be effected, not only is the
flap controlled, but the aft portion of the profile as well is given a
modicum of trailing-edge boundary layer control. Some slotted flap data
indicates that this system also can provide frailing-edge B.L.C. with
respect to the profile as well as with respect to the flap. The general
effect of such a phenomenon is to extend the flapped profile |ift curve to
higher angles of attack than that for the base uncontrolled airfoil. This
extension of the |ift curve would be expected to be of greater magnitfude
the stronger the confrol power. An example of such a sifuation is shown in
Fig. 328, where the profile has been assumed sufficiently thick that there
is no countfer-effect from the tendency shown in Fig. 32A, Although there is
sufficient available data to verify the trends attributed here fo the
trailing-edge boundary layer control effect, and the existence of such an
effect seems logical in a manner consistant with existing experimental
information, not enough data is available to permit any attempts fo predict
its effects quantitatively,

There appear to be five possible variations in thcimax which
can take place with increased circulation: (1) For fhe very thick profile,
itself stalling trailing-edge and equipped with an unpowered circulation
device, CK‘C may be assumed to be invariant with circulation

max
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control, Lﬁ C, may thus be estimated To be closely equal to Zﬁ& C|
max ol=0
(2) |f the base profile still experiences trailing-edge stall but is
somewhat thinner, the application of circulation control can, at some
circulation value, alter stall type to leading-edge, the angle of attack
for maximum |ift decreasing gs circulation is increased beyond this value.
There can here be expected a corresponding fall-off in éﬁkclmax as
compared with AC, i (3) Protiles stalling from the leading=-

edge would be expected to stdli at a lower angle of attack as circulation

is increased from zero. Again, A C'max will be less than

A C o =0 . Indlkcations are that stall can be altered from
the leading-edge fype to the thin airfoil type given sufficient
circulation. Of course, the profile normally sfalling in a thineairfoil
manner would be thought to stall in the same manner given circulation
control. Such a configuration would be expected to show the same general

characteristics with increased circulation as the leading~edge stalling

configuration, For the very thick, Trailing-édge stalling profile

equipped with a circulation control capable of also affecting boundary

layer confrol, ©( Cl ay increase with increased circulation
max
yielding szI greater than the corresponding zﬁscn
max o=

(5) The relatively thick profile showing a trailing~edge or predominately

trailing-edge stall may when equipped with a powered circulation device

yeild an ¢ C| variation as (2) or (4) above or perhaps as a
max
comblination of the two depending upon the profile thickness compared with

the degree of circulation an boundary laver control.
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As is the case with the base profile, a profile with circulation
control need not stall in a pure leading-edge, pure trailing-edge, or pure
thin-airfoil manner but often will yield separations of two or more of
these types prior to final stall, The three major stall types are shown
in Fig., 33, These are much |ike the comparable stall patterns for the
basé profile, although the thin airfoil stall shows a tendency to "cut-

back" and achieves a greater A C than does a configuration of
max

equal circulation control which stalls in the leading-edge manner,

Additionally, trailing-edge stall often seems somewhat sharper Than would
be expected with the base profile, apparently due fo the rapid unloading
of the flap., For this reason, and because there is very |ittle data af
high thicknesses for flapped profiles, it is quite difficult to correlate
stall type with the shape of the C'max vs, t/c curve as was done with

the base profile in Section 3.1.

Fig. 34 shows the C; y vs. t/c curve for a base profile series
ma

and the same profile series with a given amount of circulation control,

3 e

such as a given flap deflection, Both are at the same Reynolds Number
and no trailing-edge B,L.C. is present, i.e, the circulation comes from
an unpowered or effectively unpowered frailing-edge device, Although,

as mentioned above, stall type variation regarding the configuration
provided with circulation is difficult fo analyze, availabie information
indicafés'ThaT The curve~shape principles shown in Section 3.1 for the
base profile should apply equafly to the profile with circulation, [T is
inferesting to note that the lifttle existing data available at high

thicknesses indicates that the profile with circulation stalls in a "pure"
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trailing-edge manner for thicknesses greater than that detined by the linear
extrapolation of the base profile pure leading-edge stall region, The
reason for this is not immediately discernable and colncidence possibly
may be a factor. At thicknesses greater than that defined by this base
profile linear extrapolation, the zx(:'max provided by the trailing-
edge device would be expected to be equal to. [&C] o= 0 , as both
base protfile and profile with circulation have a "pure" tralling-edge
stall pattern, For lower thicknesses, leading-edge separation can be
present at stall and A c will be less than A c oo
As thickness is constantly decreased, from that for "pure" trailing-edge
stall, premature frailing-edge separation will be encountered (induced by
the formation of a leading-edge bubble), then prémafure leading-e&ge stall
(with trailing-edge separation present prior fo final stall), "pure"
leading-edge stall, and finally thin airfoil stall. Correspondingly,

Z&C,max is seen to reduce as thickness is thusly decreased, assume
a rather constant comparatively low value, and then increase when thin-
alrfoil type stall is initiated. In this regime of increased Zxclmax'
a profile normally stalling in a leading-edge manner may sfa!]\fhin-
airfoil when circulation has been applied.

Fig. 35 shows the same profile and profile plus trailing~edge
circulation cénfrol, only now tralling-edge B.L.C. is present. As shown
in Sectlon 3.}, ‘}railing-edée‘B.L.C° is thought to bé limited by the pure

leading-edge stall extrapolation. In the case of circulation such an

extrapolation sHould be made from the leading-edge stall region of the
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protile pius circulation curve, Of course, ideal trailing-edge B.L.C. as

detined by this line is seldom attained and a given value of CQ or C}L

would be expected fo cause an increase in C initiating at a thickness

max

corresponding to that where final stall involves some trailing-edge

separation, this increase becoming greater in magnitude with further
increases in thickness. As can be seen from Fig., 35, A C under
max

such conditions may be greater or less than ZX.CI =0 depending
upon the profile thickness, amount of circulation control, and degree of
tralling-edge B.L.C.; Reynolds Number variations and variations in profile
thickness distribution would also be expected to be most important. There
should be no effect of trailing-edge B.L.C. when the profile with
circulation stalls without the occurrence of frailing-edge separation. In
the thickness range effected by such B.L.C., increases in confrol power
will cause stall to tend more toward the leading-edge type, constantly
decreasing the effect of trailing-edge separation.

The approximate effect of circulation control upon stall type is
shown in Fig, 36. This plot was determined empirically from a rather small
amount of data for configurations the majority of which involved 64 series
profiles, For this reason these curves should not be considered rigorously
applicable to the general case. The |ine separating the leading~edge and
trailing-edge regions closely follbWs the linear extrapolation of the 64
series base profile "pure" leading-edge stall segment but only "pure"
trailing-edge stall appears to occur to the right of this line. Linear
extrapolation concepts would indicate that, even for 64 series profiles,

the prediction given here may be pessimisfic, the line shown being perhaps
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at too low a slope, parficularly at high circulation values. Also it would
be thought that forward camber lIncreases, increases in Reynolds Number
beyond 9 X 106, and any forward movement of the point of max imum profile

thickness from 40§ would increase the slope of these curves somewhat and

move them slightly to the left.
Fig. 37 is based upon empirical sfudies and predicts, for profiles

without trailing-edge B.L.C., the expected variation of Zk(”
max

with A CI for profiles of The 64 series at a Reynolds Number
“:0
of approximately 6 x 106, Increment in maximum lift is assumed to be equal
to A Cl at values of clrculation ( JAY CI ) shown for
« =0 x=0

the glven thickness by the tralling-edge sfall line of Fig. 36. It will

be noted that increased circulafion will cause an increased percenfage drop

in A Cl as compared with Z& Cy . Decreased thickness
max ® =0
will decrease Z& Ci for a glven ASCI , at least until thin=~
max 0(=0
-airfoll stall is encountered (t/c ¥ 68-9%) where it will increase fo a

smal| extent. Increased Reynolds Number, forward camber, or the moving
forward of the point of maximum thickness will increase the A ¢, 0
O<=
at which divergence of the curves from the ' [ﬁ C| = [& C|
max

o+ =0
line will occur, Such variations will also rofate the constant=thickness
curves somewhat upward from their indicated positions. Although scaftered
experlmental dafa showed violent disagreement with this plot, by far The

large mass of data fell in quite well, independent of Reynolds Number,

profile shape, or type of trailing=-edge circulation.
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The assumption that Z& C| , or amount of circulation, is the
=0
important parameter effecting premature leading~edge separation for a
configuration of given thickness seems to be quite valid, Of course,

variations in flap extent, etc., do change the pressure distribution for a

given circulation and hence alter the effect of circulation on stall to

some degree, but such secondary effects are relatively insignificant,
Unfortunately, it appears impossible with existing data to predict

any correction to Fig. 37 for configurations which have the added advantage

of providing frailing-edge B.L.C. In a Reynolds Number range of 3-8 x 106

it is doubtful that trailing-edge B.L.C. can provide any additional |ift

benefits for profiles of thicknesses beneath the order of 12%. Increased

circulation control, if arrived af because of increased confrol power,

would be expected to provide greater and greater B.L.C., while increased .

circulation due to flap deflection would probably yield a B,L.C. effect

which is independent of circulation, being dependent only upon control power,

As stated previously, thicker profiles will profit more from a given quantity

of B.L.C. (given C Jooor CQ). Fig. 38 dgmongTraTes the probable trends of a

correction ferm to Fig. 37 fo take trailing-edge B.L.C. info consideration,

This flgure is strictly schematic, the curves shown being, for purposes of

clarity, on a greatly amplified vertical scale as compared with those of

Fig. 37, The assumption has been made here that an effect of increased

circulation is to increase the t/c below which pure leading-edge separation

inifiaTes. [t is quite possible, however, that for a given thickness the

effect of inc;eased B.L.C. with fncreased circulation could far outweigh any

pure circulation effects, Reynolds Number would also gertainly be important
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here, as it is with all questions concerning stall phenomena.

It must be remembered that this discussion has fo this point been
limited to systems with circulation control and possibly B.L.C. and has not
touched upon systems which additionally have chord extension or jet reaction
effects. Disregarding the inherent slope change, chord extension would
normally act as a circulation control, the relationship between A C

max

and A C|‘ 0 being closely predictable by methods described above.

In the case of Jet reaction, however, an increment to A Clmax is
achieved which is independent of circulation control as suchandis a
function of jet thrust and direction, In that momentum effeots canhof
alter the profile pressure distribution, such effects cannot contribute
toward circulation or premature leading-edge stall. For this reason, stall
angle may be said to be completely independent of jet reaction so long as
the vertical component of that reaction is not sufficiently large to
maintain |ift even though the airfiow over the upper surface is separated.

3,2c_ Trailing-Edge Suction

The first of the lift-increasing frailing-edge devices that
will be examined is the application of slot suction at the trailing-edge of
the profile, |1 was elected to investigate this relatively new flow control
system before the more familiar’ flaps because, by its use, it is possible
to alter the lift of the base profile without changing profile geometry,
The major portion of this section will deal with what might be called
"standard" trailing-edge suction, while a discussion of a modification fo
this system, the so-called "suction-vortex" profile or wing, has also been

included. Drawings of these two control tfypes are shown in Fig. 39,
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A typical curve demonstrating the increase in lift created through
increasing suction quantity for a profile equipped with trailing-edge suction
is shown in Fig. 40,

It will be noted that this curve can be divided into three portions of
characteristic shape: a rapidly rising portion as suction quantity is
increased from zero (segment A), a leveling-off region (B), and a
comparatively slow rising portion in the higher suction quantity regime (C).

Studies conducted at Princeton University have given some indication
of the flow mechani;ms which create such a characteristic curve. Fig. 4l
summarizes the flow regimes possible with the frailing-edge suction system,

The firsi rapid rise in the curve of Fig. 40 may be attributed to fhe
effect of suction reducing the "dead water" ur stagnant region existing
behind the suction slot at the rear of the profile, This stagnant region
may be expected fto be of greater extent, and hence the suction quantity
required to create a given percentage reduction would be greater, the
thicker the profile, the higher the angle of affaﬁk, or the more blunt
the trailing-edge. When suction quantity is increased to a value corresponding
to that defining the very uppermost portion of this segment of the curve, the
stagnant region is essentially eliminated., It is replaced by two separate
tralling-edge stagnation points, a ftrue stagnation point on the profile
upper-surface aft of the suction slot and the usual ideal stagnation point
satlsfying the Kutta condition at the profiie frailing-edge. Upper surface
air divides at the true stagnation point, that forward of this point being
drawn into the slot and that aft flowing to the frailing~-edge in the usuaf

manner, The lift rise shown In segment "A" may be attributed to the increase
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in effective camber created by the reduction in trailing-edge turbulence and
the establishment of the upper-surface stagnation point, these effects
causing the upper~-surface flow field to bend downward as compared with the
profile without this trailing-edge control.

Level-off portion "B" appears to initiate immediately after the upper-
surface stagnation point has stabilized. Although the flow here is difficult
to analyze, this condition seems to be reached when the suction quantity is
sufficient to draw off all of the upper-surface boundary layer air but very
little air from outside that boundary layer. Throughout portion B8 the
additional suction apparently is used to thin this upper surface boundary layer
through increasing its energy. There is seemingly no change in stagnation
point location, the lift remaining essentially constant,

Segment "C" initiates when the upper=-surface boundary layer to all

intents and purposes is eliminated. This is the so-called steady state

‘condition where the lift variation is in accordance with potential theory,

This theory predicts that the lift increment due to a sink located on the *
upper~-surface of a profile is: g_
AC, = 2C cO%E (3.2¢1)
AL R 7

\
"

where, as shown in Fig. 42, @ is the angle between the trailing-edge
(Kutta conditlon) stagnation point and the sink when the profile is mapped
conformally to a circle of unit radlus, "It will be noted that for a given
configuration this portion of the I1ft curve would be expected to be linear,
The lift rise here may be attributed to increased suction quantfity

(operating now on the upper-surface pofential flow field) forcing the
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upper-surtace stagnation point further att on the profile, thus creating
greater and more effective camber,

If the suction quantity is increased sufticiently, this steady state
condition can be caused to break down either by producing a free-stream
stagnation point at the rear of the profile or by inducing a separaution at
the airfoil's leading~edge. |f the suction quantity is great enough to
move the upper-surface stagnation point beyond the airfoil's frailing-edge,
air from the profile's lower surface will be drawn into the slot. This
of course acts to spoil the circulation and causes the lift increment due to
suction to decrease. The drawing of air from both the upper and lower
surfaces creates a free-stream stagnation point which, although unstable
for lower suction values, can seemingly be stabilized with large amounts of
suction. |f the configuration is such that sufficient circulation (see
Section 3,2b) is created prior to the formation of the free-stream stagnation
point, the |ift wili be Ilimited by a |ift-decreasing laminar separation from the
profile leading-edge.

Fig. 45 demonstrates a series of pressure distributions obtained from an
NACA 23015 profile mo&%fied as shown in Fig., 39a., As suction is initiated
and flow quantities are still rather small, the major pressure distribution

changes occur in the immediate neighborhood of the suction slot and the

rear of the protile., This is rather typical of the effect of a boundary

layer control and shows this relatively low suction quantity to be below

that where potential flow is approximated. It is inferesting to note that,
for profiles with radically curved upper-surfaces,B.L.C. can cause what

is in effect a circulation control, especially if the curvature and B.L.C.
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are located we!ll att, Once the separated area about The trailing-edge slot
has been completely removed by suction, the change in circulation results
from non-viscous considerations, Here, rather than achieving simply a
local distribution change, the pressure distribution about the entire profile,
including the leading-edge pressure peak, undergoes modification,

Fig. 44 illustrates some Typical force and moment data obtained with an
NACA 23015 airfoil utilizing a tralling-edge suction slot (Fig. 3% and
Ref, 36). |t will be seen that the largest lift increments at low and
moderate angles of attack occur in the range of suction flow coefficients
below approximately ,0l. This is the range, for this configuration at
least, in which the lift increment is due primarily fo the effec: of suction
on the stagnation region and the boundary layer. As indicafted by the curves,
this lift gain is not constant with angle of afttack, but decreases as the
bodndary layer thickens with increased angle, thereby causing the profile
to display a considerable reduction in lift curve slope, Above this CQ
value, the jifT Increment for a given suction quantity becomes independent
of angle of attack, indicating that the lift increase throughout the angle
of attack range is due primarily to the effect of suction on the potential

flow,

Profile drag is sharply reduced with increases of suction up fo a suction

coefficient of slightly greater than ,0l, at which point it has nearly vanished.

The initlal reduction of profile drag is caused by the action of suction in

reducing the extent of the stagnant region. As suction is increased, the profile

drag will diminish and the drag curve may be expected to remain relatively

level to greater angles of attack, When the suction quantity is sufficient to
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eliminate the stagnant region, the drag will become essentially independent
of further increases in suction quantity and closely independent of angle of
attack until stall, |t is at this CQ value that the profile drag :s made up
almost entirely of frictlon drag, Only when potential flow is achievod will
there be no profile drag rise prior to stall. Note that the unusually

high no—sucfidn drag shown in Fig., 44 can be attributed to the rather blunt
trailing-edge of the profile used for these: studies.

It must be pointed aut that, with such a system, the total two=
dimensional drag is made up not only of the profile drag discussed above but
also must contain a term indicative of the nomentum drag. This drag is
caused by the jet of air rushing through the slot in a forward direction

~

and can be evaluated as:

3,2c2
Duw=>00Mz=pQuw — G’C?CA)O (3.2¢2)
(assuming zero velocity in the chordwise directicn within the wing)
The momentum drag coefficient may then be expressed:
. _ QQwo _-29Q —2C
,Cdm = LeSwa = S————'wo = 2Cgqg (3.2¢3)
2 =]
The total two~dimensional drag for such a system is thus:
Cd::CdJ+ZCQ (3.2c4)

The necessary addition of momentum drag causes total two-dimensional drag
to generally increase with increased CQ. For this reason, frailing-edge

suction as discussed here should not be considered for use as a low-drag
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system, Of course, if the suction is fturned again and ejected downstream
the momentum drag term can be made to closely vanish, its level depending
upon the internal friction within the system,

Increased suction creates increasingly negative (nose down) pitfching
moments as is generally the case with trailing~edge devices, The
pitching moment characteristics are considerably more erratic in the fow
suction range, CfC:bA‘//C{b( becoming unstable for low suction
quantities and then strongly stable as suction is increased, This again
is an indication of the change in the action of the suction from primarily
affecting the boundary layer to influencing the potential fiow,

Equation 3.2cl is indicatlive of the very important fact that the closer
the suction slot is to the trailing-edge the greater should be the
potential=flow |ift increment due to a given suction quantity. This trend is
limited, however, by the occurrence of the free stream stagnation point
with resultant flow around the frailing-edge from the lower surface, The
point at which this is apt to happen is a function of the angle of atftack,
suction quantity and slot location itself and hence it is extremely
difficult to find any one optimum slot location. Certainly, a profile
with a slot exactly at the trailing-edge would not be expected to increase
lift in the potential flow regime,

The trailing-edge suction system using a blunt frailing~edge profile
with overhanging lower |ip (Fig. 39a) would exhibit closely the same slope
characteristics in the potential flow range of suction quantities as a
more standard profile with a suctio<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>