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Laminar Stall Prediction and Estimation of (;,

Suresh H. Goradia* and Victor Lymant
Lockheed-Georgia Co., Marietta, Ga.

A criterion for the prediction of laminar stall is developed from basic considerations of the lami-
nar boundary layer theory. This criterion is applied to some NACA series 2-D airfoil sections and a
3-D wing that was wind tunnel tested. The correlation cases are presented for which freestream
Mach number was approximately equal to 0.2 and freestream Reynolds number variations were in
the range of 1 to 6 million. An estimation of C;max) is made for cases where laminar stall is pre-
dicted. This criterion has been found useful both from the point of view of data analysis as well as
for the design of a section of a 3-D wing for the purpose of delaying the occurrence of laminar stall.
In addition, the criterion for the prediction of stall of a two-component airfoil with a leading edge

slatis suggested.

Nomenclature

a = speed of sound
C,, Ca, C3 — C7 = free constants appearing in Eq. (9)

C = airfoil chord

Cy = lift coefficient

Cp = pressure coefficient = (P - P}/ (Y% pU.2)

K =(62/v}(dU./dS)

l = length of laminar bubble

M, = local Mach number at the outer edge of boundary
layer

n = correlation number = —(62/v)(dU./dS)

N = momentum parameter = 2[n(H + 2) + (0/U.)

(du/dy)y)
P static pressure
R Reynolds number based on local momentum
thickness = (U.f/v)
Pr = Prandtl number
S = coordinate along the airfoil surface
u = longitudinal velocity component in boundary
layer

Ue = velocity at the edge of the boundary layer

U; = average velocity at slat exit

X = distance along the chord

Y = distance normal to the chord

8 = over-all boundary-layer thickness s

0% = boundary layer displacement thickness = Jo
(1= (u/U)dy

n = dimensionless distance normal to airfoil surface
=y/b

0 = f&(pu/pelUe)(1 = (u/Ue))dy -

fe = momentum thickness at slat exit on upper sur-
face i

Biu = momentum thickness at end of slat lower surface

BiL = momentum thickness on the upper surface of
main component at slat end

o = dynamic viscosity

v = kinematic viscosity, u/p

P = density

To = wall shear stress

Subscripts

e = external edge of boundary layer

ore = glat exit

i = average at slat exit

0, = conditions at wall

® = freestream conditions
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I. Introduction

STUDY of the evolution of wing lift as a function of inci-
dence has shown in many instances the presence of bubble
separation at the airfoil leading-edge resulting in laminar
section stall. Experimental data on two-dimensional
“peaky”’ airfoil sections indicate that C;max), as limited
by laminar stall, is strongly dependent on leading edge
shape and freestream Reynold’s number. The laminar
boundary layer which develops on the upper surface of the
airfoil at high angles of attack is subjected to a very high
adverse pressure gradient after traveling only a short dis-
tance downstream. As a result, the local boundary-layer
momentum thickness Reynold’s number, U,O/v, just
after the pressure peak, has not reached a level sufficient-
ly high to cause transition to a turbulent boundary layer.
On the other hand, the laminar boundary layer, because
of its low kinetic energy level, has insufficient energy to
surmount the “pressure hill” of the adverse pressure gra-
dient near the leading edge. The result is that the laminar
boundary layer separates from the surface of the airfoil.
The separated shear-layer which is formed may curve
back onto the airfoil surface within a short distance. This
region of circulatory motion underneath a separated flow,
between points of separation and reattachment, is defined
as ‘“‘short bubble.” In certain cases, however, the sepa-
rated viscous layer, which is formed in the neighborhood
of the location of minimum peak pressure on the airfoil,
may not reattach to the surface at all or may reattach
after 0.2 to 0.3 chord lengths downstream. In either case,
the flow over the airfoil is unsteady because of the pres-
ence of the large region of circulatory motion underneath
the separated flow. The extended separated region is de-
fined as “long separation bubble.”

The presence of the short laminar separation bubble
near the leading edge of the airfoil may give rise to lami-
nar stall. This type of stall is distinguished from the tur-
bulent or trailing edge stall by the fact that in the case of
trailing edge stall, turbulent boundary-layer separation
takes place near the aft end of the airfoil causing the exis-
tence of a sizeable region of separated flow. Figure 1
shows a typical pressure distribution for single-component
airfoil exhibiting either laminar or trailing edge stall.
Laminar stall is caused as a result of the presence of a
very high pressure peak and succeeding high adverse pres-
sure gradient near the leading edge where as trailing edge
stall occurs as a result of a relatively high aft pressure
gradient near the aft part of the airfoil. Figure 2 shows the
typical lift curves for the airfoils exhibiting laminar short
bubble stall, laminar long bubble stall, and turbulent or
trailing edge stall for single component airfoils. The sharp
break in the C;, — « curve for the airfoil exhibiting lami-
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Fig. 1 Shape of the pressure distribution near stall where P,
= pressure distribution for incipient laminar stall (short bub-
ble and long bubble); P, = pressure distribution for incipient
turbulent stall (trailing edge stall); S; = point of incipient
laminar separation and reattachment or laminar separation
only; and S, = point of incipient turbulent separation.

nar short bubble stall is due to the sudden burst of the
bubble near the leading edge of the airfoil at an angle of
attack ap; the separated shear layer near leading edge
does not reattach to the airfoil surface at an angle of at-
tack @ > ap. In the case of laminar long bubble stall, the
airfoil has C; — o characteristics as shown in Fig. 2b. In
this case there is a break in the C; — « curve at By, how-
ever, lift coefficient continues to increase with increase in
« > ap(y. Because of the existance of the large region of
separation, flow over airfoil is unsteady for angles of at-
tack greater than ap(1), and is therefore not representative
of the steady flow conditions considered in this paper. The
lift curve for the airfoil section exhibiting trailing edge stall
is relatively smooth compared to sections exhibiting lami-
nar stall; this is shown in Fig. 2c.

II. Related Investigations

Apart from the observation of Jones,’-2 who was the
first to recognize these bubble formations over 38 years
ago, little work was carried out on the problem concerning
separation bubbles until fresh interest was aroused
through the use of thin airfoil sections for improving drag
divergence Mach numbers at transonic speeds. von Doen-
hoff,3 suggested certain reattachment criteria based on
simple geometrical arguments. His subsequent method for
predicting bubble bursting did not appear to be applica-
ble to the general case. McGregor,* experimentally inves-
tigated leading-edge bubbles and hypothesized that the
change in kinetic energy in going from the shear layer to
the bubble must balance the losses due to viscous dissipa-
tion. Bubble expansion appeared to be a likely mechanism
for maintaining this equilibrium. Owen and Klafner,® an-
alyzing experimental pressures on several airfoils found
that leading-edge bubbles could be typified as either
“long” or “short” depending upon whether the separation
boundary-layer Reynolds number (R.;+) was larger than
or less than about 450. Crabtree,®-7 correlating a large
amount of experimental data by plotting log !/6* against
R4, confirmed the existence of a critical Reynolds num-
ber of about 450-500 separating the two bubble regimes.
Experimental cases have been found, however, which
show much larger bursting Reynolds numbers (1200 for a
blunt-nosed model) and some attempt has been made to
explain these differences through consideration of the
pressure rise over the bubble, for example in Ref. 6.
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Fig. 2 Typical Airfoil staff patterns. a) Laminar short bubble
short bubble at S, bursts and C, drops abruptly from B to C;
b) Laminar long bubble short bubble at S; develops into ex-
tended region of separation for C.’s between C, and D,, flow
is unstable; ¢) Turbulent trailing edge stall. A,B,C2D> bound-
ary layer changes from laminar to transition to turbulent and
then separates at C,. A3zB3;C3D; boundary layer progresses
from laminar to local separation then to turbulent reattach-
ment and finally to turbulent separation.

From the foregoing discussion, it is apparent that the
presently available analytical techniques for predicting
short or long bubble formation, as well as laminar stall,
are useful for data correlation only; this is due in part to
the many simplifying assumptions in the calculation of
laminar boundary layer parameters. An attempt was
made within the program framework of Ref. 14 to corre-
late a criterion for laminar stall prediction as suggested by
Ref. 8 with erratic results. Consequently, the Goradia-
Lyman criterion for the prediction of laminar stall on sin-
gle-piece airfoils was developed for incorporation into
computer program framework of Ref. 14, In this develop-
ment, certain dimensionless parameters, comprising the
laminar stall criterion, were derived by dimensional anal-
ysis. The actual relationship existing between the selected
parameters was subsequently determined through correla-
tion with experimental data. In the paragraphs which fol-
low, the derivation of the laminar stall criterion through
the dimensional analysis technique is outlined. In addi-
tion, suggested criterion for Crmax) of a two component
airfoil with leading edge slat are derived from dimensional
analysis. Correlation for Crmax) prediction for a case is
illustrated for a two component airfoil with a leading edge
slat.

III. Theoretical Study

In this section criteria for the prediction of Crmax) of a
single component airfoil due to laminar stall and Cpmax)
for a two-component airfoil with a leading edge slat are
presented. These criteria are derived with the use of di-
mensional analysis and by the application of principles of
local dynamic similarity. However, the use of these crite-
ria for the prediction of airfoil stall requires the knowledge
of local boundary-layer momentum thickness development
on the surface of the airfoil. For the application of criteria
presented in this paper, it is necessary to calculate the
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Fig. 3 Correlation number vs momentum parameter.

laminar-boundary layer momentum thickness distribution
in the case of a single component airfoil, whereas for a
two-component airfoil, both laminar and turbulent
boundary-layer momentum thickness knowledge is re-
quired on the slat surfaces.

A. Summary of Equations for Calculating Laminar and
Turbulent Boundary-Layer Development

The detailed derivation of these equations is given in
Refs. 14 and 23. However, pertinent equations are as fol-
lows.

Laminar Boundary-Layer Equations

The reduced momentum integral equation for the lami-
nar boundary layer is given by

d n

¢ {x )dx dUe(x)

dx -

= N(x) (1)

where n = correlation number = —(62/v)(dUe/dx) and N
= momentum parameter

:2[n(H + 2) +9U—<2—z)w]

Relation between momentum parameter N(n) and cor-
relation number n, which is derived from the results of a
similar solution of Cohen and Reshotko!® is shown in Fig.
3. Integration of Eq. (1) for a given chordwise velocity or
pressure distribution on the airfoil is done along the curve
of Fig. 3 from the stagnation point to the point of theoret-
ical laminar separation. The theoretical laminar separa-
tion point occurs when the value of separation correlation
number reaches ngep = 0.069.

The relation between laminar boundary-layer momen-
tum thickness and the correlation number, which is valid
at low subsonic Mach numbers is given as follows:

Oy = <£VU (— n + Zifl(ﬂs/[/—ec-ﬂ a + ZMez)‘i)“2 2)

The laminar boundary-layer form factor is calculated by
_the following empirical expression. This expression, which
is valid at low subsonic Mach numbers, has been derived
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from the correlation of laminar boundary-layer data on
several airfoils and is given by

H = [-1.1138z + 2.384(1 + 0.236M,7)]
+ 0.210(P) %M, (3)

Turbulent Boundary-Layer Equations

The momentum thickness growth for the turbulent
boundary layer on both upper and lower surfaces of the
slat and downstream of the point of transition is calculat-
ed by the following equation:

U, \ 5[ v\ 0187
0 = [(Bi)1'17 <I‘) <_VT)

0.00792 p*17 ¥ Ry
+ _T)g_._;_ji___f . (Ue)3u332dx] (4)
e Xt

where the subscript i refers to the conditions at the point
of transition from a laminar to a turbulent boundary
layer.

The turbulent boundary-layer form factor H is calculat-
ed by the simultaneous use of the following equations.
These equations are derived by the use of momentum in-
tegral equations, a power law velocity profile assumption,
and proper empirical modifications. Thus

@_ 0.123 _ g Tw
dx = (ge_e_)o.n pU,2

v

- 1.1)U19‘ge] /o (5)

The form factor H, based on the dissipation energy thick-
ness and appearing in the above equation is related to the
usual form factor H by,

H = (1.269 H/H — 0.379) (6)

and the wall shear appearing in Eq. (5) is calculated by
the use of Ludwieg-Tillman shear stress expression. Fig-
ures 4 and 5 show the correlation of the results calculated
by the use of the above equations with boundary-layer ex-
perimental data on airfoils. Figure 4 shows the plot of cal-
culated values of momentum thickness © and form factor
H in the laminar boundary-layer region and Fig. 5 shows
the plot of the above parameters in the turbulent bounda-
ry layer region over an airfoil surface; experimental data
on these airfoils are also shown plotted for comparison.

B. Crmax) Criterion for Single Component Airfoil

The point of theoretical laminar separation occurs when
the value of correlation number n becomes approximately
equal to 0.069. On the surface of an airfoil under usual
conditions, the point of theoretical separation is preceded
by the transition to a turbulent boundary layer. However,
under those circumstances when the point of theoretical
laminar separation is predicted instead of transition on
the surface of the airfoil, it would be of interest to predict,
in addition, the conditions under which the separated
boundary-layer flow will reattach to the surface of the air-
foil and conditions under which no reattachment is possi--
ble.

The physical parameters which may provide the indica-
tion as to whether or not the separated laminar shear
layer may reattach to the surface of the airfoil in a short
distance can be arrived at from the following theoretical
analysis. The von Karman momentum integral equation
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Fig. 4 Laminar boundary-layer correlation. NACA 0012,2¢

for a laminar boundary layer under the influence of an ar-
bitrary pressure distribution is written as

de U,

U _ re8Y w4,
oyl T Ulos + @6 + 6}V, 75 (M

Pohlhausen? introduced the following dimensionless quan-
tities in his approximate laminar boundary-layer method

8% du,

8% _ 6% 4y,
v dS

=3 ds (®)

By choosing a fourth-order velocity profile for the laminar
boundary-layer flow and the use of appropriate boundary
conditions, the relations between various dimensionless
laminar boundary-layer parameters, after Holstein and
Bohlen,° can be expressed as

6*

= C{ + K
5 1+ Cy

§:c3 + CuK + CoK

n = (Cy, + CiK + CK'VK ©)
B Cy + CK 3
H=t7cx + o = Rl or )
and
0
107 = (Cy + CiE)NCy + CK + CK = F
4 5 3
uU, (m

where C; fori = 1, 2 —7 are numerical constants.
For the purpose of establishing an empirical criterion
for the presence of a laminar short or long bubble (i.e., for

the prediction of laminar stall) various pairs of physical

parameters which are shown in Eq. (9) may be selected.
For example, the pair, H (or 6*%/0) and the pressure gradi-
ent parameter [or (62/»)(dU./dS)] could be chosen. The
form factor, H, is used extensively in predicting separa-
tion for the turbulent boundary layer and also trailing
edge stall on single component airfoils. This parameter,
however, cannot be used in the case of laminar stall pre-
diction because the measurement of velocity profiles
downstream of the pressure peak in the adverse pressure

X/C
Fig. 5 Turbulent boundary-layer correlation. NACA 63-012.16

gradient show an inconsistent variation of H as associated
with transition phenomena. On the other hand by consid-
ering the combination (7¢0/pU,) and n from Eq. (9), a
source pair is obtained which, after the following simplifi-
cation, provides the desired correlation parameters for the
prediction of onset of laminar stall. Thus we have

0 . 6 dU,
wU, v ds
where
T e du
0 9y Ty
or
du/U,) . U, 6 _ 6 dU,
aly/c) ¢ U, s
or

dwu/U,) v 1 au,
5(v/c) U8 T, d(s/0) (10)

Experimental measurements indicate that there is little
change in the shape of velocity profiles, when plotted in
the form of u/U. vs y/c, in the vicinity of bubble forma-
tion on the upper surface of airfoils at high angles of at-
tack. Furthermore, measurements also indicate that the
phenomena of separation and possible reattachment of the
laminar shear layer occurs just downstream of the location
of pressure peak in its immediate vicinity. Hence, the di-
mensionless slope of velocity profile at the surface of the
airfoil, i.e., d(u/Ue)/d(y/c), can be regarded as approxi-
mately constant for the purpose of determining the sepa-
ration reattachment criterion. Hence, the proportionality
Eq. (10) can be written as

_L ~ l__dUe ~ _}_ ___dMe _ (11)
usb U,dS/C) M, d(S/C)

where C is the chord of the airfoil. In the derivation of the
above proportionality equation it is assumed that both
free stream Mach number and local Mach numbers are
sufficiently low, i.e., M. < 0.3, that the effects of com-
pressibility can be assumed as negligible.

Equation (11) derived by above dimensional analysis of
laminar boundary-layer behavior, suggests that a pair of
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Fig. 6 Goradia-Lyman criterion for laminar stall prediction.

parameters, such as the quantity (1/M.)/(dM./d(S/C))
and local momentum thickness Reynolds number R0,
can be used for the purpose of predicting laminar stall.
The result of the above analysis is different from that of
Owen and Klafner® and Crabtree® in that these authors
postulate from the analysis of their experimental data
that the specification of a certain value Reynolds number
based on either local momentum thickness or displace-
ment thickness at the laminar separation point is suffi-
cient for predicting the existence of reattachment phe-
nomena. The present analysis, however, indicates that
both pressure gradient and local momentum thickness
Reynolds number at separation point determine the exis-
tence reattachment phenomena of the separated laminar
shear layer. Figure 6 shows a curve for predicting laminar
stall on a single-component airfoil. These curves have
been obtained by the least-square straight line fit of the
experimental velocity profile data in the vicinity of the
bubble region along with the theoretical pressure gradient
on the surface of the airfoil. This laminar stall criterion of
Fig. 6 is used in conjunction with theoretical potential
flow pressure distribution method which is described in
Ref. 14 for the correlation of laminar stall prediction on
airfoils described in this paper.

Figure 7 presents the logic used in determining the be-
havior of the laminar boundary layer when it reaches an
instability condition. As the flow chart shows, the laminar
boundary-layer calculation first checks for laminar insta-
bility with the Schlicting-Ulrich!! instability curve of Fig.
7(a). If the laminar boundary layer is unstable, then
Granville’s criterion?? is used for checking transition to a
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Fig. 7 Boundary-layer stability/separation calculation
sequence.
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turbulent boundary layer. Unless transition is indicated,
in which case a turbulent boundary-layer calculation be-
gins, a check is made for laminar separation, when n =
0.069 with the criterion of Fig. 3. Then, the criterion of
Fig. 6 will tell whether a short or long separation bubble
has occurred. The calculation proceeds to the turbulent
boundary-layer routine with a short bubble but stops with
the indication of a long bubble and stall.

C. Cprmax) Criterion for a Two-Component Airfoil with a
Leading Edge Device

Figure 6 shows the Cpr(max) criterion for predicting lam-
inar stall for single-component airfoils. This semiempiri-
cal criterion, which was established from dimensional
analysis and experimental velocity-profile data, has been
successfully used for predicting Crmax) for single-piece
airfoils and also in the design of clean wing sections for
delaying laminar stall. However, this criterion when used
for two-component airfoils with a leading edge device pre-
dicts stall at quite lower angles of attack. In the case of
two-piece airfoils with a leading edge slat, the flow
through the slot between the leading edge device and the
aft component may, in addition, energize the boundary
layer on the main component. Thus, the flow separation
on the main component is suppressed and the angle of at-
tack for stall is delayed for a system with leading edge de-
vices.

Figure 8 shows the criterion for predicting Cpmax) of a
two-component airfoil section with a leading edge device.
The theoretical basis and dimensional analysis for arriving
at this criterion is briefly described as follows.

Momentum loss due to retarded flow in the boundary
layer can be written as

6
Momentum loss in B.L. = U, [ pudy — [ putdy
0 0
_ 2 u % \a
= pu? [ i 1 Ug) y
= pUeze (12)

Boundary-layer separation and hence Cr(max) is therefore
dependent on the following momentum losses at the slow
exit
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Cromaxy = F(pU 20, pU 6 1y PU 201
where O, = momentum thickness at the trailing edge of
slat upper surface, 6;;, = momentum thickness at the end
of the slat lower surface, O;; = momentum thickness on
the upper surface of main component at the slot exit, U,
= velocity at the trailing edge of the upper surface of the
slat, and U; = average velocity at the exit of the slat.

From the physical reasoning it can be shown that the
load carried by the slat is in proportion to the following
parameter, i.e.,

aoad)slat &« pUezge - perzeao

by A%

momentum loss momentum loss

due to load due to zero load
on slat upper on slat upper
surface surface

where 6., is the momentum thickness at the slat trailing
edge in the absence of a pressure gradient on the slat upper
surface, or after nondimensionalizing

load on slat _ plU %28, — pU.ke,

pU.20., pU.20,
(13)
c pU 0, — pUo.
P siaT) pU 20,

In a similar manner it can be shown that the load on the
main component is proportional to the sum of the fol-
lowing parameters, i.e.,

2 2
1oa'dmain component OCpUi Biu + pUi 91’L

or after nondimensionalizing

pUle, + pU/6
U 2C 14t

C, (14)

{main component) '
Thus, from proportionality equations (13) and (14),
Crimax) total is a function of the following two groups of
non-dimensional parameters, i.e.,

C = F(pUGZGe — vaczew

pUi29iu + pUi29iL>
(MAX) oU .26,

’ PU . Cy1at
(15)

The equations shows the functional representations for
Crimax) of a two-component system with a leading edge
device. However, actual functional relations between
these two parameters for Cr(max) prediction must be es-
tablished from experimental data. Figure 8 shows this
relation as derived from experimental boundary-layer ve-
locity profile data.

Some trends as shown by Fig. 8 are worth mentioning.
If for a given slot exit velocity, the momentum loss in the
slot flow at exit plane is higher, i.e., if the velocity profile
of the slot efflux flow is fully developed, then a lower mo-
mentum loss in the outer boundary layer and a conse-
quent lower slat load is required for achieving a desired
value for Crvax). If the momentum loss of the slot
stream exit is lower or negative (addition of energy as in
the case of a blown system), then much higher slat loads
as well as the load on the main component are allowed
thus giving higher Crmax). This phenomena is also illus-
trated in Figure 8. However, this only holds as long as the
slot exit velocity is greater than the velocity at the trail-
ing edge of the upper component. If the slot exit velocity
becomes less than the velocity on the upper component,
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Crmax) decreases because of the flow separation on the
aft component.

IV. Results and Discussion
A. Single Component Airfoil

The onset of laminar stall on an airfoil section is highly
dependent on three factors, namely 1) the level of leading
edge peak pressure, 2) pressure gradient immediately
downstream of the pressure peak near the leading edge,
and 3) of equal importance, the value of the local momen-
tum thickness Reynolds number [Ueix0x)]/v immedi-
ately downstream of the pressure peak. A typical airfoil
which may exhibit a laminar stall at an angle of attack
a1, as an example, at freestream Reynolds number of 1 to
2 million, may either have laminar stall at a higher angle
of attack aa(ca > @) or may have trailing edge stall when
the freestream Reynolds number is increased to, say, more
than 6 million. In either case, whether a typical airfoil ex-
hibits a laminar stall or a trailing edge stall, Cr(max) is
increased for the case of single component airfoil as the
freestream Reynolds number is increased. However, in the
case of a multicomponent airfoil this is not necessarily a
valid statement because of the existence of a confluent
boundary layer on the upper surfaces of various compo-
nents of such an airfoil.

Figures 9a-11 show the results of a correlation study
performed to determine the validity of the laminar stall
criterion as programed on the digital computer. Three
NACA airfoils were used to conduct the correlation,
namely NACA 63-009, NACA 63-012, and NACA 64A010 of
Ref. 15-19, respectively. In addition, the application of
this criterion is demonstrated in modifying the sections of
a three-dimensional wing for delaying the onset of laminar
stall. For the purpose of correlation, the pressure distribu-
tion calculated by the potential flow program!* was used
in place of experimental pressure distribution. The reason
for this was, that in many instances, the minimum peak
pressure location on correlation airfoils did not coincide
with the pressure pickups, resulting in loss of the actual
pressure peak. For this reason, as well as the need for a
refined definition of local pressure gradient (i.e., close
point spacing), a potential flow computer program was
used to generate the pressure distribution required for the
study of these correlation airfoils. With the pressure data
introduced into a laminar stall computer program, the ex-
istence of short bubble and bubble burst was determined

" through the use of criterion of Fig. 6. Local Mach number

gradient, [d M./d (S/C)], was calculated with a sliding
curve fit applied to the values of M, vs S/C. The slope of
this curve was then found to give the gradient of local
Mach number M, with respect to the nondimensional dis-
tance on the surface of airfoil, S/C. Local momentum
thickness Reynolds number (U, 0/v) was computed from
the momentum thickness, O, supplied by the laminar
boundary layer subroutine calculations. Both U, and M,
are known from the local pressure coefficients.

Figures 9b, 10, and 11 show C. — a curves, both theo-
retical and experimental for the NACA 63-009, 63-012,
64A010 and modified 64A010 airfoil sections. From the
shape of these experimental C; — « curves, it is evident
that all of the above airfoil sections exhibit laminar stall.
In all cases, it is observed from the computer program
output, that the point of theoretical laminar separation on
the airfoil surface occurs at an angle of attack several de-
grees lower than the stall angle of attack. This suggests
the formation of short bubble and reattachment of sepa-
rated shear layer. As the angle of attack is increased from
the value of theoretical laminar separation occurrence, the
criteria of Fig. 6 is used to predict the angle of attack at
which bubble bursts and the flow completely separates
from the surface of the airfoil, i.e., the occurrence of lami-
nar stall.
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Fig. 9b Lift curves for NACA 63-009 section with predicted
leading edge stall point.15

Figure 9a shows the comparison of the experimental and
theoretical pressure distribution on NACA 63-009 airfoil
section along with the experimental and predicted lami-
nar separation point location. As is evident, the compari-
son between experimental and theory is quite good. Figure
9b shows the comparison of experimental and theoretical
lift curve slopes and the angle of attack for laminar stall.
Thus it is seen that the criterion of Fig. 6 leads to reason-
able prediction of the angle of attack for laminar stall.
Figure 10 shows the comparison of C; ~ « curves for
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Fig. 10 Lift curves for NACA 63-012 and 64A010 sections with
predicted leading edge stall points.16.17
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NACA 63-012 and 64A010 airfoil sections. The two nose
shapes drawn to scale illustrate that the thicker nose
shape increases the value of Cr(max). The effect of a mod-
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ification of the leading edge shape for the same thickness
airfoil, i.e., for NACA 64A010, is clearly demonstrated in
Fig. 11. The leading edge radius has been blunted and the
nose thickened somewhat, resulting in higher value of
Crimax) due to laminar stall. It is thus seen from Figs.
9b, 10, and 11 that the laminar stall criterion of Fig. 6
is successfully able to predict all these effects. This fact
has been used to advantage in wing design for delaying
the occurrence of laminar stall on a three-dimensional
wing. Figure 12 illustrates the manner in which the lead-
ing edge shapes of wing sections were altered by the use of
the criterion of Fig. 6 and simple sweep theory. As seen
from this figure, wind-tunnel test results show the incre-
ment of 20% in C(max) due to the above modifications.

B. Two-Component Airfoil with Leading Edge Slat

The curve for the relation between parameters for de-
termining CLmax) of a two component airfoil section with
leading edge slat is shown in Fig. 8. This curve was devel-
oped from the experimental data of Ref. 20. This curve
was used in the frame work of multiple airfoil program4
for predicting the Crimax) value for the NACA 64A010
airfoil section with leading edge slat.21-22 Figure 13 shows
the predicted values of the C; — a curve by the multiple
airfoil computer program with experimental data; in addi-
tion, a predicted value of Cr(max) by the use of criterion
of Fig. 8 is shown in this figure. The agreement, in this
case, between the predicted and experimental value of
Crmax) is satisfactory. Figure 14 shows the viscous pres-
sure distribution computed by the computer program of
Ref. 14 and an angle of attack near stall and comparison
with experimental data. Comparison between the comput-
ed viscous pressure distribution and experimental data is
excellent. :

It is to be emphasized here that the criterion of Fig. 8
for the prediction of CrMmax, for a two component airfoil
with leading edge slat is suggested criterion which has
been proven valid for the case shown in Fig. 13. However,
in order to prove its full validity, more correlation work is
needed.
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Conclusions

1) From the theoretical analysis it has been shown that
both pressure gradient and local Reynolds number based
on momentum thickness at the point of theoretical lami-
nar separation point are necessary to predict the reattach-
ment of a laminar shear layer. The functional relation-
ship, shown in Fig. 6, between the above parameters, de-
rived from the velocity profile data in the vicinity of a
laminar separation bubble, is able to predict laminar stall
on the arbitrary airfoil section quite successfully.

2) For a two component airfoil with a leading edge slat,
the single component airfoil criterion for Cpmax) gives
values of Cpmax) that are too low. A criterion based on
momentum losses in the boundary layer at the slat end
has been suggested. This suggested criterion is successful
in predicting Crmax, for the case of NACA 64A010 airfoil
with leading edge slat. However, further work is needed in
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this area for the purpose of designing a better leading edge
system.

3) The effect of compressibility has been ignored in the
theoretical analysis. However, this effect is pronounced
and becomes important when dealing with the stall prob-
lem at high speeds, for example, in the case of transonic
maneuvering.
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