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Two-Dimensional Unsteady Leading-Edge Separation
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P. Ghosh Choudhuri* and D. D. Knightt
Rutgers University, Piscataway, New Jersey 08855

and
M. R. Visbalt

U.S. Air Force Wright Laboratory, Wright-Patterson Air Force Base, Ohio 45433

The initial stages of two-dimensional unsteady leading-edge boundary-layer separation of laminar subsonic
flow over a pitching NACA-0012 airfoil have been studied numerically at Reynolds number (based on airfoil
chord length) Rec = 104, Mach number Mx = 0.2, and nondimensional pitch rate H£ = 0.2. Computations
have been performed using two separate algorithms for the compressible laminar Navier-Stokes equations. The
first method, denoted the structured grid algorithm, utilizes a structured, boundary-fitted C grid and employs
the implicit approximate-factorization algorithm of Beam and Warming. The second method, denoted the
unstructured grid algorithm, utilizes an unstructured grid of triangles and employs the flux-difference splitting
method of Roe and a discrete representation of Gauss' theorem for the in viscid and viscous terms, respectively.
Both algorithms are second-order accurate in space and time and have been extensively validated through
comparison with analytical and previous numerical results for a variety of problems. The results show the
emergence of a primary clockwise-rotating recirculating region near the leading edge which can be traced to a
pair of critical points (a center and a saddle) that appear within the flowfield, followed by a secondary counter-
clockwise-rotating recirculating region and a tertiary clockwise-rotating recirculating region. The primary and
secondary recirculating regions interact with each other to give rise to the unsteady separation ("breakaway")
of the boundary layer.

I. Introduction

T HE aerodynamics of unsteady airfoil motion is crucial to
the performance of rotorcraft. The motion of a typical

rotorcraft airfoil is complex. The main rotor of a conventional
helicopter executes a complicated three-dimensional motion
involving flapping (pitching), coning, and lagging.1 To achieve
a better understanding of the fluid motion, it is reasonable
(and common) to separately study the individual elements of
the airfoil motion (e.g., pitching) but recognize that the fluid
physics is not so readily separable.

The understanding of boundary-layer separation is the key
to understanding the viscous effects in unsteady aerody-
namics. Qualitatively, boundary-layer separation is the break-
down of the boundary-layer model which divides the flow into
two weakly interacting regions (i.e., an irrotational flow oc-
cupying most of the fluid volume and a thin viscous region
adjacent to the solid boundary). For two-dimensional steady
flows, the criterion for boundary-layer separation is well known
and is indicated by the appearance of zero shear stress at the
surface. For two-dimensional unsteady flows, however, the
vanishing surface shear stress does not guarantee separation.2

Rather, the appearance of a zero shear stress and zero velocity
point within the fluid in a frame of reference traveling with
the separation region seems to be the accepted criterion3 (the
"Moore-Rott-Sears" condition).

Boundary-layer separation is an integral part of the dynamic
stall process which is characterized by a sudden decrease in

Received Feb. 5, 1993; revision received Sept. 13, 1993; accepted
for publication Sept. 27,1993. Copyright © 1993 by P. Ghosh Choud-
huri and D. D. Knight. Published by the American Institute of Aero-
nautics and Astronautics, Inc. with permission.

*Graduate Research Assistant, Department of Mechanical and
Aerospace Engineering.

tProfessor, Department of Mechanical and Aerospace Engineer-
ing. Associate Fellow AIAA.

^Aerospace Engineer. Member AIAA.

lift and an equally dramatic change in pitching moment. The
breakdown of the boundary layer (separation) leads to the
formation of the dynamic stall vortex—a large recirculating
region above the airfoil. (A recirculating region can be defined
as a flow possessing vorticity with closed streamlines.) The
subsequent motion of the dynamic stall vortex is a principal
contributor to the variation in the airfoil lift and moment.
Thus, the study of separation on a pitching airfoil is essential
to development of a complete understanding of the dynamic
stall process.

The general focus of the present research is subsonic viscous
flow past a pitching airfoil. Extensive reviews of experimental
and theoretical (analytical and numerical) research have been
presented by Carr4 and Carr and McCroskey.5 Experimental
studies have initiated modern research in unsteady flow past
pitching airfoils and continue to provide critical information
and insight. McCroskey et al.6 described three different types
of boundary-layer separation using oil smoke visualization.
Acharya and Metwally7 categorized and quantified the sources
of vorticity. Chandrashekhara and Ahmed8 measured the in-
stantaneous velocity field. Carr et al.9 studied dynamic stall
using real time interferometry. Chandrashekhara and Carr10

visualized the effects of Mach number on the dynamic stall
of an oscillating airfoil. Computational studies have become
increasingly useful in developing an understanding of the un-
steady flow behavior. Mehta11-12 calculated laminar flow past
a pitching airfoil at Reynolds numbers (based on the airfoil
chord) Rec = 5 x 103 and 104. Ghia et al.13J4 successfully
compared their computational results with the previous com-
putations of Mehta12 and the experimental results of Walker
et al.15 for Rec = 104 and Rec = 4.5 x 104 and also studied
some control strategies to delay the dynamic stall. Visbal16

described the dynamic stall process for a pitching NACA-
0015 airfoil as a highly complex, high Reynolds number flow
phenomenon and presented some investigations of various
flow control techniques. He also investigated the effects of
compressibility on the dynamic stall and found that the ap-
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pearance of the shock at high Mach numbers leads to an
additional mechanism of dynamic stall process due to the
shock/boundary-layer interaction.17 Recent analytical studies
have added to the fundamental understanding of unsteady
separation and provided physical insight. Smith18~20 examined
several important issues including the instability of the lead-
ing-edge separation bubble and finite time breakup of the
boundary layer. Peridier et al.21-22 examined the interaction
of a vortex with a boundary layer. Some additional research
has also focussed on some geometrically simpler configura-
tions such as a circular cylinder set into motion impul-
sively.23-24 These studies have led to a better understanding
of the spatial/temporal scales and phenomena associated with
the breakdown of the boundary layer and onset of dynamic
stall.25-26

The principal objective of the present paper is the under-
standing of the initial stages (incipient separation) of the un-
steady subsonic leading-edge boundary-layer separation pro-
cess for a NACA-0012 airfoil. Figure 1 shows schematically
the various stages of the boundary-layer separation over a
pitching airfoil, where instantaneous streamlines are displayed
in a frame of reference attached to the airfoil. This paper
deals with the understanding of the stages preceding dynamic
stall, i.e., from zero angle of attack (a) up to (but not in-
cluding) dynamic stall (e).

The flow conditions selected are Rec = 104, M^ = 0.2, and
nondimensional pitch rate ft^ = 0.2, where fl+ = tlc/U^
(where H is the pitch rate in rad/s, c is the chord length, and
Ux is the freestream velocity). The airfoil is pitched about the
quarter chord axis. Computations have been performed using
two different numerical algorithms. The first algorithm, de-
noted the structured grid algorithm, is an approximate-fac-
torization implementation of Beam-Warming's method27 us-
ing a structured, boundary-fitted grid system. The second
algorithm,28 denoted the unstructured grid algorithm, em-
ploys an unstructured grid of triangles and utilizes the flux-
difference splitting method of Roe29 for the inviscid fluxes
and a discrete representation of Gauss' theorem for the vis-
cous fluxes and heat transfer. The structured grid algorithm
is implicit, whereas the unstructured grid algorithm is explicit.
Both algorithms are second-order accurate in space and time.
The use of different numerical algorithms provides a stringent
examination of the accuracy of the computations.

The flow conditions were selected on the basis of simplicity
and feasibility. The Reynolds number was chosen to insure
laminar flow, thereby eliminating the inherent uncertainties
associated with engineering turbulence models. To be sure,
the present Reynolds number is significantly less than typical
flight Reynolds numbers for rotorcraft applications. None-

Angle of attack =0 degree attached flow

reversed flow leading edge vortex forms

d)

dynamic stall

\stallvortex
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f)

Fig. 1 Stages in pitching motion of an airfoil.

theless, the selected Reynolds number may be sufficiently
large to provide qualitative insight into the practical case, as
the boundary-layer separation near the leading edge can be
laminar in practice30 with transition to turbulence following.
The Mach number M^ was selected to insure subsonic flow
at the chosen Rec and ft^. The local Mach number does not
exceed 0.6 throughout the entire pitching motion.

II. Details of Computation
A. Governing Equations

The governing equations are the two-dimensional unsteady
compressible laminar Navier-Stokes equations written in strong
conservation form.31 The equations are written in an inertial
frame of reference. The flow variables are nondimensional-
ized using the dimensional reference quantities chord length
c, freestream density p^, freestream velocity Ux, and static
temperature T^. The dynamic molecular viscosity is assumed
to satisfy Sutherland's relation.32 The perfect gas law and a
constant Prandtl number (Pr = 0.73 for air) provide closure
of the system of equations.

B. Structured Grid
1. Numerical A Igorithm

The implicit approximate-factorization method of Beam and
Warming27 employs a structured, boundary-fitted grid. The
algorithm is implemented in the delta form with trapezoidal
temporal differencing and central spatial differencing, which
have second-order temporal and spatial accuracies. Fourth-
order explicit and second-order implicit numerical damping
is employed to eliminate spurious numerical oscillations.33

The motion of the airfoil is included through a general time
dependent coordinate transformation {£ = f(jt, y, t), 77 =
?/(*, y, 0, T = t}.

Suitable boundary conditions are specified along the bound-
aries of the computational domain. At the airfoil surface, the
no-slip condition is applied to the velocity. The normal tem-
perature gradient is zero (adiabatic wall). The normal pres-
sure gradient is obtained from the momentum equation and
incorporates the effect of the airfoil motion.17-34 A C-grid
topology (Fig. 2) is employed, and the periodicity condition
at the branch cut is imposed implicitly. At the entire outer
boundary of the computational domain, a one-dimensional
unsteady method of characteristics boundary condition35 is
employed. The effect of the outer boundary distance on the
computed results has been studied and the outer boundary
defined at a sufficiently large distance from the airfoil to insure
accuracy of this boundary condition.

The implicit, unsteady, two-dimensional compressible,
laminar Navier-Stokes solver was developed originally by
Visbal34'36'37 for an O-grid topology. Principal modifications

outer boundary

mter
boundary

Fig. 2 Pitching airfoil and C-grid topology.
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include the incorporation of a C-grid, the method of char-
acteristics boundary condition at the outer boundary and the
geometric conservation law38 to eliminate the grid movement
related errors in the governing equations.

The nearly orthogonal boundary-fitted C grid was gener-
ated by the hyperbolic grid generation code developed by
Kinsey and Earth.39

2. Validation of Algorithm
A series of test computations were performed to establish

the accuracy of the structured grid algorithm.
a) Flat plate boundary layer. The freestream Mach num-

ber Mx was 2.0, and Reynolds number ReL (based on the
plate length L) was 104. A linear viscosity law JJL/^ = T/T^
was employed with Pr = 1. The grid employed Nf = 60 and
A^ = 75 grid points in the streamwise (f) and normal (17)
directions, respectively. The number of grid points within the
boundary layer was 7VBL = 54 at x = L.

The computed velocity and static temperature profiles agreed
with the analytical32 profiles within 0.7% and 0.9%, respec-
tively.

b) Stationary airfoil (NACA-0012). The freestream Mach
number was M^ = 0.2, angle of attack was a = 0 deg, Rey-
nolds number was Rec = 5 x 103, and the nondimensional
pitch rate was (V = 0. A C grid was employed with N€ =
303 and A^ = 101 where f is the curvilinear coordinate in the
direction of the C, and 17 is the coordinate approximately
orthogonal to f. The average normal distance of the first row
of mesh points adjacent to the airfoil was Arcaver = 5.0 x
10~4c, and 25 grid points were contained within the boundary
layer at midchord. The grid spacing tangential to the airfoil
surface varied from As = 4.3 x 10'4c to 1.99 x !Q-2c, with
the finest grid employed near the leading and trailing edges.

The computed drag coefficient of the present study shows
close agreement with the previous computation of Beran40 at
the same flowfield conditions, and similar agreement with the
previous computation of Mehta12 at the same Reynolds num-
ber for incompressible flow (Table 1). Detailed comparison
with the surface pressure coefficient showed similar close
agreement.

The computed flowfield was found to be insensitive to the
magnitude of the explicit damping coefficient a)e provided a>e
< 0.01. The computed drag coefficient was cd = 0.05431 and
0.05435 for coe = 0.005 and 0.010, respectively. Also, the
computed flowfield was observed to be insensitive to the lo-
cation of the outer boundary provided the distance from the
airfoil exceeded 18c. For example, the computed drag coef-
ficient was found to be cd = 0.05439 and 0.05443 for outer
boundary locations of 18c and 30c, respectively.

c) Pitching airfoil (NACA-0015). The freestream Mach
number was M^ = 0.2, the Reynolds number was Rec = 104,
and the nondimensional pitch rate was H(| = 0.2. The pitching
motion was defined by

- exp(-4.6f/f0)} (1)

where (1 is the pitch rate in rad/s, t0 is the time at which H
has reached 99% of the asymptotic value ft0, and £l0c/Ux =
Ho = 0-2. The flow conditions and expression for ft(f) cor-
respond to the previous computation by Visbal.37 The airfoil
was pitched about the quarter chord axis. The functional form
of H(r) provides a smooth acceleration of the airfoil to its

Table 1 Computed drag coefficient (stationary
NACA-0012 airfoil) Rec = 5 X 103, M^ = 0.2,

a = 0 deg

Reference Drag coefficient cd

Structured grid
Unstructured grid
Beran
Mehta

0.0544
0.0547
0.0530
0.0534

asymptotic pitching rate O0 during an effective time interval
t0 = Q.5c/U^ which corresponds to 4.57 deg of pitch.

A C grid was employed with N€ = 332 and N^ = 85. The
average normal distance of the first row of mesh points ad-
jacent to the airfoil was Araaver = 1.0 x 10~4c, and 33 grid
points were contained within the boundary layer at midchord.
The grid spacing tangential to the airfoil surface varied from
As - 4.59 x 10~3c to 1.47 x 10~2c, with the finest grid
employed near the leading and trailing edges.

The computed flowfields were found to be in close agree-
ment with the previous computation by Visbal.37 In particular,
the computed lift coefficient ct and drag coefficient cd agreed
with the previous results of Visbal to within 4.0% for 0 < a
< 25 deg, where a is the angle of attack of the airfoil. Detailed
examination of the flow variables showed similar close agree-
ment.

C. Unstructured Grid

1. Numerical A Igorithm
The algorithm employs an unstructured grid of triangles

which form the control volumes for application of the gov-
erning equations. The inviscid fluxes are obtained from the
flux difference split method of Roe29 using second-order ac-
curate linear reconstruction of the conservative variables to
the cell faces.41 The viscous fluxes and heat transfer are ob-
tained from application of Gauss' theorem.42 The values of
the conservative variables at the nodes are obtained by sec-
ond-order interpolation.43 Temporal integration is achieved
by an explicit multistage modified Runge-Kutta method.
Overall, the algorithm is second-order accurate in space and
time. Full details of the algorithm are given in Knight.28

The boundary conditions are identical to the description of
the structured grid code, except at the outer boundary where
freestream conditions are imposed.

The unstructured grid of triangles were generated in two
steps. First, the cell nodes were generated using the GRAPE
program of Sorenson.44 Second, the Delaunay triangulation
was obtained from the UNSTRUCT program of Merriam.45

2. Validation of Algorithm
A series of test computations were performed to establish

the accuracy of the unstructured grid algorithm.
a) Flat plate boundary layer. The freestream Mach num-

ber Moo was 2.0 and the Reynolds number ReL was 3.95 x
104. The Prandtl number Pr was assumed to be 1 along with
a linear viscosity law JJL/JJLM = T/TX. The grid employed 7802
triangular cells comprising 47 rows of 166 cells each. The
number of grid points within the boundary layer was 7VBL =
23 at x = L. The computed velocity and static temperature
profiles agreed with the analytical profiles32 within 2%.

b) Stationary airfoil (NACA-0012). The flow conditions
were the same as the previous computation of a stationary
NACA-0012 airfoil by the structured grid. The grid employed
25,534 cells. The average normal distance of the nodes ad-
jacent to the airfoil surface was Arc = 2.0 x 10~3c. Measured
in a direction normal to the airfoil surface, there were typically
14 nodes contained within the height of the boundary layer
at the midchord. The grid spacing tangential to the airfoil
surface varied from As = 4.7 x 10~3c to 2.7 x 10~2c, with
the finest grid employed near the leading and trailing edges.

The drag coefficient computed from the unstructured grid
calculation showed close agreement with the computations
employing the structured grid and the previous computations
of Reran40 and Mehta12 (Table 1). Detailed comparison of the
computed flowfields showed close agreement with the struc-
tured grid calculations.28

D. Definition of Problem
The focus of the research is the understanding of the in-

cipient leading-edge separation for subsonic viscous flow past
an NACA-0012 airfoil pitching about the quarter chord axis
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at Rec = 104, M^ = 0.2 and ftf - 0.2. The flow configuration
is shown in Fig. 2. The pitching motion, defined by Eq. (1),
was initiated after the flowfield had been fully established at
a = 0 deg. The initial flowfield displayed a slight unsteadiness
due to the periodic vortex shedding at the trailing edge. In
particular, the amplitude of the lift coefficient c/ was 0.0146,
and the dimensionless frequency was/c/t/^ = 2.05. All com-
putations were initiated at the peak in the lift coefficient;
however, the results presented herein are insensitive to the
relative phase of the initiation of the pitching motion.

An extensive grid refinement study was performed for the
structured grid algorithm and indicated achievement of highly
accurate solutions. Four separate grids were employed (Table
2). Case 2 represents a twofold refinement of the grid in the
£ and 17 directions relative to case 1. Cases 3 and 4 represent
an approximate twofold refinement of the grid in either the
f or 77 direction relative to case 2. (Limitations in computer
memory precluded further simultaneous refinement in both
the f and 17 directions.) A nondimensional time step (dt+ =
tUJc) of 1.0 x 10~3 was employed for all of the four cases.
A study of the effect of the time step on the computed results
showed the insensitivity of the selected time step on the com-
puted results.46 A comparison of lift ch drag Q, and moment
cmac coefficients for all four cases shows close agreement (Fig.
3). In particular, the lift and drag coefficients for cases 3 and
4 agree to within 1.5% for 0 < a < 22.5 deg, and the moment
coefficients to within 3%. The computed streamlines for cases
3 and 4 are virtually identical; in particular, the streamlines
are indistinguishable for 0 < a < 21 deg.

Table 2 NACA-0012 airfoil (Rec = 104, Mx = 0.2, 1H = 0.2)

Structured Grid

Case
1
2
3
4

Case
5

Nf

319
637

1011
637

/cell-
30,238

"r,

91
181
181
325

Unstructured

/node

15,299

Aw/c
x 104

2.0
1.0
1.0
0.5

Grid
A«/c
x 104

10.0

AsVc
x 103

3.38
1.69
0.84
1.69

As/c
x 103

3.5

AV
32
64
64

112

AW
14

N£ = Number of points in £ direction.
Ny = Number of points in 17 direction.
A« = Average normal distance of points next to airfoil.
As = Minimum tangential distance of points on airfoil.

NBL = Number of points in boundary layer measured normal to airfoil
surface at midchord for a = 0 deg.

/cell = Number of triangles,
/node = Number of nodes.

2.5

1.0

0.5

0.0

-0.5

_____ Case 1 (319X91)
_ _ _ _ _ _ Case 2 (637 X 181)

. . . . . . . . . . . . Case3 (1011X181)
_ _ _ _ _ Case 4 (637X325)

10 15
angle of attack (in degree)

20

One computation was performed using the unstructured
grid algorithm for comparison with the structured grid solu-
tions. Details of the grid are presented in Table 2. Based on
a temporal refinement study, a nondimensional time step (dr+

= tUJc) of 2.6 x 10~5 was selected for this case.

III. Critical Point Theory
The understanding of unsteady separation for a pitching

airfoil is greatly facilitated by visualization of the instanta-
neous streamlines (of course, the instantaneous streamlines
are not identical to the particle pathlines or streaklines since
the flow is unsteady). There are several possible frames of
reference including 1) the inertial (laboratory) frame of ref-
erence wherein the freestream velocity is fixed and the ve-
locity at the airfoil surface is generally nonzero, and 2) the
rotating frame of reference (attached to the airfoil) wherein
the freestream velocity is unsteady and the velocity at the
airfoil surface is zero. The rotating frame possesses the seem-
ingly intuitive advantage for physical interpretation of "for-
ward" and "reverse" flow relative to the airfoil. Since the
velocity is zero at the airfoil surface in the rotating frame of
reference, the fluid immediately adjacent to a point on the
airfoil surface is either instantaneously moving forward (i.e.,
toward the trailing edge) or reverse (i.e., toward the leading
edge).

The instantaneous streamlines in the rotating frame of ref-
erence were selected for analysis. The components of the
velocity (u', v') in the rotating frame of reference (*', y') are
related to the components of the velocity (u, v) in the inertial
frame by (Fig. 2)

u' = +£ly' + u cos 6 + v sin
v' = — fbc' — u sin 6 + v cos

(2)

Note that the pitch rate 11 < 0 for clockwise (pitch up) ro-
tation. The instantaneous streamlines are

,t > , \— = u (x , y , i)

dy'
— = v'(*',/,0

(3)

where r is the parametric length (with units of time) along
the instantaneous streamlines at a particular time t.

Equation 3 is an autonomous system of ordinary differential
equations which may possess critical points, i.e., loci where
u' = v' = 0. The behavior of the equations in the vicinity of
these critical points is well known as described, for example,
in Kaplan47 and Pontryagin.48 Recent papers by Perry and
Chong49 and Chong et al.50 have elucidated further details
regarding fluid motions near critical points. The critical points
may be classified on the basis of the Jacobian J and dilatation
A where

du' dv' _ du' dv'
dx' dy' dy' dx'

du' dv'
A = —- + —

dx dy

(4)

(5)

Fig. 3 Lift, drag, and moment coefficients for NACA-0012 airfoil
using structured grid algorithm.

The taxonomy of critical points for two-dimensional flow is
described in Fig. 4. For J < 0, the topology is a saddle, with
the relative orientation of the asymptotes determined by the
value of A. For J > 0 the principal topologies are nodes and
foci, with the latter obtained for / > A2/4. The patterns are
stable (i.e., the instantaneous fluid motion is toward the crit-
ical point) or unstable (i.e., the instantaneous fluid motion is
away from the critical point) based on the sign of A. In those
instances v/here A = 0, the topology changes from a saddle
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= J{(u,v)/(x,y)} a =14.5° Vorticity

Fig. 4 Classification of critical points.

(for J < 0), to a simple shear (for J = 0) and center (for

IV. Results
A. Structured Grid

The instantaneous streamlines and vorticity obtained from
the structured grid computation (case 3) are displayed in the
vicinity of the leading edge (arbitrarily defined as the first
30% of the chord) in Figs. 5-9 for a = 14.5, 16.5, 19.5, 21.0,
and 22.5 deg. All results are based on a reference frame
attached to the airfoil. The airfoil-attached reference frame
allows an unambiguous definition of forward (or "attached")
and reversed flow within a thin unseparated boundary layer,
since the velocity of the fluid at the airfoil surface is zero.
Forward flow is defined as fluid moving toward the trailing
edge, and reversed flow indicates fluid moving toward the
leading edge. Also shown are two particles, colored red and
black, which were released initially within the boundary layer
at the leading edge at a height of 2.04 x 10~4c and 4.32 x
10~4c from the airfoil surface, respectively, at the start of the
airfoil rotation.

At a = 14.5 deg, the flow on the upper surface in the
vicinity of the leading edge has a thin reversed flow region
extending to 7% chord position, and there are no critical
points in the vicinity of the leading edge [the flow near the
trailing edge (not shown) displays a complex separation be-
havior] within the flow, though, there is a half-saddle point
that appears on the airfoil surface near the leading edge and
represents the farthest upstream extent of the reversed flow
adjacent to the airfoil. The red boxed region in Fig. 5 has
been enlarged in Figs. 10-12 at a = 14.75, 14.99, and 15.01
deg. The enlarged figures show the stages in the formation
of the primary recirculating region near the leading edge. At
a = 14.75 deg, reversed flow can be seen near the leading
edge but there are no critical points within the flow in the
vicinity of the leading edge. The instantaneous streamlines in
the region between forward and reversed flow are in the shape
of a C. As a increases, one of the C-shaped instantaneous
streamlines collapses at a single point. At a = 14.99 deg, the
instantaneous streamlines show the first appearance of a pair
of critical points in the flowfield near the leading edge at 18%
chord position and a distance 2.5 x 10~3c above the airfoil
surface. The critical point initially appears as a single point
corresponding to a pure shear, i.e., / = A = 0 (Fig. 4). It
immediately bifurcates into two critical points (a center and
a saddle) as shown in Fig. 11. At the instant shown in Fig.
11, the critical point has already bifurcated into a center and

62.5
56-25
50
43.75
37,5
31.25

-6.25
-12.5
-18.75
-25
-31.25
-37.5
-43.76
-SO
-56.25
-62.5
-68.75

-0.250 -0,200 -0.150 -0.100 -0.050 0.000 0.050

Fig. 5 Computed flowfield at a = 14.5 deg using structured grid;
instantaneous streamlines, vorticity contours, and location of two par-
ticles.

a =16.5° Vorticity

0.100 43.75
37.5
31.25
25
18.7S
12.S
6.25
0
-625
-12,5
-18.75
-25
-31.25
-37.5
-43.75
-50
-56.25
-62.5
-68.75

-0.250 -0500 -0.150 -0.100 -0.050 0.000 0.050

Fig. 6 Computed flowfield at a = 16.5 deg using structured grid;
instantaneous streamlines, vorticity contours, and location of two par-
ticles.

a =19.5° Vorticity

68.75
62.5
56.25
50
43.75
37.5
31.25
25
18.75
12.5
625

-31.25
-375
^3.75
-50
-56.25
-625
-68.75

Fig. 7 Computed flowfield at a = 19.5 deg using structured grid;
instantaneous streamlines, vorticity contours, and location of two par-
ticles.

a saddle. The two critical points move apart and the center
gives rise to the primary recirculating region with a clockwise
sense of rotation (Fig. 12).

At a = 16.5 deg (Fig. 6), the critical points have moved
farther apart. The leftmost critical point (a center), and the
rightmost critical point (a saddle), correspond to positive and
negative values of the Jacobian, respectively (Fig. 4). The
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a = 21.0° Vorticity 0.0625 i-

68.75
62.5
56.25
50
43.75
37.5
31.25
25
18.75
12.5

-6.25
-12.5
-18.75
-25
-31.25
-37.5
-43.75
-50
-56.25
-62.5
-68.75

Fig. 8 Computed flowfield at a = 21.0 deg using structured grid;
instantaneous streamlines, vorticity contours, and location of two par-
ticles.

a = 22.5° Vorticity
0.150

68.75
62.5
56.25
50
43.75
37.5
31.25
25
18.75
12.5
6.25
0
-6.25
-12.5
-18.75
-25
-31.25
-37.5
-43.75
-50
-56.25
-62.5
-68.75

-0.250 -0.200 -0.150 -0.100 -0.050 0.000 0.050

Fig. 9 Computed flowfield at a — 22.5 deg using structured grid;
instantaneous streamlines, vorticity contours, and location of two par-
ticles.

0.0625 r

0.0600 -

0.0575 ̂

0.0550
-0.100 -0.075 -0.050 -0.025

Fig. 10 Instantaneous streamlines at a = 14.75 deg; before the birth
of primary recirculating region.

dilatation remains essentially zero. The center marks the pri-
mary recirculating region, which eventually leads to the
boundary-layer separation and (ultimately) dynamic stall. At
a = 19.5 deg (Fig. 7), the primary recirculating region has
grown in transverse direction, which is reflected in the in-
creased magnitude of the Jacobian. The saddle point has moved
slightly downstream.

At a = 21.0 deg (Fig. 8), a second pair of critical points
have appeared near the upper surface at approximately 10%
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-0.100 -0.075 -0.050 -0.025

Fig. 11 Instantaneous streamlines at a = 14.99 deg; birth of primary
recirculating region.
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Fig. 12 Instantaneous streamlines at a = 15.01 deg; growth of pri-
mary recirculating region.

chord (saddle point) and 13% chord (center). A secondary
recirculating region forms about the second center with coun-
terclockwise rotation. The primary recirculating region has
grown farther in transverse dimension. The first saddle point
has migrated to the airfoil surface at 28% chord and become
a half-saddle. Another half-saddle point is present on the
upper surface at 2% chord. The instantaneous streamline em-
anating from the upstream half-saddle point encompasses the
two recirculating regions and approaches the downstream half-
saddle point.

At a = 22.5 deg, a third pair of critical points have emerged
to form a tertiary recirculating region and saddle point. The
sense of rotation of the tertiary recirculating region is clock-
wise. At subsequently larger values of a, the primary recir-
culating region "detaches" from the boundary during the for-
mation of the dynamic stall vortex.

The relationship between the birth of the critical points and
the Moore-Rott-Sears (MRS) criterion has been studied. Ac-
cording to the MRS criterion, separation of the boundary
layer corresponds to point of zero shear stress and zero ve-
locity within the fluid in a frame of reference traveling with
the separation region. If the airfoil attached coordinate axis
is assumed to be the frame of reference considered by the
MRS criterion, then the appearance of a critical point would
signify separation in the MRS sense if the shear stress is zero
at the critical point. The shear stress at all critical points is
found to be nonzero and comparable to the shear stress at
the wall, with the exception of the half-saddle points on the
airfoil surface where the shear stress is necessarily zero.
Therefore, the critical points within the flowfield are not sep-
aration points according to the MRS criterion.
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Fig. 13 Instantaneous streamlines at a = 14.5 deg for unstructured
grid calculation.
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Fig. 15 Instantaneous streamlines at a = 19.5 deg for unstructured
grid calculation.
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Fig. 14 Instantaneous streamlines at a = 16.5 deg for unstructured
grid calculation.
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Fig. 16 Instantaneous streamlines at a = 21.0 deg for unstructured
grid calculation.

The locations of two particles released in the flowfield are
shown in Figs. 5-9. A number of other particles were also
released in the flowfield and the conclusions presented here
have been drawn after studying all such particles released.
The instantaneous streamlines show the reversed flow region
reaching the leading edge at about a = 15 deg, and the particle
traces confirm it. Figure 6 shows the red particle moving
toward the leading edge whereas the black particle, which
was released at a distance above the red particle from the
leading edge, moving toward the trailing edge. This shows
that the reversed flow is contained in a very thin region near
the surface. Figure 7 shows both particles moving toward the
leading edge, indicating a thickening of the reversed flow
region with increasing a. The reversed flow tm'ckness in-
creases with increasing a and expands rapidly for a > 18 deg
along with the expansion of the primary recirculating region.
The particles released near the leading edge move away from
the wall and then approach the surface at about the quarter
chord position. The streamline plots in Figs. 8 and 9 display
similar qualitative behavior. Figure 8 shows the two particles
being caught in the primary recirculating region. Just after
the secondary recirculating region forms over the airfoil, a
three-layer structure appears near the wall. The bottom layer
near the wall has forward flow. The intermediate layer has
reversed flow, whereas the top layer has forward flow. The
formation of the secondary recirculating region precedes the
sudden ejection of the particles in a direction approximately
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-0.050

-0.100

secondary recirculating region}
tertiary recirculating region \

\primary recirculating region\

-0.250 -0.200 -0.150 -0.100 -0.050 0.000 0.050

Fig. 17 Instantaneous streamlines at a = 22.5 deg for unstructured
grid calculation.

normal to the airfoil surface, which indicates the boundary-
layer separation. The two particles which were released very
near the airfoil surface are seen at a distance from the airfoil
surface which is comparable to the boundary-layer thickness
(Fig. 9). The ejection of the particles is aided by the three-
layer structure, which gives rise to forward and reversed flow
on the two sides of the point of ejection. The mechanism of
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eruption of the boundary layer is found to be similar to the
one discussed by Peridier et al.21-22 The secondary and the
primary recirculating regions interact with each other and
eject the fluid from the airfoil surface.

The sequence of events just described may vary significantly
at different flow conditions (Rec, M*, HQ" > and tne nature of
the pitching motion). Future research efforts will be focused
on understanding the effects of these parameters on the initial
stages of boundary-layer separation.

B. Unstructured Grid
Instantaneous streamlines obtained using the unstructured

grid code are shown in Figs. 13-17 at a = 14.5, 16.5, 19.5,
21.0, and 22.5 deg. Overall, there is close agreement between
the structured and unstructured grid computations. The pri-
mary recirculating region is evident in both cases at a = 16.5
deg, and has grown at a = 19.5 deg. The secondary and
tertiary recirculating regions at a = 22.5 deg are quantita-
tively very similar in both computations. The close compar-
ison between the separate computations using two funda-
mentally different algorithms lends substantial credibility to
the results.

V. Conclusions
The initial stages of boundary-layer separation on a NACA-

0012 airfoil pitching about its quarter chord axis at Rec = 104,
M-s_ = 0.2,andn(| = 0.2 have been studied using two separate
numerical algorithms based on a structured and unstructured
grid, respectively. The principal results are as follows.

1) The emergence of the primary recirculating region has
been traced to a pair of critical points (a center and a saddle)
that first appear within the flowfield at a = 14.99 deg at the
18% chord location and a distance 2.5 x 10~3c above the
airfoil. The primary recirculating region (center) has a clock-
wise sense of fluid rotation and grows with increasing a.

2) The critical points in the flowfield in a reference frame
attached to the airfoil do not signify boundary-layer separa-
tion in the sense of Moore-Rott-Sears.

3) Secondary and tertiary recirculating regions form after
the appearance of the primary recirculating region. The sense
of fluid rotation is counter clockwise and clockwise, respec-
tively. The secondary recirculating region interacts with the
primary recirculating region to eject the fluid close to the wall
in a direction approximately normal to the wall. The ejection
of the fluid near the wall signifies boundary-layer separation.

4) The accuracy of the computations has been confirmed
by the close agreement between the structured and unstruc-
tured grid computations and the grid refinement study for the
structured grid computations.
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