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Abstract

Surface pressure distributions on pitching swept
wings show differences to equivalent two-
dimensional cases. With the aid of a newly de-
veloped hot wire probe flow fields of a three-
dimensional, unsteady boundary layer separation
can be presented for the first time. The temporal
evolution of the dynamic stall on a swept wing
in sinusoidal motion is shown for a selected ex-
ample. Comparative numerical results are prin-
cipally in good agreement with the experiment.
A refined generalized model for the onset of dy-
namic stall and the evolution of the vortex can
be given from detailed analysis of the experimen-
tal and computational results. It becomes evident
that the beginning of the stall is a process driven
by boundary layer effects while the outer flow
follows a quasi-steady progression until the on-
set of the dynamic stall vortex.

1 Nomenclature

c chord length
f frequency
k reduced frequency k = 2πf c=V∞
Ma Mach number
Re Reynolds number
t time
T duration of a cycle
u chordwise velocity component
v spanwise velocity component
V velocity V =

p
u2 + v2 +w2

w normal velocity component
n off-wall distance

x chordwise coordinate
y spanwise coordinate
z normal coordinate
α incidence angle,
αss incidence angle of static stall
β yaw angle
βloc displacement angle (s. Fig. 2)
ω angular velocity ω= 2πf
∞ freestream quantities
" upstroke motion
# downstroke motion

2 Introduction

Over the last several decades unsteady stall phe-
nomena have been topics of intensive research. It
is well known that in two dimensional unsteady
flow separation does occurs at greater incidence
angles than in the steady case, attainable lift coef-
ficients being significantly higher. This has been
demonstrated by many surface pressure measure-
ments e.g. [2, 3, 5]. Through flow visualization it
becomes evident that this phenomena is caused
by the evolution and shedding of the so called
dynamic stall vortex. Flow field measurements
[15, 14] have contributed to a more detailed in-
sight into this process.

Essential contributions to the understanding
of two-dimensional unsteady boundary layer sep-
aration were given by Ranke and Laschka [16,
15, 11] who are proposing a refined definition of
unsteady boundary layer separation.

Under three dimensional conditions on swept
wings, surface pressure measurements show sim-
ilar effects to the two-dimensional setups. How-
ever the temporal evolution of the dynamic stall
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process is delayed [8]. This results into a lift
cycle comparable to the two- dimensional case,
yet at a higher reduced frequency. Due to the
lack of flow field measurements no explanations
for these observations could be given. More-
over no model for a three-dimensional, unsteady
boundary layer separation and here in particular
on swept wings has been established up till now.

The objective of the present study is to es-
tablish a refined theory for the evolution of the
dynamic stall and the onset of the dynamic stall
vortex for swept and unswept wings. The pro-
posed model is based on measurements of the
flowfield of a swept wing pitching in sinusoidal
motion around its quarter chord line. The ex-
perimental flowfield data were obtained with the
aid of a newly developed hot wire probe and
the appropriate data processing. Comparative
Navier-Stokes calculations of an infinite, swept
wing with identical movement accompanied the
experiments and contributed to a detailed spatial
resolution while the experiments enabled a fine
temporal resolution. Experiments and calcula-
tions were carried out at very low Mach numbers
Ma< 0:1 with a Reynolds number of 250000 and
reduced frequencies in the range from k = 0:15 to
k = 0:45.

3 Experimental Setup

The experiments were conducted in a low speed
windtunnel with a rectangular cross section of
1500x1200mm2 and an open test section which
permits freestream velocities up to 60m=s. The
testbed consists of a rectangular wing, with a
NACA0012 airfoil normal to leading edge, made
out of carbon fibre reinforced plastic having a
steel axle through the quarter chord. Supported
by a steel frame, the wing is pivoted in slide bear-
ings. A controllable motor allows the rotation of
the wing in an almost sinusoidal motion around
its quarter chord. The testbed can be mounted in
the windtunnel under arbitrary yaw angles with
two large endplates on either side of the wing ad-
justed parallel to the freestream. A sketch of the
testbed is shown in Fig. 1.

The testsection for the performed experi-

yaw angle β = 0 ... 35˚

0.25 * c = 75 mm
chord c = 300 mm

flow direction

span b = 1000 mm

CFK-endplates ∅  940 mm

NACA 0012 CFK-wing with steelaxle 
l = 1500 mm

Fig. 1 Swept wing for dynamic stall tests

ments was situated midway between the two end-
plates. Control measurements had found that
the nonuniformness along the span due to dis-
turbances from the endplates is small. Tab. 1
shows an overview of the parameters for the per-
formed experiments. The presented results were
obtained by phase-locked averaging over approx-
imately 200 cycles. For the turbulent measure-
ments a trip wire has been placed at the leading
edge to ensure full turbulent conditions during
the cycle.

The flow fields were measured with an
advanced eight-hot-wire probe based on an
earlier probe development for turbulent two-
dimensional separated flows [12]. This newly de-
veloped probe enables unique velocity measure-
ments in turbulent three-dimensional flow with-
out any restrictions pertaining to the main flow
direction [7, 6]. The probe consists of four nor-
mal hot-wires and two direction- and heating-
wire pairs which detect the flow direction and
eliminate the equivocation occurring with usual
hot-wire probes.

4 Numerical Method

For the comparative numerical simulation,
the unsteady Reynolds averaged Navier-Stokes
solver FLOWer [10] was used which permitted
the calculation of an infinite swept wing on a two
dimensional grid. The simulation was carried out
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k 0.15 0.22 0.3 0.45 0.22 0.3
turb. turb.

f [Hz] 1.0 1.5 2.0 3.0 1.5 2.0
Re 0:25 �106

α(t)[Æ] 10Æ�10Æ

Table 1 Parameters of the performed test series

on a 416x104 cell C-grid. A study surveying
the grid dependencies for steady cases showed
no significant change in the solutions when us-
ing a finer grid. A complete oscillation was cal-
culated in 100 time steps using the implemented
dual time stepping scheme [9]. A finer reso-
lution of 200 time steps per cycle for a cho-
sen test case revealed no relevant differences to
the coarser temporal resolution. All calculations
were carried out as full turbulent simulations us-
ing the k-ωmodel proposed by Wilcox [17]which
showed better agreement with experimental data
[16, 5] than the Baldwin-Lomax algebraic model
[1]. The free stream Mach number was set to
Ma= 0:1. Verification showed that the maximum
attained Mach number was below Ma = 0:3 at all
times for all considered cases.

5 Three Dimensional Dynamic Stall

As an example the evolution of the dynamic stall
is presented here for the reduced frequency k =

0:22. The other considered cases show the same
features, yet with a different temporal evolution.
The phase t=T denotes the relative nondimen-
sional time since passing the lower dead center
at an incidence angle of α = 0Æ. The upper dead
center at α = 20Æ is reached at t=T = 0:5. The ve-
locity component in the spanwise direction is vi-
sualized by the displacement angle βloc, defined
as depicted in Fig. 2. A positive value for βloc

means v-components in the positive y-direction
and vice versa.

5.1 Experimental Results

Starting at the lower dead center at t=T = 0 no
signs of separation are visible in the experiment
during the wing’s upstroke motion. With increas-

α

x,u

z,w
y,v

x,u

z,w y,v

β

V

V

β      > 0loc 

V∞

n

V∞

Fig. 2 Definition of the displacement angle βloc

ing incident angles a zone with high velocities
develops above the nose region. In the trailing
edge region decreasing velocities with a tendency
towards higher displacement angles related to a
growing boundary layer are visible. Neverthe-
less no reverse flow occurs up to t=T = 0:47 at
α = 19:8Æ, which is well above the incidence an-
gle of static stall.

First signs of the dynamic stall process ev-
ident in the experimental data appear at t=T =

0:47, as can be seen in Fig. 3a. The onset of
the dynamic stall vortex is visible in the vicin-
ity of the wall above quarter chord. The start
is marked by a vanishing chordwise velocity. In
conjunction with the vanishing velocity a cross
flow with displacement angles near 90Æ appears,
Fig. 4a. At the trailing edge region near the wall
the chordwise velocity has increased whereas in
the wall remote region the velocity has further di-
minished. A reversed effect can be noticed in the
nose region. For the upstream positions velocities
in the vicinity of the surface are decreasing with
time until the wing reaches the upper dead center.
Simultaneously velocities off the wall increase.

After the first appearance of the reverse flow
near the quarterchord, the vortex increases in size
and spreads further up- and downstream along
the upper surface. Shortly before reaching the
upper dead center at t=T = 0:49 it covers almost
two thirds of the surface. However separation has
not occurred yet as the flow is still attached at the
trailing edge, as can be seen in the resulting dis-
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Fig. 3 Distribution of the total velocity from experiment, gray line separates reverse flow
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Fig. 4 Distribution of the local displacement angle from experiment
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placement angles, Fig. 4b and the total velocity in
Fig. 3b. A surface with cross flow has developed,
which separates from the surface and encloses the
reverse flow.

At t=T = 0:53 in Fig. 3c the reverse flow
has spread all over along the upper surface. The
extent of this region with reverse flow normal to
the wall has drastically increased. Especially the
magnitude of the velocity in the trailing edge re-
gion has decreased and the full separated state
has occurred. Large displacement angles are visi-
ble at the trailing edge marking a shear layer, Fig.
4c.

The separated region grows until t=T = 0:55,
where it reaches its largest extent. In subsequent
phases the flow field slowly reverts to attached
flow beginning at the the nose, with the attach-
ment point moving towards the trailing edge.

5.2 Computational Results

Numerical and experimental data show congru-
ent features, although the computational results
exhibit a significant phase shift towards earlier
times t=T , see Fig. 8.

α
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k=0.30
k=0.45
steady

αss

Fig. 5 ca-α

Moreover a reverse flow very close to the sur-
face can be noticed before the inception of the
dynamic stall vortex. This effect cannot be ob-
served in the experiment, due to the limitations
arising from the probe size and the surface clear-
ance required. Closer inspection of all consid-

ered computational cases revealed that this re-
verse flow appeared independently from the re-
duced frequency at t=T = 0:26 and the chord po-
sition x=c = 0:045. Up to this moment no reverse
flow occurred down- or upstream from this point.

During the upstroke motion the lift cycles
show almost no deviation from the steady case,
Fig5. Even above αss the cycles follow the linear
quasi steady progression with occurrence of the
reverse flow having neither a significant impact
on the lift nor on the pressure distribution. First
divergences from this common trend do occur not
until the start of the dynamic stall vortex, visible
in the cycles as a significant rise in the lift slope.
This quasi steady behavior was also observed in
many two dimensional experiments [2, 4] as well
as in experiments on swept wings [13].

5.3 Evolution of the Dynamic Stall

Both of the above described results - the numer-
ical and the experimental - cases can be used to
explain the onset of the dynamic stall and the af-
filiated vortex. The description given is also valid
for the two-dimensional flow, as it is only a spe-
cial case of the infinite swept wing, [6]. Italics in
the following paragraphs denote features of the
three-dimensional case only. The formation of
the dynamic stall is separated into four stages as
depicted in Fig. 6.

� With increasing angle of attack a strong
suction peak evolves at the leading edge,
Fig. 6a. Due to the spanwise pressure gra-
dient caused by the yaw angle the velocity
vectors are rotated into the spanwise direc-
tion in regions of decelerated flow in chord-
wise direction and vice versa. For the po-
sitions near the leading edge in Fig. 4a in
the near wall region a lower displacement
angle than the global yaw angle of 15Æ can
be observed.

� After passing the angle of static stall αss

a reverse flow starts in the nose region
due to a steep pressure rise appearing af-
ter the suction peak, Fig. 6b. This flow re-
versal can move upstream without separa-
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Fig. 6 Stages of the dynamic stall, wall streamlines and cuts
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tion as long as the reverse velocity magni-
tude is lower than the upstream movement
of this region [15, 16] and cannot be ob-
served in surface pressure measurements as
it does not have a significant impact on the
pressure distribution. In three-dimensional
flow, a layer of cross flow i.e. displace-
ment angles of almost 90Æ appears, enclos-
ing the region of reverse flow.

It can easily be seen from the equations of
momentum and mass conservation for the
incompressible unsteady boundary layer

∂u
∂t

+u
∂u
∂x

+ v
∂u
∂y

+w
∂u
∂z

= �
∂pa

∂x
+µ

∂2u
∂z2

∂v
∂t

+u
∂v
∂x

+ v
∂v
∂y

+w
∂v
∂z

= �
∂pa

∂y
+µ

∂2v
∂z2

∂u
∂x

+
∂v
∂y

+
∂w
∂z

= 0 (1)

that no unsteady contribution from the
pressure outside the boundary layer ap-
pears. Consequently, no contributions
from the pressure’s rate of change or the
absolute pressure level to the development
of the boundary layer take place. Moreover
for the infinte swept wing all derivatives
of the spanwise direction must vanish and
the equations are reduced to a quasi two-
dimensional form:

∂u
∂t

+u
∂u
∂x

+w
∂u
∂z

= �
∂pa

∂x
+µ

∂2u
∂z2

∂v
∂t

+u
∂v
∂x

+w
∂v
∂z

= �
∂pa

∂y
+µ

∂2v
∂z2

∂u
∂x

+
∂w
∂z

= 0: (2)

This has two consequences: On one hand
the topology of the boundary layer separa-
tion for the swept case must fulfill the crite-
ria given by Ranke [15, 16] when mapped
onto the x-z plane. The evolving cross-
flow has no direct impact on the separation
topology. On the other hand the develop-
ment and the movement of the described
region is almost independent from the re-
duced frequency because of the the quasi
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t/T=0.32

ti me : 547. 92236

Fig. 7 Distribution of pressure in the the nose
region after the start of reverse flow, β= 15Æ, k =
0:22

steady behavior of the pressure distribution
preceding the vortex inception. The chord-
wise pressure gradients in the nose region
are almost constant which can be seen in
Fig. 7 with the parallel progression of pres-
sure coefficient.

� The upstream movement of the reverse
flow continues until it reaches the point of
minimum pressure where it stops, Fig. 6c.
Consequently the reverse flow components
will become greater than the movement of
the region itself and the boundary layer
separates. This boundary layer separation
at the nose is the onset of the dynamic stall
vortex. Due to the crossflow developing in
the reverse flow region, the movement in
the three-dimensional case is slower than
for the two-dimensional one. Therefore the
point of separation is reached at a later
phase time t=T. This results in a com-
parable cycle to a non swept case with a
higher reduced frequency. As stated before,
this effect was first observed by Hilaire and
Carta [8] but could not be explained up till
now.

� Due to this impulsive large growth of
boundary layer thickness related to its sep-
aration, the vortex now develops. It draws
energy from the outer flow with high veloc-
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ities and transports it into the trailing edge
region and the near wall layer. The lift is
further increased by keeping the flow at-
tached at the trailing edge. Gradually the
vortex increases in size and spreads down-
stream along the chord. Finally the vortex
bursts, Fig 6d, and a sharp drop in the lift
cycle occurs. The flow now has entered
the fully separated stage. In subsequent
phases the field slowly reverts to attached
flow, starting at the leading edge with the
reattachment point moving downstream.

5.4 Consequences

The above postulated independence of the re-
verse flow movement is clearly visible in Fig.
8. For higher reduced frequencies the onset of
the vortex must occur at later times with a linear
dependence of k and for slower movements ear-
lier. The computational results show the above
described phase shift towards earlier times, nev-
ertheless exhibiting the same linear behavior with
the same slope. The turbulent measurements are
in better agreement with the computational re-
sults than the ones with natural transition, yet still
showing a strong discrepancy. As stated above in
the computational results the reverse flow starts
at t=T = 0:26, which connotes an incidence angle
of 10:6Æ. This early onset of flow reversal seems
very unlikely and is attributed to the turbulence
model’s deficiency to predict unsteady flows cor-
rectly.

For incidence angle movements which have
the same progression of α̇(t) between the angle
of static stall αss and the inception of the dynamic
stall vortex, the resulting lift cycles should match
in that region. This conforms with observations
made by Ericsson [4]. As demonstrated, the sep-
aration process starts when passing the angle of
static stall. The development of the flow reversal
is at first independent of the reduced frequency
and the “history” of the movement, because the
prevailing outer flow and the pressure gradients
follow a quasi steady trend. Consequently the
vortex inception and bursting must occur at the
same incidence angle and exhibit the same char-
acteristics.

k

t/
T

0.1 0.2 0.3 0.4 0.5
0.3

0.35

0.4

0.45

0.5

0.55

Experiment
Experiment, turb.
Computation

Fig. 8 Vortex inception with varying reduced fre-
quency

6 Conclusions

As demonstrated in the preceding paragraphs, the
onset and evolution of dynamic stall can be at-
tributed to boundary layer effects only. The outer
flow and the surface pressure distribution inhibit
a quasi-steady progression until the vortex starts.

Numerical results are principally in good
agreement with the experiment but show a sig-
nificant phase shift to lower incident angles be-
cause. This difference can be attributed to the
used turbulence model which is apparently un-
able to predict the onset of reverse flow exactly.
This flow reversal appears here at very unlikely
early phases t=T even before reaching αss. Any-
how the aforementioned phase shift of the numer-
ical results remains constant for all considered
cases.

The proposed explanation for the onset of dy-
namic stall and the vortex inception in incom-
pressible flow does not rely on any assumptions
about laminar or turbulent conditions. Effects of
compressiblity should not have a severe impact
onto the mechanism leading to inception of the
vortex, as long as they are not dominating the
flow.

The process of dynamic stall can be divided
into four stages. Flow reversal in the lead-
ing edge region appears during upstroke motion
when the wing passes through the incident an-
gle of static stall. This flow reversal can move
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upstream without causing separation and signif-
icant disturbances of the surface pressure distri-
bution. When this region of flow reversal reaches
the location of minimum pressure at the leading
edge, the propagation of the flow reversal ends.
Boundary layer separation takes place and the dy-
namic stall vortex forms. The propagation ve-
locity of the flow reversal can be seen indepen-
dent from the reduced frequency of the move-
ment due to the quasi-steady behavior of the outer
flow. This causes a linear dependency of the non-
dimensional time t/T of vortex inception from
the reduced frequency. This phenomenon can be
supported by experimental and numerical results
at various reduced frequencies. Due to the cross-
flow occurring on swept wings, the movement
of the flow reversal in the chordwise direction
is slower than in the two-dimensional case and
leads to a delayed inception of the dynamic stall
vortex. This results in a lift cycle comparable to
an unswept case at a higher reduced frequency.
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