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Dynamic Airfoil Flow Separation and Reattachment

Lars E. Ericsson*
Mt. View, California 94040

An analysis has been performed of existing theoretical and experimental results to determine the flow physics
responsible for the observed delay of flow reattachment to a negative flow incidence in a modestly rapid pitch-
down motion of an airfoil. It is found that the responsible flow physics are essentially the same as those causing
dynamic overshoot of static lift maximum in pitch-up motions, i.e., the accelerated flow and moving wall effects.
The analysis shows that the dominant role played by the moving wall effect during pitch-down motions is in
agreement with existing experimental results for a rotating circular cylinder. Applying the moving wall effect,
measured through the Magnus lift on a rotating circular cylinder, to an airfoil describing pitch-down motions
produces predictions that are in good agreement with experimental results. A thorough understanding of this
moving wall effect is required for prediction of the high-alpha unsteady aerodynamics of advanced aircraft.

Nomenclature
b = wingspan
c = reference length, airfoil chord
c^ = steady blowing coefficient, Ref. 26
(c^) = oscillatory blowing coefficient, Ref. 26
F+ = reduced frequency of oscillatory blowing, Fig. 16
/ = oscillation frequency
KI = constant in Eqs. (2)
K2 = constant in Eqs. (3)
L' = sectional lift, coefficient c/ = L'l(p^U2J2)c
I = rolling moment, coefficient C, = ll(p^U2J2)Sb
M = freestream Mach number
N' = sectional normal force, coefficient

cn = N'l(pvU2J2)c
p = roll rate
R = radius of nose droop, Fig. 14
Re = Reynolds number, U^clv^
rN = airfoil nose radius
S = reference area, projected wing area
t = time
U = velocity
x = distance from the leading edge
z = translatory coordinate
a = angle of attack
a() = mean angle of attack
A = amplitude or increment
A£ = dimensionless z amplitude, Az/c
£ = dimensionless z coordinate, z/c
0 = perturbation in pitch
v = kinematic viscosity
f = dimensionless x coordinate, x/c
pN = dimensionless nose radius, rNlc
p^ — air density
a = inclination of roll axis
cf) = roll angle "^
a) = angular frequency, 2irf ^^
a) = dimensionless frequency, o)c/Ux

Subscripts
a = accelerated flow
CG = center of gravity or rotation
d = decelerated flow
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dyn = dynamic
h = hysteresis
ir = incipient reattachment
LE = leading edge
max = maximum
N = nose
r = reattachment
s = separation
W = wall
w = wake
1,2 = numbering subscripts
°° = freestream conditions

Derivative Symbols
Clp =
Cla = dc,lda
0 = 80/dt

Introduction

T HE experimental results obtained by Niven and Galbraith1

for down-ramp motion of airfoils from fully stalled con-
ditions (Fig. 1) beg for an explanation of the underlying flow
physics. A satisfactory understanding of these dynamic char-
acteristics is critical for prediction of wing rock of aircraft with
wings of moderate sweep,2 such as the Gnat aircraft3 or the
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Fig. 1 Effect of a pitch-down ramp of dc/U^ = —0.03 on airfoil
normal force.1
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X-29A.4 The loss of roll damping of the X-29A aircraft4 (Fig.
2a), initiating the wing rock (Fig. 2b), is caused by the negative
damping-in-plunge generated by the airfoil sections on the
rocking wing at penetration of the static stall region.2 This
loss of damping is illustrated by the two-dimensional exper-
imental results by Liiva et al.5 for plunging oscillations (Fig.
3). Dynamic stall concepts developed earlier6 will be applied
to determine the flow physics behind the unusual experimen-
tal results in Fig. 1. When attempting to apply two-dimen-
sional dynamic stall results to the problem of aircraft wing
rock, in addition to the three-dimensional flow effects for a
constant angle of attack along the span, caused mainly by the
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Fig. 2 Wing rock of the X-29 A aircraft4: a) roll damping of X-29A
models and b) wing rock amplitude of the X-29A aircraft.
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Fig. 3 Airfoil damping-in-plunge at M = 0.4,
A£ = 0.158 (Ref. 5).

effect of a free wingtip,7 s one has to consider the observation
made by Tarzanin.9 His test showed that on a rotating heli-
copter blade dynamic stall (and reattachment) did not occur
gradually along the span, dictated by the local, dynamic,
crossflow angle of incidence. Instead, the switch from at-
tached to separated flow occurred simultaneously on a large
spanwise portion, extending 40% or more inboard from the
tip. In that respect, the on-off flow separation and attachment
is as sudden as in the case of two-dimensional flow. The
different motion relationships for pitching and plunging mo-
tions will, therefore, in all likelihood not change from what
has been described previously for two-dimensional flow.6

Analysis
The overshoot of the static stall angle as by an airfoil in

pitch-up motion has two components,6 AaM, and AaA.. The
component AaM, is a pure time lag effect, generating a phase
lag of the otherwise unchanged static force vector. This causes
the airfoil to attain the static force after a time increment Ar
at an angle of attack a(t + Af) that exceeds the static value
by Aa,v ~ ciAf. The other component, Aav, generates a change
of the magnitude of the force vector from its static value. The
resulting increase of the lift maximum by Ac/max ~ c/aAav is
due to the improvement of the boundary-layer characteristics
through accelerated flow and moving wall effects,6 generated
by the pitch-up motion of the airfoil.

From Ref. 6 one obtains the following definition of the
dynamic overshoot Aav of as:

Aa, = Aa,, + Aa,2 (1)

The component Aavl is generated by the accelerated-flow
effect on the ambient pressure-gradient time history. It is only
determined by the rate of change of the effective angle of
attack and can be written as follows for pitching and plunging
oscillations, respectively:

Aavl -

Aavl =

(2a)

(2b)

The other component, Aav2, is generated by the leading-
edge jet effect (Fig. 4). In a first approximation Aav2 is pro-
portional to the plunging velocity ZLE. For pitching and plung-
ing oscillations Aav2 becomes, respectively:

Aa,2 = K2

Aa,2 = -

(3a)
(3b)

= 0.136, and

Combining Eqs. (2) and (3) defines Aay as follows for pitch-
ing and plunging airfoils, respectively:

Aav - Ac*,, + Aav2 = (K, + K2gCG)dc/Ux (4a)

Aa, = Aa,, + Aa,2 = (Kl - K2)z/Ux (4b)

Equation (4a) shows that for a pitching airfoil the dynamic
stall overshoot of the static maximum lift or normal force
should increase with increasing £CG. This is in basic agreement
with experimental results10 (Fig. 5), when considering the
large data scatter, indicated by the use of dual symbols. Figure
6 shows that when plotted as a function of the reduced fre-
quency o>, these experimental results for 6-deg amplitude
oscillations of the NACA 0012 airfoil exhibit the same highly
nonlinear behavior and associated large data scatter as those
of Carr et al.11 for 10-deg amplitude oscillations (Fig. 7). It
is shown in Ref. 12 that the nonlinearity is in large part caused
by the effect of the "spilled" leading-edge vortex. In earlier
analysis of dynamic test results for the NACA 0012 airfoil13

it was found that K2 ~ 2Kl in Eqs. (4). That is, for a pitching
airfoil

(5)
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Fig. 4 Leading-edge jet effect.6
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Fig. 7 Variation of c,,max with M for the NACA 0012 airfoil, £cc =
0.25 and A0 = 10 deg.
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Fig. 5 Effect of rotation center location on dynamic stall overshoot
of c,,max (Ref. 10).
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Fig. 6 Variation of Ac,,max with M for the NACA 0012 airfoil.10

Figure 8 shows that when plotted in the normalized form
Ac,, max/(I + 2fCG), the experimental data from Fig. 6 tend to
collapse. For £CG = 0.37 and 0.50 the collapse is complete,
including the envelopes of the data scatter. When considering
the data scatter for each £CG the collapse of the experimental
results is satisfactory. Thus, one can represent Ac*,, by Eq.
(5), where K} = Kcl is the accelerated flow effect. Dynamic
test results for the NACA 0012 airfoil5 gave a value (K{ +
tf2£cc) « 3.0 for fCG = 0.25. That is, K, « 2 and K2 « 4,
giving Aas ~ —2z/U^ in Eq. (4b). Thus, for a plunging airfoil
the moving wall effect dominates, and promotes dynamic stall.
As a consequence, plunging oscillations become undamped
when stall occurs5 (Fig. 3).

For a rolling aircraft a similar condition occurs as a result
of the local plunging of the wing section, leading to a loss of
roll damping and initiation of wing rock as experienced by
the X-29A aircraft4 (Figs. 2a and 2b). For the rolling wing,
the effective angle of attack varies as follows with 4> for the
roll-axis-inclination a

a(4>) = tan"1 (tan a cos (6)

When a(4>) < (ar)dyn, the plunging wing section starts gen-
erating positive damping. At the limit-cycle amplitude this
includes a sufficient part of the oscillation cycle away from
</> = 0 to result in zero net damping. Equation (6) shows how
a(c/>) increases with increasing inclination a of the roll axis,
requiring higher and higher roll angle </> to reach the condition
a(4>) < (ar)dyn- This explains the fast increase of the wing-
rock amplitude with increasing angle of attack for X-29A (Fig.
2b).
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Flow Reattachment
Analysis of experimental results6-13 has indicated that also

the dynamic undershoot Aa,. of static flow reattachment is
proportional to the dimensionless pitch rate ac/U*,. Thus,
Eq. (5) can represent Aa,. when written in the following form:

-Kd(\ (7)

where Klt is the decelerated flow effect. Implicit in the for-
mulation of Eq. (7) is the assumption that the ratio between
moving wall and decelerated flow effects during the pitch-
down motion is the same as that between moving wall and
accelerated flow effects during the pitch-up motion. Until
quantitative information becomes available for a better de-
termination of the relative magnitudes of the two effects, this
appears to be the most reasonable assumption. Its soundness
is confirmed by the good agreement between prediction and
experimental results, to be discussed later.

Figure 9 shows how the flow reattachment characteristics
for a NACA 0015 airfoil varied with dc/LJ^ in the experiment
performed by Niven and Galbraith.1 Figure 10 shows that the
angles of attack for the initiation (air) and completion (ar) of
flow reattachment, as determined from the experimental re-
sults in Fig. 9, are linearly dependent upon aclU^ in agree-
ment with Eq. (7). The initial drop of ar and air at ac/Ux =
0 is caused by static hysteresis, as illustrated by the experi-
mental results14 in Fig. 11. Figure 11 also shows that the final
reattachment at ar is not always preceded by a significant
incipient reattachment process.

To model the data trends in Figs. 10 and 11 one can express
the flow reattachment angle of attack as follows with the aid
ofEq. (7):

ar = as — Ac*,, — Ao:,. (8)

where Aov is given by Eq. (7), as is the static stall angle and
Aa,, represents the delay of static flow reattachment. It re-
mains to determine the value of Kd in Eq. (7).

A rotating circular cylinder exhibits a well-known form of
moving wall effects, which is used in Fig. 4 to illustrate the
leading-edge jet effect on a pitching or plunging airfoil. Figure
12 shows the Magnus lift measured by Swanson15 on a rotating
circular cylinder. In the laminar, subcritical case (Fig. 12a),
the Magnus lift is generated mainly by the downstream moving
wall effect on the top side, which moves the flow separation
from the subcritical towards the supercritical position. On the
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Fig. 9 Effect of dimensionless pitch rate ac/U^ on dynamic un-
dershoot of static flow reattachment for the NACA 0015 airfoil.1
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Fig. 10 Dynamic undershoot of static flow reattachment as a function
of dc/t/, for the NACA 0015 airfoil.1
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Fig. 11 Static or-hysteresis at Re = 1.8 x 106 for the NACA 0012
airfoil.14

bottom side the flow separation is occurring forward of the
lateral meridian already in the static case, and the upstream
moving wall effect does not have much leverage for its sep-
aration-promoting action. However, in the turbulent, super-
critical case (Fig. 12b), the situation is reversed. The main
effect is that of the upstream moving wall effect on the bottom
side, which promotes flow separation, moving it from the
supercritical towards the subcritical position. The downstream
moving wall effect on the top side has very limited possibility
to cause further delay of the already supercritical flow sep-
aration. Thus, the difference in Magnus lift between laminar
and turbulent flow conditions is mainly the result of the dif-
ference between the capability of the moving wall effect to
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Fig. 12 Magnus lift characteristics of a circular cylinder15: a) laminar, subcritical flow conditions, Re < 105 and b) turbulent, supercritical flow
conditions, Re > 5 x 105.

delay laminar flow separation and promote turbulent sepa-
ration. The difference in Magnus lift slopes, the laminar one
being only i of the turbulent one, reflects the fact that it is
much more difficult to delay than to promote flow separation.

It is well established that the moving wall effect is mainly
affecting the initial boundary-layer buildup close to the flow
stagnation point.16-17 Thus, it is valid to compare the moving
wall effects on a rotating cylinder15 (Fig. 12) with those on a
pitching or plunging airfoil6-13 (Fig. 4). As the moving wall
effect is concentrated to the initial buildup of the laminar
boundary layer near the flow stagnation point, it is very similar
in Figs. 4 and 12. For lack of other applicable experimental
results the 8 to 3 ratio between separation-promoting and
separation-delaying moving wall effects will be used to rep-
resent also the ratio between decelerated and accelerated flow
effects when comparing Aar to Aay [Eqs. (7) and (5), respec-
tively]. Combining Eqs. (4) and (5), where K1 = K(l ~ 2, with
Eq. (7), where it is assumed that Kd ~ 8K(l/3, one obtains
for fcc = 0.25:

, - -4Kadc/Ux (9)

That is, with K(l = 2 one obtains Aa,. = -8dc/U^. The
experimental results in Fig. 10 give Aa,. ~ - l3dc/U^. One
would expect that Kd would be of larger magnitude for NACA
0015 than for NACA 0012 because of the difference in nose
radii,18 pN = 0.0248 compared to pN = 0.0158. The analysis
in Ref. 18 derives the functional relationship Ka(pN). In the
present case the analysis gives K(i(Q.0248)/Ka(Q.0158) = 1.9.
As K(I(0.0158) = 2 for NACA 0012, one obtains for the
NACA 0015 airfoil Aar ~ - l5dc/U^, a value unexpectedly
close to the experimental value in Fig. 10. The experimental
results1 in Fig. 13 show the expected18 large effect of increasing
nose radius. The figure also shows the large effect of camber
(compare NACA 0015 with NACA 23012B). The camber
increases the effective nose radius through its nose-droop ef-
fect, which has been shown to be able to increase as sub-
stantially19 (Fig. 14). This explains the large effect of camber
on Aar exhibited in Fig. 13.

_ NACA. 23012B, Static, oc/U. - 0
.NACA23012B, Dynamic, oc/U. --0.03
. NACA 23012C, " —————
_ NACA OOtS,

-1.OOL

Fig. 13 Effect of nose radius and camber on dynamic flow reattach-
ment.1

The described role of the moving wall effect in the flow
reattachment process20-21 is still not generally accepted. It has
been suggested22-23 that the delay of flow reattachment in Figs.
1 and 13 was caused by the "bluff body" behavior of the
separated flow. Experimental results have been presented24

for a NACA 0012 airfoil describing 10-deg amplitude oscil-
lations at OQ = 10 deg and d> = 0.3, giving \dc/UK\ = 0.0525.
They show that during the "downstroke motion, the bursted
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Fig. 15 Time-average lift for an airfoil describing pitch oscillations
of 6.08-deg amplitude at Re = 106 (Ref. 25).

vortex disappears and then the flow reattaches uniformly be-
ginning at the leading edge of the profile." This contrasts
sharply with the "bluff body" aerodynamics described in Refs.
22 and 23, which gave rate-dependent flow reattachment at
50% chord, but rate-independent reattachment at 2.5% chord.
The conclusion in Ref. 24 states that "the onset of the Dy-
namic Stall Vortex and the reattachment are boundary-layer
driven effects," an assumption on which the moving wall effect
is based.6-12-13 The moving wall effect is, in fact, the only flow
mechanism that can cause flow reattachment on an airfoil
describing pitch oscillations in the deep stall region.6-25 The
data points in Fig. 15 are the time-average c, values for 6-deg
amplitude oscillations around the angle of attack a = a().
Thus, at a(} ~ 22 deg the 6-deg amplitude oscillations never
enter the a region below a = 16 deg, containing the static
stall condition at a « 10 deg. These results necessitated the

inclusion of the moving wall effect in the dynamic stall analysis
in Refs. 6, 12, and 13.

When determining the magnitude of zLE/L^, generating the
moving wall effect, one is amazed by the very modest mag-
nitude needed to produce the experimentally observed very
large effects, e.g., on c/ in Fig. 15. For the 6.08-deg amplitude
oscillations around fCG = 0.37 one obtains \zLE/Ux\ < 0.039d>
= 0.0078 and 0.0274 for a) = 0.2 and d> = 0.7, respectively.
Looking closer at the results in Fig. 15 one observes that only
the lift values at a > 14 deg are affected by the magnitude
of ti). This influence of ti can be related to the "spilled"
leading-edge vortex, which generates a transient lift compo-
nent that increases with d>, as demonstrated in Ref. 12. Thus,
even lower o) values would generate much of the measured
lift increase in the deep stall region. Recently presented ex-
perimental results for a NACA 0015 airfoil26-27 (Fig. 16), ob-
tained using a blowing-generated "leading-edge jet," show
that airfoil lift can be increased from the static c/max = 0.68
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Fig. 16 Effects of leading-edge blowing on the lift of a NACA 0015
airfoil at a = 22 deg and Re = 0.3 x 106 (Ref. 26).
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Fig. 17 Wing rock of the Gnat aircraft with tanks off.3
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Fig. 18 Effect of compressibility on dynamic stall overshoot of max-
imum lift.18

to approximately 1.2 using steady blowing of c^ = 3%. When
using oscillatory blowing only (c^) = 0.06% was needed.

Compressibility Effects
When trying to apply results such as those in Figs. 1, 4, 6,

and 10 to full-scale flight, one always has to account for the
differences in Reynolds number.28 The scaling problem is
complicated greatly by the always present large effects of
compressibility.29 This is demonstrated by the wing rock re-
sults for the Gnat aircraft3 (Fig. 17). The wing rock starts at
lower and lower angles of attack for increasing subsonic Mach
number because of the associated decrease in stall angle. This
is in agreement with the decreasing maximum lift with in-
creasing Mach number18 for a pitching aircraft model30-31 (Fig.
18). It is shown in Ref. 18 that the data trend in Fig. 18 is
the result of the decrease of the effective nose radius pN =
rNlc with increasing Mach number due to the effect of com-
pressibility, resulting in the predicted data trend shown by
the solid line in Fig. 18.

Conclusions
An analysis has shown that the at first surprising experi-

mental results obtained for a ramp-down motion, showing
that flow reattachment can be delayed to negative angles of
attack, are in good agreement with expectations based upon
the existing experimental data base for dynamic airfoil stall
and the Magnus lift measured on a rotating circular cylinder.
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