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Role of Laminar Separation Bubbles in Airfoil Leading-Edge Stalls
B. van den Berg*

National A erospace Laboratory NLR, A msterdam, The Netherlands

It is argued that there are two possible mechanisms for leading-edge stalls: 1) burst of the laminar separation
bubble near the airfoil leading edge, and 2) turbulent boundary-layer separation in the leading-edge region. To
investigate the relative importance of both mechanisms for leading-edge stalls, a theoretical analysis is made of
the flow around airfoil noses. The analysis suggests that turbulent boundary-layer separation in the nose region
may well be the dominant cause of leading-edge stalls, especially at higher Reynolds numbers. This conclusion is
confirmed by an analysis of measured wall shear-stress data in the nose region of two modern airfoil sections. By
using a suitable parameter for indicating proximity of separation, the likelihood of turbulent boundary-layer
separation in the nose region is demonstrated for these two airfoil sections.

Nomenclature
a + = separation parameter, see Eq. (9)
c = airfoil chord
Cf = rw/YipU2, wall shear-stress coefficient
Cp =(p -/?«,)/ Vip U2,, wall static-pressure coefficient
p = wall static pressure
Rec — t/oo civ, airfoil Reynolds number
Ree = U6/v, boundary-layer momentum thickness Reynolds

number
s = coordinate along airfoil contour
U = inviscid flow velocity
x,y = airfoil coordinates
yn =airfoil upper surface coordinate at Ar/c = 0.0125 (x = 0

at leading edge)
a. = angle of attack
e = airfoil thickness parameter
B = boundary-layer momentum thickness

O2 dU\ = — —, pressure gradient parameterv as
82 A£/

A = — ——, Caster's bubble parameterv As
v — kinematic viscosity
p = density
rw = wall shear stress
\l/ = parameter related to surface coordinate s, see Eq. (3)

Subscripts
s = value at laminar separation point
oo = freestream value
0 = value at stagnation point

Introduction

AT least three types of stall may be distinguished for two-
dimensional airfoils (see, e.g., Ref. 1). The type of stall

considered here is the leading-edge stall. A leading-edge stall
is characterized by a sudden loss of lift at the stalling angle of
attack. This sudden loss of lift is generally attributed to a so-
called burst of the laminar separation bubble present on the
airfoil nose. Bubble burst actually means that the separated
shear layer downstream of the laminar separation point fails
to reattach as a turbulent boundary layer closely behind the
separation point. When the small laminar separation bubble
on the airfoil nose has burst, an abrupt change will occur to a
flow with a large separation region and a less-loaded nose.

The abrupt change of flow pattern is associated with a sudden
loss of lift.

As a criterion for bubble burst the boundary-layer
Reynolds number at separation was suggested by Owen and
Klanfer.2 Subsequently, Crabtree3 proposed a criterion based
on the pressure rise over the bubble. On the basis of extensive
investigations on laminar separation bubbles Gaster4 con-
cluded that bubble burst depends on both the Reynolds
number and the pressure rise over the bubble. He employed
the parameters Reds = UsBs/v and A= (B2

s/v) (ALVAs), where
A (//As is the mean velocity gradient over the bubble length
As. Later, calculation methods for laminar separation bubbles
were developed,5"8 that predict bubble burst in accordance
with the trends indicated by Gaster.

There have been a number of investigators,9"11 who
suggested that leading-edge stalls may also be due to turbulent
boundary-layer separation downstream of the bubble. They
supposed that separation occurs a short distance downstream
of the bubble and assumed the phenomenon to be closely
associated with the bubble. More generally, however, it can be
stated that when boundary-layer separation does not occur
first at the airfoil trailing edge, but somewhere in the leading-
edge region, the stall development will resemble that for a
leading-edge bubble burst; an abrupt change of flow pattern
around the airfoil will occur, which will be associated with a
sudden loss of lift. This means that it is not possible to
conclude from the stall development whether the stall is due to
bubble burst or to turbulent boundary-layer separation in the
leading-edge region.

Hence, there are two possible mechanisms for leading edge
stalls: 1) burst of the laminar separation bubble near the
airfoil leading edge and 2) turbulent boundary-layer
separation in the leading-edge region. In the present paper it is
argued that in the Reynolds number range where leading-edge
stalls occur the second mechanism often will be the cause of
the stall. The evidence is reached by a theoretical analysis of
the flow in the leading-edge region, given in the next section.
The subsequent section deals with some measurements that
\vill show that at larger angles of attack turbulent boundary-
layer separation in the leading-edge region is imminent for the
two airfoil sections considered.

Analysis of the Flow near Airfoil Leading Edges
Symmetrical Joukowski airfoils are considered whose shape

is given by12

y/c=2e[l-(x/c)} {(x/c) + ( x / c ) 2 } * (1)
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where e is the thickness parameter; and airfoil maximum
thickness t/c= 1.3e. The variation of the inviscid flow velocity
in the leading-edge region of such an airfoil may be written
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Fig. 1 Typical velocity distributions in the leading-edge region of an
airfoil according to Eq. (2).

approximately

U (q/e)
(2)

where a is the angle of attack (rad), and \fr the angle in con-
formal transformed plane (rad); \fr = 0 at the leading edge. The
angle \l/ is related to the distance along the airfoil contour by

In the derivation of the preceding equations it has been
assumed that e<l, <x«l, and \fr<\. Some typical velocity
distributions have been plotted in Fig. 1.

Interest is focused here on the laminar boundary-layer
properties at separation. Employing Thwaites' calculation
method13 the boundary-layer momentum thickness may be
obtained from

6 0.45 U

2e

(4)

The integral in Eq. (4) can be evaluated analytically. The
resultant closed-form expression is rather complicated,
however, and therefore it will be written here simply

Re* ( 0
(5)

The pressure gradient parameter used in Thwaites' method is

(6)

or/6

Fig. 2 Some calculated quantities at the laminar separation point.

Laminar boundary-layer separation is assumed to take place
when X = XS = -0.09. The computed separation positions are
indicated in Fig. 1. For a/e=l no separation was found to
occur in the leading-edge region.

The calculated velocity at the separation position, Us/U^,
and the laminar boundary-layer momentum thickness,
(Re* /e)(05/c), are plotted in Fig. 2 as a function of ot/e. The
figure also gives the variation of the momentum thickness
Reynolds number at separation,

Reds/(eRe? ) = (U,/U.) (Re?/e) (Os/c)

As mentioned in the Introduction, the occurrence of bubble
burst depends strongly on the momentum thickness Reynolds
number at separation.

Another important parameter is the pressure gradient over
the bubble, A = (0f/j>)(A£//A$). At the separation point
X5 = (B2/v)(dU/ds)s = -0.09. Consequently one may write

A=-0.0P (dU/ds)s
(7)

This means that the pressure gradient parameter A will differ
significantly from -0.09 only when the velocity variation
over the bubble is distinctly nonlinear. For the moment we
will assume that A =-0.09. According to Gaster4 bubble
burst will then occur when Ree < 125, i.e., the Owen-Klanfer
criterion2 holds.

Returning now to Fig. 2, it is seen that for a given airfoil
(e = const) and airfoil Reynolds number Rec, the boundary-
layer momentum thickness Reynolds number at separation
Ree decreases first with increasing angle of attack and then
increases. Bubble burst consequently becomes increasingly
unlikely beyond a certain angle of attack. The same con-
clusion was reached earlier by Ridder14 and has been con-
firmed by practical calculations of the flow around airfoils
(e.g., Ref. 15). It may further be inferred from Fig. 2 that

Rees/cRe?>1.76 (8)

It follows that Reds>\25 if eRe*>ll. This means that no
bubble bursts shoulS be expected to occur for eRe? > 71.
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Fig. 3 Gault's graph for types of airfoil stall1 and calculated lower-
bounds for the laminar boundary-layer Reynolds number at
separation.

Many years ago Gaultl analyzed a large number of airfoil
stalls. His analysis resulted in a graph, which is reproduced in
Fig. 3. The graph maps regions for each type of stall as a
function of the airfoil Reynolds number Rec and a charac-
teristic airfoil nose parameter yn/c9 where yn is the upper
surface coordinate at xlc- 1.25%. The relation between this
parameter and the thickness parameter e may be obtained
fromEq. (!);.)>„/c = 0.222e. So we may also write Ree >125if
(yn/c)Re? > 15.8. This relation is plotted in Fig. 3. No bubble
bursts should be expected above the line drawn. It appears
that the indicated region for leading-edge stalls is situated at
that side of the line. This result suggests that it is unlikely that
bubble bursts play a role in leading-edge stalls.

Up to now it has been assumed A= -0.09 and therefore
Re0s < 125 for bubble burst. It follows from Eq. (7) that the
actual value of A is proportional to the ratio of the mean
velocity gradient over the bubble, A(//As, to the gradient at
separation, (dU/ds)s. Viewing Fig. 1 it is evident that the ratio
generally will be less than one. However, the inflection point
of the velocity variation curves is situated downstream of the
separation point, so that ratios larger than one are possible.
Numerical evaluation gives that, for the velocity variations
shown, the ratio will never much exceed 1.1. This yields A«
-0.10. According to Gaster4 the corresponding Reynolds
number for bubble burst is then Ree = 140 at most. The curve
above which Ree >140 also is plotted in Fig. 3. This curve
extends into the region of leading-edge stalls at low Reynolds
numbers. Thus leading-edge stalls by bubble burst may be
possible in some cases, but the present analysis suggests these
cases to be exceptions and to be restricted to low Reynolds
number range leading-edge stalls.

The results of the preceding theoretical analysis may be
generalized so far as the basic assumptions can be generalized:
the assumption that the velocity distribution in the leading-
edge region of symmetrical Joukowski airfoils is typical for
general airfoils, and the assumption that Gault's graph is
generally valid. Though both generalizations may be
questioned, it seems reasonable to conclude that the role of
bubble burst in airfoil leading-edge stalls may be rather
restricted, especially at higher Reynolds numbers.

Wall Shear-Stress Measurements
in the Leading-Edge Region

The wall shear stress variation in the turbulent boundary-
layer downstream of the laminar separation bubble has been
established on two airfoils. The measurements were carried
out in a low-speed wind tunnel using two-dimensional
pressure-plotting models. The wall shear-stress data were
obtained with the razor-blade technique as introduced by
East.16 This technique is based on the assumption that the law
of the wall holds in the wall region of the turbulent boundary
layer. The height of the razor blade cutting edge above the

0.05 0.10 0.15 , 0.20
s/c

Fig. 4 Experimental wall shear stress and wall pressure data in the
leading-edge region of airfoil section A; Rec = 3 X106.
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Fig. 5 Separation parameter a + , derived from measured wall shear
stress and pressure gradient, on airfoil section A; Rec = 3 X106.

wall was 0.125 mm. As the boundary-layer is very thin in the
leading-edge region, the razor blade may not have been in the
wall region of the boundary layer at all measuring stations.
Therefore, the accuracy of the wall shear-stress data may be
questioned, particularly for the upstream stations. The ac-
curacy was regarded sufficient, however, for the present
aim—to determine how close the boundary layer is to
separation.

Figure 4 shows some experimental results obtained with
airfoil section A (NLR airfoil 7703) at an angle of attack
a = 18.1 deg. The airfoil exhibits a leading-edge stall, i.e., a
sudden loss of lift, at ct= 19.0 deg. The figure gives the wall
static pressure distribution in the leading-edge region, the
position and extent of the laminar separation bubble as
observed with the oil flow technique, and the wall shear-stress
development downstream of the bubble. No indication of
turbulent boundary-layer separation is obtained from this
plot. The wall shear stress coefficient Cf = Tw/VipU2 is,
however, a poor parameter for indicating proximity of
separation. An acceptable parameter should depend only on
wall quantities, since the flow starts to separate there. Wall
quantities are, besides properties of the fluid, the wall shear
stress itself and the wall pressure gradient. Dimensional
analysis then leads to a separation parameter such as

a^ =-
ds (9)

The parameter represents the ratio of the pressure forces to
the shear forces in wall quantities. The same parameter is
generally employed in proposed extensions of the law of the
wall for flows with large pressure gradients, including nearly
separated flows (e.g., Ref. 17). A large value of a+ means
that the boundary layer is close to separation.
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Fig. 6 Wall shear stress and wall pressure data, as well as the
separation parameter a +, on airfoil section B; Rec = 2.5 x 106.

The data from Fig. 4 have been replotted in Fig. 5, now
using the separation parameter a +. The value of a + is seen to
decrease first, then to increase, to reach a maximum, and to
decrease again. It is now evident that the boundary layer may
be close to separation at the position of maximum a +, i.e., at
s/c»0.15. The graph includes data obtained at a smaller
angle of attack, a = 16.1 deg. It appears that a+ increases
with increasing angle of attack. At a = 18.1 deg the maximum
value is close t o f f + = 2 x l O ~ 2 . Analyses of flow near the
wall, which employ this parameter (e.g., Ref. 18), show that
this is already a rather large value for a + . The shear forces in
the wall region are small then. Even in the viscous sublayer
they do not dominate over the pressure forces anymore; to
cancel the pressure forces at a+ =2 x 10 ~2 the shear stress
must nearly double between the wall and the viscous sublayer
edge. A complicating factor is that when a + is nonnegligible,
the wall shear-stress measurement technique employed here is
also in error, as it is based on the validity of the law of the
wall, i.e., on the assumption that a+ =0. It can be shown,
that for a + > 0 the measured wall shear stress will be large, so
that the correct values for a+ will be larger than the values
given here. Summarizing, it may be concluded that the
measurements suggest that the leading-edge stall of this airfoil
is due to turbulent boundary-layer separation at ,s/c«0.15. It
should be noted that the turbulent boundary-layer separation
point, though situated in the leading-edge region, is not close
behind the laminar separation bubble.

Figure 6 shows the measurement results at a = 15.1 deg for
airfoil section B (NLR airfoil 7301), which exhibits a leading-
edge stall at a = 16.2 deg. Again no indication of separation is
obtained from the measured wall shear-stress variation. The
separation parameter a + , however, is seen to increase
significantly downstream of the bubble and subsequently to
reach a maximum. It may be concluded that for this airfoil
turbulent boundary-layer separation at s/c«0.12 is the
probable cause of the stall.

Conclusions
1) An approximate theoretical analysis of the flow near

airfoil leading edges suggests that bursting of the laminar

separation bubble is not the cause of most leading-edge stalls,
especially not leading-edge stalls at higher Reynolds numbers.

2) Wall shear-stress measurements, which were carried out
on two airfoils, indicate that turbulent boundary-layer
separation somewhere in the leading-edge region is the
probable cause of the leading-edge stall of these airfoils.

3) Though the direct role of the bubble in leading-edge stalls
may be restricted, indirectly its role can be significant as it
determines the initial conditions of the turbulent boundary
layer downstream.
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