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Theoretical and Numerical Studies of Oscillating Airfoils

Ismail H. Tuncer,* James C. Wu,T and C. M. Wang}
Georgia Institute of Technology, Atlanta, Georgia 30332

Unsteady flowfields around airfoils oscillating in pitch and associated dynamic stall phenomena are inves-
tigated. A viscous flow analysis and a simplified vortical flow analysis, both based on an integro-differential
formulation of the Navier-Stokes equations are developed and calibrated. The formulation of the viscous flow
analysis confines computations only to the viscous flow zone and leads to an efficient zonal solution procedure.
In the simplified vortical flow analysis, computational demands are greatly reduced by partial analytic eval-
nations. Simulated flowfields and computed aerodynamic loads are in good agreement with available experi-

mental data.

Introduction

HE aerodynamic behavior of lifting surfaces undergoing

large amplitude pitching motions has been studied by a
number of researchers. Until relatively recently, the primary
objective of these researchers was to understand the physical
processes of unsteady lift generation, in particular those re-
lated to the dynamic stall phenomenon observed on retreating
helicopter blades. In recent years, there also has been an
interest in exploring the large unsteady lift generated during
the rapid pitch up to enhance the maneuver capabilities of
fighter aircraft.

During the past two decades, the general features of the
dynamic stall phenomenon have been established through
experimental and semi-empirical investigations.!=* The devel-
opment of a vortex-like disturbance and its passage over an
airfoil have been recognized. In 1977, Mehta* solved the
Navier-Stokes equations for laminar flows to determine the
flowfield around an oscillating NACA 0012 airfoil. Although
the flowfield was computed in detail, it was limited to low
Reynolds number flows and required large amounts of com-
puter time. Carr et al.,> McCroskey et al..® and McAlister et
al.” performed an extensive experimental investigation of un-
steady, two-dimensional subsonic flows over oscillating air-
foils. In these investigations, it has been pointed out that
unsteady flowfields around pitching airfoils experiencing the
dynamic stall phenomenon are characterized by massive recir-
culating regions and numerical simulations can only be
achieved by solving the Navier-Stokes equations with a turbu-
lence model.

In a review of the prediction methods for unsteady sepa-
rated flows and the dynamic stall phenomenon dated before
1980.% it has been concluded that the methods then available
needed further improvements. Relatively recently, Sankar and
Tang® and Wu!® have used the unsteady, compressible,
Reynolds-averaged Navier-Stokes equations in the computa-
tion of laminar and turbulent flowfields around oscillating
airfoils.

It is well known that flowfields associated with massive flow
separations are viscous and highly nonlinear. Viscous flow
zones, in general, are composed of attached boundary layer
zones and detached flow zones that consist of recirculating
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flows and wakes. The length scales of attached and detached
viscous zones are drastically different from each other. The
simultaneous existence of these diverse length scales and the
diverse flow characteristics in these zones lead to serious
theoretical and computational difficulties. However, these
difficulties can be removed if several viscous zones coexisting
in the flow can be treated individually.

In this study, a method for computing such massively
separated unsteady flowfields is developed and calibrated as
an extension of a research program continuing since early
1970s.'!* This method is based on a velocity-vorticity for-
mulation of the Navier-Stokes equations that consists of the
vorticity transport equation and an integral equation for
velocity. A two-layer algebraic turbulence model is also incor-
porated. It is well known that the vorticity field is closely
related to the viscous stress, and vorticity is absent in the
potential flow zone. Thus, the vorticity transport equation
needs only to be solved in the viscous flow zone. In addition,
attached boundary layer and detached recirculating flow re-
gions in the viscous flow zone may be treated individually.!?
On the other hand, the integral equation for velocity permits
the velocity vector in the viscous flow zone to be evaluated
explicitly. This method confines computations into the viscous
flow zone only. The confinement of the computations and the
zonal approach greatly reduce the computational demands
and lead to an efficient zonal solution procedure.

In the absence of recirculating flow zones, the viscous flow
zone consists of a thin boundary layer around an airfoil and
a wake zone. In these unsteady attached flowfields around
pitching airfoils, vorticity is shed into the wake from the
trailing edge. In the second part of this study, the vorticity
content of the boundary layer is justifiably approximated by a
vortex sheet, and the vorticity in the wake is treated as
concentrated dosages of vorticity. This simplified vortical flow
analysis simulates attached flowfields around pitching airfoils.
Important contributors to nonlinear unsteady aerodynamic
loads are identified, and their relative importance is deter-
mined.

Full Viscous Flow Analysis

The unsteady, incompressible motion of a viscous fluid with
negligible body forces is governed by the familiar continuity
and the Reynolds-averaged Navier-Stokes equations:

V- V=0 n
i,—/+(V'V)V=—le-kV-(veVV) 2)
ot p

where ¥V is the velocity, p is the density of the fluid, p is the
pressure, and v, is the effective viscosity.
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It is advantageous to employ the concept of vorticity o
defined by

Vx V=0 (3)

Taking the curl of Eq. (2) and using Eq. (3), a vorticity
transport equation is obtained. In studying oscillatory mo-
tions of solid bodies, it is convenient to formulate the vortic-
ity transport equation in a rotating reference frame attached
to the solid body. It reads

‘36_‘;’ = —(Vp - Vo)o + V() 4

where the subscript R indicates that the velocity vector and
the differentiations are defined in the rotating reference frame.
The vorticity transport equation describes the kinetic trans-
port of vorticity. It has been shown in Ref. 11 that all the
vorticity in the fluid domain originates from the fluid
boundary in contact with a solid. This vorticity spreads into
the fluid domain by diffusion and then is transported away
from the solid boundary by both convection and diffusion
processes. These processes produce a region of nonzero vor-
ticity around the solid body. However, in high Reynolds
number flows, a large region of the flow domain is vorticity
free, and Eq. (4) needs to be solved only in the region
containing vorticity.

Furthermore, in high Reynolds number flows, the vortical
region can conveniently be separated into attached and de-
tached flow regions. In the attached flow region, the flow
direction is tangential to the solid surface, and the diffusion of
vorticity along the flow direction is negligible compared to its
convection. In this region, the boundary-layer simplification
that neglects the streamwise diffusion of vorticity is justified.

The relationship between the vorticity and velocity fields at
any given instant of time, which is described by Eqs. (1) and
(3), constitutes the kinematic aspect of the problem. Wu'! has
shown that Egs. (1) and (3) can be recast into an integral
representation for the velocity vector in terms of the vorticity
field and the velocity boundary conditions:

1 @, x(r,—r)
Wr)=—— | —4———dR
®) 2n ) o —rP °
1 V, n)r,—r)—(V, xn,) x(,—r
p L[ o) =) = o xm) xCo=n)
2n g [ro —r

where r is the position vector, the subscript o denotes the
variables and the integration in the r, space, R is the flow
domain, B is the boundaries of the flow domain, and # is the
unit normal vector on B directed away from the domain R. In
particular, the flow domain for the airfoil problem is doubly
connected, and B consists of B,, the solid boundary, and B,
the far-field boundary. It should be noted that the far-field
boundary conditions are applied analytically at the limit as r,
goes to infinity.

As mentioned, Eq. (4) needs to be solved only in the region
containing vorticity. Thus, the velocity values during the
numerical solution are needed only in this region. Since the
velocity vector at any point in the flowfield can explicitly be
evaluated by Eq. (5), computations are conveniently confined
only to the vortical flow zone. The vorticity free potential flow
zone is excluded from the computations.

Boundary Conditions on Kinetics

Equation (4) is parabolic in time and elliptic in space. At
any instance of time, a boundary value problem is solved, and
the vorticity values on the inner and outer boundaries need to
be prescribed. The outer boundary is taken to be outside the
region containing vorticity. However, if the outer boundary
cuts through the vortical wake, then the gradient of vorticity
in the direction normal to the boundary is assumed to be
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zero, which allows vortices to pass through the downstream
boundary at a local velocity.

The inner boundary is the solid surface B;, and the vorticity
is generated continuously at this surface. In Ref. 15, it has
been shown that the solid boundary vorticity values can be
determined through the kinematic relationship between the
instantaneous velocity and vorticity fields. It should be noted
that the kinematic relationship, Eq. (5), is valid in both the
solid region S and the fluid region R. Therefore, the vorticity
field throughout S and R must be such that the velocity in §
as computed by Eq. (5) should agree with the prescribed solid
body motion. Equation (5) applied on B, and the principle of
conservation of vorticity give rise to the relations suitable for
the evaluation of the surface vorticity distribution:

1 —
J mso X (ro rs) dRO
Bg+

I |r0—rs|2
1 _
=—V(rs,t)——J LA LONYS
2n R— Bgt+ |ru_rsi
1 V, -n)r,—r)—V, xn,)x(r,—r,
+ L ( X ) —( ’ ) x( )dBo 6)
2r |, r, —ry]

where B is a boundary adjacent to B, where the surface
vorticity distribution is evaluated, w, is the surface vorticity,
and r, is a point on B,. With prescribed ¥(r,r) and having
evaluated the interior vorticity distribution in R — B}, the
surface vorticity distribution w, can be evaluated through Eq.
(6). Note that Eq. (6) is a vector equation, and either compo-
nent can be used to solve for w,.

Turbulence Modeling

A two-layer algebraic eddy viscosity model developed by
Baldwin and Lomax!¢ is employed in simulating the Reynolds
stress. In this model, the closure is simply achieved by replac-
ing the kinematic molecular viscosity v in the momentum
equation with the effective viscosity v, =v +v,, v, being the
kinematic turbulent eddy viscosity coefficient. The model
gives the eddy viscosity as follows:

V=V fOl'y < Yerossover (7)

vl = le for y 2 yCI‘OSSOVB[‘ (8)
where the subscripts i and o stand for inner and outer,
respectively; Verossover 18 the smallest value of y at which eddy
viscosity values from the inner and outer formulas are equal;
and v, is based on the Prandtl-Van Driest formulation:

ve = Plo] %

where / is the mixing length defined by Prandtl, modified by
the Van Driest damping factor.'®
The eddy viscosity in the outer region v,, is given by

Vie = CchwakeFkleb(y) (10)

where K =0.0168, C,, = 1.6, and F,,. and F,., () are func-
tional values based on the vorticity field and some empirical
factors.

The values of v,; and v,, are evaluated along the secondary
grid lines that are perpendicular to the arifoil surface or to the
wake centerline. The wake centerline is taken to be the radial
grid line emanating from the trailing edge.

Evaluation of Aerodynamic Loads

The evaluation of the aerodynamic lift, drag, and moment
coefficients are all based on the proper integration of the
pressure coeflicient on the airfoil surface. In this study, the
pressure is obtained through an integral representation based
on the Navier-Stokes equations. The common way of inte-
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grating the momentum equation [Eq. (2)] along the airfoil
surface has been avoided simply because of the difficulty and
poor accuracy experienced in the evaluation of dw/0n on the
solid surface. In the formulation of the integral representation
for pressure, the vector momentum equation is first expressed
in the inertial frame of reference in terms of vorticity as
follows:

| 4 1 1
a———ono=——VVZ—-Vp—Vx(vL,(n)) (1
ot 2 p

Furthermore, the total pressure / is defined as

V2
h=§+3- (12)

Substituting the preceding equation into Eq. (11) and tak-
ing the divergence leads to the following Poisson equation:

Vih=V-(V x o) (13)

Equation (13) then is cast into an integral equation similar
to the velocity integral, Eq. (5). Pressure on the airfoil surface
is obtained through integration over the velocity and the
vorticity fields. Details are given in Ref. 17.

Numerical Formulation

The solution of unsteady flow problems is based on the
numerical solution of the discretized governing equations,
namely, the vorticity transport equation, Eq. (4), and the
integral equation for velocity vector, Eq. (5). The numerical
formulation is performed in a transformed complex { plane.
The following Joukowsky transformation maps a unit circle
in { plane onto an airfoil profile:

2

{+4

z=(+6+ +o (14)

where ¢? and § are constants related to the airfoil thickness
and camber specifications. Equation (14) with ¢2=0.8061
and 6 = —0.06474 closely defines the NACA 0012 airfoil
profile, and ¢ determines the location of the origin along the
chord in z plane. This origin is placed on the location of the
pitching axis. The governing equations are discretized on an
O grid. In a (r,0) cylindrical coordinate system, the grid is
uniformly distributed in 8 direction and is stretched exponen-
tially in r direction. A sample computational grid in the
physical plane is given in Fig. 1.

In discretizing the transformed vorticity transport equation,
a first-order backward difference scheme for discretizing the
unsteady term, a second upwind differencing scheme for
discretizing the convection terms, and a second-order central
differencing for discretizing the diffusion terms are used. The
numerical solution of the discretized equations is based on the
successive line under-relaxation (SLUR) method along radial

Fig. 1 The O grid in physical plane.

THEORETICAL AND NUMERICAL STUDIES OF OSCILLATING AIRFOILS 1617

lines of the O grid. The integral equations for the velocity,
surface vorticity, and surface pressure fields are solved by
using finite Fourier series expansions of the field variables at
each circular ring of the O grid and are partially evaluated
analytically.!® This approach improves the computational
efficiency and accuracy considerably.

Simplified Vortical Flow Analysis

In the simplified analysis, it is'assumed that the viscous flow
zone is confined to a thin boundary-layer region around the
lifting surface and the wake region trailing it. In high
Reynolds number flows, these regions are thin and are jus-
tifiably represented by a vortex sheet surrounding the solid
body and by vortex filaments in the wake. These approxima-
tions, which neglect the diffusion of vorticity, simplify the
flow equations and lead to a simple analysis. The conserva-
tion of momentum equation states that the vortex filaments in
the wake are convected with the local fluid velocity. Solution
of the flow problem then reduces to the determination of a
vortex sheet strength y, which represents the integrated vortic-
ity across the boundary layer and the modeling of the vortex
shedding process at the trailing edge.

The vortex sheet length distribution is evaluated in a man-
ner similar to the evaluation of the surface vorticity distribu-
tion in the viscous flow analysis. In this case, the interior
vortical region in Eq. (6), R — B}, simply consists of vortex
filaments in the wake. Similarly, the component of Eq. (6)
associated with the tangential velocity and the conservation of
total vorticity equation are solved simultaneously for the
vortex sheet strength distribution. For simplicity and conve-
nience in mathematical manipulations, the Joukowsky trans-
formation, Eq. (14), is used. Considerable manipulations'® in
the transformed {(r,8) plane lead to the following vortex sheet
strength distribution expression for a pitching motion of a
Joukowsky airfoil:

. 1 b
VYoo, = —Q[Cl * C2<Cs " CS> G E+od+ 5C5):|

1 rz —1
—2U,, sin(@ —a) — — T
SN0 — ) 2n ,E‘, 14 r2 — 2r, cos(0, — 6,)

(15)
where
C2
C1=1—§
C2
C,=96 +0’+§

2 4
CF[ET(T_%T)E]“*‘SZ)

where {; represents the location on the solid boundary (1,6,)
in the complex plane, and I', is the magnitude of the kth
wake vortex filament that is located at (r,,0,). Note that for
noncirculatory flows, in which there is no vorticity in the
wake, the noncirculatory vortex sheet strength is given analyt-
ically in terms of the pitching velocity and the instant angle of
attack a.

Modeling of Vortex Shedding

In this simplified vortical flow analysis, it is assumed that
the vorticity in the boundary layers is shed into the wake at
the trailing edge. The modeling of the vortex shedding is
based on the conservation of momentum and mass in a
sufficiently small control volume at the trailing edge. The
concept and the related terms are illustrated in Fig. 2.

The boundary-layer edge velocities at the trailing edge, V;
and ¥, are equal to the local vortex sheet strength values. In
numerical computations they are evaluated at a point 5%
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Fig. 2 Modeling of vortex shedding at the trailing edge.

chord length upstream of the trailing edge. The velocity due
to the pitching motion is V,,. The angle at which the nascent
vortex filament leaves the trailing edge, its magnitude, and
departure velocity, respectively, are obtained as'

V% - Vﬁ (Vu + V/)Vle

t. . t 16
ang = pa e @b+ (16)

1 cos?p
r,=-(V:—v? At 17
w 2( ! u) COSZ¢ ( )
U, =L, v, (18)

w2 T T oo

where 28 is defined as §, — B,, and At is the time interval
between time steps.

This formulation assumes that the flow does not separate at
the trailing edge. In the case of flow separation, the boundary-
layer edge velocity on the separated surface is set to zero.

Evaluation of Aerodynamic Forces

A general theory for aerodynamic forces and moments
developed by Wu!! through a rigorous analysis of the Navier-
Stokes equations may be written for two-dimensional flows as

d d
=—p— R+p—
F pdl Lwrxcod +pdt L{VdR (19)

where R is the unlimited domain jointly occupied by the
fluid and the solid, and R, is the domain occupied by the solid
only. Equation (19) states that the force exerted on a solid
body by fluid is related to the time rate of change of the
vorticity moment and the inertial force due to solid body
motion. In this simplified vortical flow analysis, Eq. (19) may
further be simplified by introducing the vortex sheet concept:

d
F=—-p—
Pt B,

rx(y— Vxns)dB—ng rxodR (20)
de |y

where n_ is the unit vector normal to the solid surface, and the

magnitude of V x n, is the component of the surface velocity

v, in the direction tangent to the surface.

In the noncirculatory flows, the first integral term in Eq.
(20) can be evaluated analytically by substituting the analytic
expression for the noncirculatory vortex sheet strength distri-
bution given in Eq. (15).° This noncirculatory aerodynamic
force is equivalent to the familiar apparent mass effect. In its
component form, it reads

F. = pn[BQ? cosa + 4c?QU, sin(2a) + BQ sina] 21

F,,. = pn[BQ? sina + 4c*QU,, cos(20) + BQcosa]  (22)
where

act 26¢4 c%
(1=392 1-62 (1-09)°

B=(1+230 +0)+

and Q is the angular acceleration.
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Fig. 3 Steady-state streamlines: « =5 deg and Re = 105,

Results and Discussions

The NACA 0012 airfoil oscillating in pitch about its quar-
ter chord has been investigated extensively using both the full
viscous flow analysis and the simplified vortical analysis. The
oscillatory motion is defined by the time-dependent angle of
attack a:

o = Omin + E (‘xmax - amin)(l - COS&)I)

where o, and o,,, are the minimum and the maximum
angles of attack of the oscillatory motion, and w is the
frequency of the motion. Three cases involving dynamic stall
are first discussed. In all of these cases, o, =35 deg,
Oax = 25 deg, and the Reynolds number, which is based on
the chord length and the freestream velocity, is 10°. The
reduced frequency of the oscillatory motion k&, which is
defined as k = wc/2U,,, is also 0.10, 0.15, and 0.25, respec-
tively. An 80 x 60 grid with 80 grid points on the airfoil
surface is used. The initial transient is computed at « = 5 deg,
and a steady flowfield is established at a time that corresponds
to 6—8 chord length travel of the airfoil. Streamlines for this
flowfield are given in Fig. 3. The pitching motion is then
introduced, and the unsteady flowfield is solved by marching
in time with a constant time step.

In the case k =0.15, the development of the unsteady
flowfield is shown in Figs. 4 and 5. During the upstroke (1),
as the airfoil reaches the proximity of the static stall angle
(« =12 deg), the flowfield is still fully attached. Boundary
layers on the upper surface, however, grow considerably. As
o =20deg1 is approached, a shallow reversed flow region,
which initiates at « =~ 7 degt at the trailing edge, expands
upstream rapidly. This flow reversal reaches the leading edge
at a = 23 deg 1. An abrupt separation of the boundary layers
and the development of the leading-edge vortex is observed
between x/c =~ 0.05 and 0.25 at o« =~ 23.9deg 1. In an experi-
mental study® conducted with the same motion parameters at
Re =25 x 10°, it is reported that the hot-wire anemometry
measurements detect the flow reversal at around a ~19-
20 deg 1. This flow reversal then progresses up to x/c = 0.30.
The leading-edge vortex is observed to form at a =~ 23.4 deg 1
as an abrupt boundary-layer separation.

As the airfoil continues its upstroke, the leading-edge vor-
tex grows. At a=~249deg?, having already covered the
airfoil surface, the vortex bubble is about to burst. Up to this
point, the average speed at which the vortex travels is evalu-
ated to be approximately 0.3U,,. During the downstroke (),
as the leading-edge vortex moves off the airfoil and is shed
into the wake, the development of a counterclockwise trailing-
edge vortex is observed at a =~ 24. 4 deg |. In the experimental
study,’ the vortex core is observed to pass off the trailing edge
at o > 24.8 deg |, and it travels with a speed of approximately
35-40% of the freestream velocity. In addition, it is also
reported that at o =23.1deg| a second vortex-like distur-
bance begins to form ahead of midchord and moves down-
stream.

The shedding of the trailing-edge vortex is observed at
o =22.8 deg l. Some secondary weak vortex structures subse-
quently develop. As a decreases, the flow reattachment pro-
cess starts from the leading edge downward. At « = 9.4 deg |,
the flow on the upper surface attaches completely. Yet, the
pressure distribution on the airfoil (Fig. 6) indicates that the



SEPTEMBER 1990

a=94°]

Fig. 4 Instantaneous streamlines: ., =5deg, a,,, =25 deg,
Re =105, and k =0.15.

suction on the airfoil has not been recovered. This is at-
tributed to the thick boundary-layer profile aft of x/c =~ 0.40.
In the experimental study,’ it is reported that the reattach-
ment process starts at o = 16.5 deg |, and it is completed by
o =~7deg|. It is also observed that although the flow has
reattached to the airfoil surface during the downstroke, the
rest of the potential flow did not appear to return to unstalled
conditions until the airfoil passed through its minimum angle.

The preceding computations were performed on a CDC
CYBER 990 computer on its highly optimized scalar mode. It
took approximately 5 min of CPU time to reach the steady-
state solution and 30min of CPU time to compute the
unsteady flowfield for a complete cycle of the oscillatory
motion.
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a239°1

Fig. 5 Instantancous vorticity contours: a,;, =5 deg, a,,., =25 deg,
Re =10%, and k =0.15.

Figure 6 illustrates the time history of the upper surface
pressure distribution and its comparison with the experimen-
tal data,” which are obtained under the following conditions:
k =0.099, o, = 4.86 deg, &, = 24.74, Re =0.98 x 105, and
M, =0.072. The time history of the aerodynamic load co-
efficients is given in Fig. 7. As it is seen, the agreement
between the experimental’ and the computational results is
remarkably good. The details of the deep-stall hysteresis loops
measured in experiments are captured by the present compu-
tations. Quantitative differences do exist but are all within the
uncertainty bounds of the experimental study.

During the upstroke, the computed lift coefficient increases
linearly until the leading-edge vortex forms. The lift slope is
4.7, which is very close to that of the steady flow. The
formation of the leading-edge vortex then causes a steep
increase in the lift. At a =24.9 deg 1, as a result of the burst
of the bubble at the trailing edge and the shedding of clock-
wise vorticity, the lift drops drastically. At maximum angle of
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attack, the lift coefficient reaches a local minimum. Due to the
suction generated by the trailing-edge vortex, it subsequently
rises to a second local maximum. This local maximum lift
coefficient is higher in the experiments. Besides the experimen-
tal uncertainty, the underprediction of the trailing-edge vortex
suction in the computations may be attributed to the poor
performance of the turbulence model in the wake region.
During the downstroke, following the shedding of the
trailing-edge vortex at o =22.8 deg!, the lift initially de-
creases rapidly. As the flow reattaches at the trailing edge and
as the secondary vortex structures develop, the lift curve
flattens. The minimum lift is observed at o =~ 11 deg | just
before the flow attaches fully on the upper surface. In the
experiments, reattachment occurs later and the minimum lift
is realized at o @ 7deg|. The early reattachment of the

Experimental &

20.0n

Numerical

20.0

15.0

10.0

5.0

0.0

XIC

Fig. 6 Pressure distributions on upper surface: x., =S5 deg,
Tnax = 25 deg, Re =10°, and k =0.15.
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boundary layers in the computed results as compared to the
experimental data may be attributed ‘to the fully turbulent
flow assumption. The development of the leading-edge suc-
tion then drives the lift towards the steady-state values.
However, the low pressure aft of the midchord on the upper
surface delays the recovery process until & = 5 deg is reached.

The drag coefficient experiences a similar rapid increase
with the development of the leading-edge vortex and the
simultaneous collapse of the leading-edge suction. The in-
crease in the drag coefficient is almost fivefold. The time
history of the moment coefficient also follows the develop-
ment of the flow closely. As the leading-edge suction grows,
the nose-down pitching moment increases slowly. The suction
associated with the leading-edge vortex and its downstream
travel increases the nose-down pitching moment drastically,
which leads to the moment stall. Following the leading-edge
vortex, the suction induced by the trailing-edge vortex causes
another indentation along the return cycle at « = 20 deg |. At
o =~ 10 deg |, as the leading-edge suction redevelops while the
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Fig. 7 Dynamic stall hysteresis loops: a,;, =S5 deg, a_,, =25 deg,
Re =10°, and k =0.15.
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flowfield over the downstream half of the airfoil is still
separated, the moment coefficient reaches its maximum.

For the cases kK =0.10 and 0.25, the computed flowfields
reveal the sequence of events similar to those observed in the
case k =0.15. These events include the flow reversal starting
from the trailing edge, the formation of the leading-edge
vortex, its downstream convection and shedding into the
wake, and the formation of the trailing-edge vortex. However,
different reduced frequencies cause the events to occur at

Angle of Attack

5.0

15.0 20.0 25.0 30.0

10.0

X/L

Fig. 8 Upstream propagation of reversed flow region: a,,, =5 deg,
Opax = 25 deg, and Re = 106,
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Fig. 9 Downstream propagation of leading-edge vortex suction peak:
Tonin = 5 deg, @, =25 deg, and Re = 10°,
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Fig. 12 Instantaneous streamlines: «,;,=0deg, o, = 20deg,
Re =1.5 x 10°, and k =0.25.

different angles of attack during the oscillatory motion, and
as a result, the aerodynamic loading differs significantly.

In Fig. 8, the upstream propagation of the reversed flow
region for the three different reduced frequencies is plotted
with respect to the angle of attack. It is observed that as the
reduced frequency increases, the flow reversal originates at a
smaller angle of attack. In Figs. 9a and 9b the downstream
convection of the leading-edge vortex that is assessed by
tracing the suction peak associated with the vortex is shown.

AIAA JOURNAL

In Fig. 9b, the dimensionless time based on ¢/U,, is set to
zero when the flow reversal is detected at the trailing-edge
region. It is observed that as the reduced frequency increases,
the formation of the leading-edge vortex occurs at a higher
angle of attack. The propagation of the suction peak termi-
nates when the peak cannot be detected any longer. This
occurs as the vortex leaves the airfoil surface and sheds into
the wake. The delay in the shedding of the vortex is significant
in the case k = 0.25. However, Fig. 9b clearly shows that once
the leading-edge vortex forms, the convection speed it conse-
quently assumes is almost constant and independent of the
reduced frequency in the range studied.

Aerodynamic load histories for the cases £ =0.10 and 0.25
are given in Figs. 10 and 11. As it is seen, the lift stall in case
of k =0.10 occurs at a lower incidence angle compared to
that in the case of £ = 0.15. Yet, in both cases the stall occurs
during the upstroke before the maximum angle of attack is
reached. In the case of £ =0.25 the growth of the leading-
edge vortex and the associated rapid rise in the lift continues
into the beginning phase of the downstroke. The bursting of
the vortex and the drastic decrease of the lift occur during the
downstroke. This sequence of events produces a small loop in
the maximum lift region instead of spikes seen in cases
k =0.10 and 0.15. The influence of the trailing-edge vortex on
the aerodynamic loads is also less pronounced in the k =0.25
case.

Experimental investigations have shown that in some cases
with sufficiently high reduced frequencies, the dynamic stall
phenomenon can be prevented even though the static stall
angle is substantially exceeded. The unsteady flowfield of such
a case, with o ; =0deg, o, =20deg, k£ =025 and
Re = 1.5 x 10° computed using the full viscous flow analysis,
is shown in Fig. 12. Although the flowfield seems to be fully
attached along the motion, the investigation of the vorticity

\.. ..............

a = 15-9°T
co.o.oolt.
ocooooo
\ ocoooooooooooooo
........ ...."."“0'oooocootooooooooo
a = 19901
x. °°.°°°°°°e,.‘.........
a=124°0 e ..-...o-..,...'........

Fig. 13 Instantaneous locations of wake vortex filaments: amin=0 deg, amax=20 deg, and k =0.25.



SEPTEMBER 1990

2.8
)

2.0

.3

1.0

Lift Coefficient

.3

o

T T T T T
.0 s.0 10.0 5.0 20.0 25.0 30.0

Angle of Attack, Degrees

0.4

Drag Coefficient

T = T T T
6.0 5.0 10.0 3.0 20.0 25.0 30.0

Angle of Attack, Degrees

Full Viscous Fiow Solution
____ Simplified Vortical Flow Solution
———— Experimental Data

Fig. 14 Lift and drag hysteresis loops: «;, = 0deg, a,., =20 deg,
Re = 1.5 x 105, and k =0.25.

2.5
!

2.0

1.5

1

1.0

I

Lift Coefficient

0.5
1

0.0

0.0 SI.O 16.0 1%.0 Z(I).O 2?‘).0 30.0
Angle of Attack, Degrees

s
- O
C
o
L
=
B e
(o
o
o
S o
Do
1 T T T T T
0.0 S.0 10.0 15.0 20.0 25.0 30.0

Angle of Attack, Degrees

——— Simplified Vortical Flow Solution
—-—~Experimental Data

Fig. 15 Lift and drag hysteresis loops: o, ;, = 0deg, a,, =10 deg,
and k£ =0.10.

field reveals the presence of a very shallow reversed flow
region forming at a« 9 deg 1 and extending up to the mid-
chord at the maximum angle of attack.

The same flowfield is also computed using the simplified
vortical flow analysis. The trailing vortex filaments in the
wake that are represented by small circles of variable diameter
are seen in Fig. 13. The size of the circles is proportional to
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the strength of the vortex filament. As it is observed, the
trajectory of the vortex filaments is smooth while their magni-
tudes experience an oscillatory behavior in time. Since a
uniform time step is employed, vortex filaments with the
maximum strengths are shed when the pitching velocity is the
maximum.

The aerodynamic load histories are given in Fig. 14. The
computed aerodynamic loads are for the second cycle of the
oscillatory motion. Although the agreements with experimen-
tal data are good, the simplified vortical flow analysis, which
does not account for the thickening of the boundary layers
and flow reversal, seems to agree better. This behavior may
suggest that the uncertainty in the experiments is inclined
towards measuring the normal force higher.

Figure 15 shows the aerodynamic load history computed by
the simplified vortical flow analysis for the oscillatory motion
of o, = 0 deg, o, = 10 deg, and k = 0.10. The prediction of
the lift variation is remarkably good, whereas the drag is
underpredicted along the upstroke. This simplified analysis,
which neglects the boundary-layer thickness, might predict
higher leading-edge suction, which would cause the drag to be
predicted less. On the other hand, the negative drag, ie.,
thrust, which is observed during the downstroke and pre-
dicted numerically as well, may be explained by the presence
of the high suction at the leading edge whereas the suction on
the upper airfoil surface is less than it was during the up-
stroke. This low suction on the upper surface is due to the
apparent mass effect.

Concluding Remarks

The unsteady flowfields around large amplitude oscillating
airfoils have been simulated numerically by two different yet
closely related formulations. The computed unsteady flow-
fields and aerodynamic loads for the cases presented in this
paper agreed well with the experimental data. Massive recir-
culating regions, the formation and convection of large vortex
structures, and details of the dynamic stall phenomenon have
been identified and their relationships to the flow parameters
such as the reduced frequency and their maximum angle of
attack have been assessed.

The full viscous flow analysis of the NACA 0012 airfoil has
shown that the dynamics of the leading-edge vortex has a
dominant effect on the dynamic stall behavior. As the reduced
frequency of the oscillatory motion increases, the formation
of the leading-edge vortex delays until higher angles of attack
are reached. Once the leading-edge vortex forms, although it
travels downstream with an almost constant speed, its initial
formation determines the course of aerodynamic loads hys-
teresis loops. Distinguishing features of the loops are associ-
ated with different reduced frequency motions.

The accuracy and the efficiency of the full viscous flow
analysis suggest that the computational method presented in
this paper is well suited for unsteady aerodynamic analysis
involving large amplitude motions of lifting bodies. This
method can be employed practically for parametric studies of
pitching airfoils undergoing dynamic stall phenomena. For
attached flowfields, the simplified vortical flow analysis can be
employed efficiently in predicting the unsteady lift. It is a
valuable tool in research and preliminary design.
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