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ABSTRACT

The vortical flow structure of a constant—
rate pitching airfoil is studied numerically and by
flow visualization method. N-S
equation in vorticity—stream function form is
solved using ADI method for the vorticity equa-
tion and a direct method for the stream—function
equation. Hydrogen bubble technique is used for
flow visualization. The time development of the
separated ftow structure on the upper surface of
the airfoil and the structure of vortex sheet shed
from lower surface boundary layer at the trailing
edge are revealed, and effects of pitch rate and
pitch axis location are studied. Based on the
vortical flow  structures and  calculated
aerodynamic forces on the airfoil, and using
vorticity dynamics theory, the mechanism of dy-
namic stall is stadied and insights are provided.

1. INTRODUCTION

One of the most complex and interesting flow
phenomena in unsteady acrodynamics is the delay
of boundary layer separation and formation of
vortices on a lifting surface undergoing pitching
motions, or dynamic stall. The majority of the re-
search on dynamic stall has been concentrated on
airfoils  subjected to sinusoidal pitching
oscillations, motivated by its application to heli-
copter blade stalll. Progress in this problem area
is hindered by the need to account for many
interrelated flow parameters. In addition to the
usual flow field dependance on Reynolds number,
Mach number and airfoil shape, the effects of
mean angle of attack, frequency and amplitude of
the forcing motion must be considered. Recently
much work has been done on the case of
constant—rate pitching motion2. Interest in this
problem have been stimulated by projected air-
craft manoeuvrability enhancement, The study of
constant—rate pitching, starting from a well de-
fined steady flow condition, is also attractive be-
cause it allows the investigation of dynamic stall

without the added complexity of motion history
effects.

Based on the theoretical work of Wu?® it can
be shown that for imcompressible flow the force
exerted by the fluid on the airfoil is dominated by
the time rate of change of the first moment of
vorticity in the flow field. Therefore, it is inter-
esting to know the vortical flow structures of the
airfoil, their evolution with time, and the effects of
pitching rate and other parameters, in order to
understand the mechanism of dynamic stall. In
previous experiments on flow visualization for
constant—rate pitching airfoil, markers were in-
troduced into the flow field from the upstream of
the airfoil and flowed into the large—scale vortical
system. Detailed flow structures were not ob-
served. Recent numerical studies'’revealed com-
plex separated flow structures on the upper sur-
face of the airfoil. But in these studies, considera-
tion was not given to the vortex sheet shed into
the wake from the lower surface boundary layer
at the trailing edge, and the mechanisms of gener-
ation of high lift and dynamic stall were not well
explained. In this paper, the separated flow struc-
ture and the structure of the vortex sheet in the
wake of a constant—rate pitching airfoil are inves-
tigated numerically and by flow visualization
method, and based on the flow structures and cal-
culated aerodynamic forces on the airfoil, and us-
ing the theory of vorticity dynamics, the mecha-
nism of dynamic stall is studied.

1l . Governing Equations, Boundary Condi-
tions, and Numerical Procedure

In the rotating reference frame in fig, 1,
vorticity equation and stream—function equation
are

1
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where @ is the vorticity, y the stream function and
Q) the pitch rate, and variables in the above equa-
tions have been nondimensionalized using
], U, and 1/ u,, as the reference length, velocity
and time respectively (., is the free stream speed
and 1=c¢/ A, where ¢ is the chord length of the
airfoil and A is a constant). Rel=1u,,/v=Re/ 4
and Q=2Q" /A (Re is chord Reynolds number
and Q* the nondimensional pitch rate using ¢ / 2
as reference length). The vorticity and stream
function in inertial frame of reference, w; and ¥,
can be related to @ and ¥ as

®, =o+20 3)

U, =¥ —Q(x"+y")/2 0

For generation of computational grid,
=z, 4940 /(2,4 —0 (5)

is used to map an unit circle in z, =re’plane onto
an airfoil of chord length A in z plane, and with
b?=0.7608954 and y=-—0.0769384, equation (5)
closely defined a NACAO0015 airfoil in z plane.
Furthermore, letting

r=exp(nf), 0=nmnn (6)
equation (5) maps a rectangular domain with uni-
form grid in {= &+in plane onto a domain in z
plane with close grid nodes near the airfoil, fig.1.
In { plane equation (3) and (4) become

2

d 1
) 0, 4,00~ 0, = g @y
dz|*dQ
+(Dtm)—2zc' g )
2
Ve t¥,=— z_z (8)

The boundary conditions are prescribed as fol-
lows:

dz
V=0, w= -‘//“/,TC
<2, t>0 9

2

,at £=0, 07

ll/=\1/,,0+9(x2+y2)/2, w=0,
—20, at =%, 0<n<2,1>0 (10)

where Ygand wpgare the stream function and
vorticity on the for field boundary (seeing from

the inertial frame of reference), which are approx-
imated by the potential flow solution of the
airfoil.

‘/’1,0 = 2shn{ sinfan — al1)] an

W, = 0 (12)
where a is the angle of attack of the airfoil, fig.1.
In this study, the airfoil was first started abruptly
at zero angle of attack and after the flow devel-
oped for some time, it began to pitch up.
Therefore, the initial condition is given by the po-
tential flow solution of the airfoil at zero angle of
attack. The surface pressure distribution is ob-
tained by integrating the tangential component
of N—S equations in primitive variables and from
the pressure distribution the forces are calculated.

Details of the numerical procedure is given in
ref.5. The vorticity equation was solved by ADI
method. The convection terms were
discretized by central differencing scheme and
nonlinear terms were lagged a full time step. Sur-
face vorticity was discretized by Wood’s second
order formula*, The total order of accuracy of the

method is O(Aé2 , An2 , At). The stream function
equation was solved by a direct method for
Poisson equation (FFT method).

In most of the calculated cases, the chord
Reynolds number, pitch axis location and pitch
rate were the same as that in the experiment des-
cribed in next section, Some calcalations were
done for different pitch axis locations.

In the calculations, numerical uncertainties
were mainly associated with the far field bounda-
ry location, spatial resolution, and time step
value. Calculations were performed with
Q"=0.24, using r,=15, 23 and 30. Difference be-
tween the calculated flow structures and forces for
r,=23 and 30 was small, and correspondence be-
tween the calculated flow structures and the flow
visualization data was satisfactory. Therefore the
far field boundary was put at ry= 23 in the present
study. similar numerical experiments were con-
ducted 3to determine the grid size, the grid size
(200 x 128) was considered suitable for the present
study. Numerical experiment’also showed that as
At<0.001, numerical solution was effectively in-
dependent of time step value. Thenefore
At=0.001 was used in the calculations,

II. Description of Experiment

The experiment was conductad on a NACA
0015 airfoil of 0.1m chord length in a 0.4 x 0.4 %
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6.8m*water channel at a chord Reynolds number
of 8600 in a wide range of
Q' (Q"=0.063, 0.14, 0.24, 0.36, 0.45, 0.52, 0.64,
0.84, 1.2). The pitch axis location was at 30 %
chord position. Hydrogen bubble technique was
uvsed in the experiment. Hydrogen bubble wire
was arranged in three different ways, fig.2, 1) in
the upstream of the airfoil to visualize the overall
flow field, 2) near the upper surface of the airfoil
to visualize the separated shear layer, 3) at the
trailing edge (moving with the airfoil) to visualize
the vortex sheet shed into the wake from the lower
surface boundary loyer.

IV. Results and Discussion

1. Separated flow structure

Comparison between the calculated and vis-
valized flow pattern showed that the correspon-
dence was satisfactory, but the numerical solution
gave more detailed structures of the flow. As an
example, fig.3 gives some flow visualization pic-
tures together with numerical solutions (more
complete flow visualization data are given in ref.
5.

The time development of streamline pattern
from numerical solution for the case of Q"=0.24
and x,/c¢=0.3 (x,s the distance from leading
edge to pitch axis) is shown in fig.4, which is used
to describe the main features of the upper surface
separated flow structure. At «=0° , the flow is
symmetric and displays a small reverse flow re-
gion near the trailing edge. As the pitching mo-
tion begins, the reverse flow at the lower surface
dispears, while on the upper surface, the reverse
flow region expands upstream. As « is about 30 °,
the reverse flow has reached the leading edge of
the airfoil, fig. 4a, and there is a shear layer with
clockwise vorticity floating on the reverse flow,
fig. 4b. The shear layer, resembling a free shear
layer, is not stable and after a short time,
reorganizes itself into a series of vortices, fig. 4c.
In this paper, the vortex near the leading edge is
refered as to dynamic stall vortex, and other
vortices as to shear layer vortices. There are also
some very small secondary vortices below the dy-
namic stall vortex and shear layer vortices, fig. 4c.
The dynamic stall vortex is strong and grows fast
in size, fed by the vortex sheet from the leading
edge of the airfoil, fig. 4d. As a further increasing;
the dynamic vortex absorbs the shear layer
vortices into itself while keeps fed by the vortex
sheet from the leading edge, fig. 4e, and it be-
comes larger and larger in size. Finally the dynam-
ic stall vortex begins to move downstream, fig.4f,
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For 0.063<< Q"< 0.52 (x,/c¢=0.3) in the
present study, the upper surface flow development
of the airfoil was characterized by the flow fea-
tures described above, which includes reverse flow
region expanding from trailing edge to leading
edge, shear layer floating on the reverse flow rol-
ling up into dynamic stall vortex and shear layer
vortices, the interaction between these vortices
and dynamic vortex dominating the separated
flow field, and dynamic stall vortex moving
downstream.

The main effect of QF is that as QF is in-
creased, the above flow features are delayed, the
separated flow region becomes smaller in size and
more closed to airfoil surface. For larger Q*, only
very small dynamic stall vortex forms at very high
« and the flow is effectively attached. Fig.5 shows
the calculated flow patterns at «=45 ° for vari-
ous Q.

Calculated flow patterns with different pitch
axis locations for Q" =0.24 are show in figs.6 and
7. It is seen that as x,/c is increased, the
development of dynamic stall vortex is delayed
and separated flow region become smaller in size.

2. Vortex sheet shed at the trailing edge

As will be discussed in next section, vorticity
shed into the wake from lower surface boundary
layer at the trailing edge plays an important role
in generating aerodynamic forces on the
airfoil. Much less attention was paid to it in pre-
vious works. The present flow visualization and
numerical studies show that when Q* is relatively
small, the vortex sheet is not strong and rolls up
into a series of small vortices while convecting
downstreum, as is shown in the picture in fig.8a.
When Q" is large, the vortex sheet is strong and
rolls up into a concentrated vortex near the
airfoil, called starting vortex in this paper, as is
shown in the picture in fig.8b. Comparison be-
tween calculated and flow visualization results
for the structure of vortex sheet shed at the trail-

ing edge is good near the airfoil, and the calcu-
lated vortices in the wake looks more diffused

when they are about one chord length away from
the ailfoil. The trajectories of the wake vortices,
sketched from flow visualization pictures, for
Q"=0.14 and 0.24, are shown in fig.9. For larger
QF, the vortex sheet rolls up into starting vortex
and its locations can be measured from the flow
pictures, as shown in fig.10. It is interesting to
notg that for giving «, the vortex is more closed to
the airfoil as Q" is increased.

3. Calculated Forces and mechanism of dy-




namic stall

Theoretical analysis of Wu® showed that the
fore, F, exerted by the fluid on the airfoil could be
written as

do

F= —pE

d
+pZIAVdA (13)

where p is the fluid density, « the first moment of
the vorticity in the solid body and the fluid, A the
area of the airfoil and V the velocity of some
point in A. For constant—rate pitching, it can be
shown that both the second term in the right hand
side of eg.(13) and the contribution of the
vorticity in the rotating solid body to the
first term in the right hand side of eq.(13) are pro-
portional to (QYYA/cH(r,/c), where 1,
denotes the distance from the pitching axis to the
centroid of A. They are not significant for cases of
Q< 1 (A/c% r,/¢c are wusually much
smaller than one). Therefore, the force on the
airfoil is mainly from the time rate of change of
the first moment of vorticity in the fluid.

Fig.11 shows the calculated aerodynamic
force coefficients V.S. o« for different
Q+(x0 7/ ¢=0.3). It is seen that compared with stat-
ic case, the lift is increased and stall delayed.
When the airfoil is pitching, clockwise vorticity
from the upper surface boundary layer remains in
the vicinity of the airfoil due to the delay of
boundary layer separation and the formation of
the dynamic stall vortex and shear layer vortex as’
discussed above, while counterclockwise vorticity
is shed into the wake from the lower boundary
layer at trailing edge and convects relatively. fast
downstream, resulting large time rate of change of
first moment of vorticity. This explains, on a qual-
itative basis, the mechanism of generation of large
aerodynamic loads on pitching airfoils. When the
dynamic vortex grows large and vorticity in it
moves downstream, large time rate of change of
first moment of vorticity, with opposite sense to
that  resulted from  counterclock - wise
vorticity in the wake, will occur, hence the total
time rate of change of first moment of vorticity in
the fluid will decrease, resulting lift stall.

For given a, C; increases as Q s
increased, fig.11. When Q is increased, because
the flow speed on the edge of boundary layer at
the trailing edge, denoted by uy, increases ( this
can be seen from calculated streamline patterns
near the trailing edge, fig.5, and hydrogen bubble
time line for cases of hydrogen bubble wire
mounted at the trailing edge), the
counterclockwise vorticity shed into the wake in

. . R 2 . .
unit time, which is proportional to #,, is In-

creased, and these vorticity usually moves
downstream relatively fast, while the separated
shear layer on the upper surface become more
closed to the airfoil (fig.5), ie. with less
downstream motion. This results in large time
rate of change of first moment of vorticity, hence.
larger lift.

For 0.063<< Q"< 0.24 in fig.11, as Q" in-
creases, lift stall is delayed, which corresponds to
the delay of the formation of dynamic stall vortex
and its leaving the airfoil as discussed above. It is
interesting to note from fig.11 that for Q"=0.52
and 0.64, the “lift stall” occurs at smaller « (about
30 ° ). At the above conditions, there are not flow
separations on the upper surface, fig.5, and the
“lift stall 7 is not in the usual sense. This phenom-
enon may be explained as following. When Q" is
high, the vortex sheet shed at trailing edge rolls up
into a concentrated vortex and downstream mo-
tion of the shed vortex sheet is slowed and part of
the vorticity even moves back towards the airfoil,
due to the rolling—up, as seen in fig.8b, resulting
in a decrease of the time rate of change of first
moment of vorticity.

Fig.12 shows force coefficient V.S. « for vari-
ous X,/ ¢ (Q"=0.24). It is seen that as pitch axis
moves forward, C;increases. But from figs.6 and
7, separation occurs earlier and separation region
is larger as x,/ ¢ is decreased. Therefore, smaller
separation region does not always
correspond to larger lift. As x,”/ ¢ is decreased for
fixed QF, up will increase, as can be seen from the
streamline plot in figs.6 and 7, and vorticity shed
into the wake from lower boundary layer at the
trailing edge in unit time will increase. This may
result in larger time rate of change of the first
moment of vorticity, causing lift to increase.

V. Summary

1) As the airfoil is pitching, starting from
o=0, reverse flow region on the upper surface ex-
pands from trailing edge to leading edge. The
shear layer above the rear flow, resembling a free
shear layer, rolles up into shear layer vortices and
dyamic stall vortex. The dynamic stall vortex
grows fast and dominates the separated flow field.

As QF is increased, for fixed pitch axis
(X, / ¢=0.30), or as x, / ¢ is increased, for fixed Q*
(QF=0.24), formation of shear layer vortices and
dynamic stall vortex will be delayed and separated
flow region become smaller in size and more

1445




closed to the airfoil upper surfaee.

2) For ©'=0.063—0.24, the vorticity shed
from the lower boundary layer at the trailing edge
forms a series of small vorteced and convect
downstream. For Q> 0.45, the shed vorticity
rolles up into a concentrated vortex and part of
the vorticity moves downstream first and then
moves towards the airfoil due to the rolling—up.

3) Downstream movement of
counterclockwise vorticity shed at the trailing
edge, and clockwise vorticity remaining near the
airfoil due to delay of separation and formation
of shear layer vortices and dynamic vortex, are
the mechanism for pitching airfoil generating
large lift.

4) For fixed pitch axis (x,/ ¢=0.3), as Q" is
increased, more counterclockwise vorticity is shed
into wake in unit time, separated region on the
upper surface become smaller and closed to the
airfoil, and C; increases.

For fixed Q'(Q"=024), as x,/c is
decreased, more counterclockwise vorticity is shed
into wake in unit time, separated region on the
upper surface become larger, and C; increases.

5) When dynamic stall vortex grows larger
and vorticity in it moves downstream, causing the
total time rate of change of first moment of
vorticity to decrease, lift stall occurs. For large
Q7 (Q"> 0.52), boundary layer on upper surface
does not separate, but the downstream movement
of vortex sheet shed from the trailing edge is
slowed and part of the vortex sheet moves to-
wards the airfoil because of the rolling —up of the
vortex sheet, resulting in a new type of lift stall.
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Fig.1. Pitching airfoil configuration.
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Fig.3. Comparitions between flow visualization picture and
numerical solution. Re= 8600, Q*=0.24, X4/ ¢=0.3, a=50° . (a)
hydrogen bubble wire at upstream of the airfoil, (b) hydrogen bubble
wire on airfoil surface, (c) calculated streemline pattern, (d) calculated
vorticity field.




(b)

Fig.5. Flow field for various Q.
Re=8600, X/ ¢=0.3. a=45°.
(2) Q" =0.063, (b) Q" =0.64 (QF=0.24, see fig.4c).

Fig.6. Flow field. Xo/ ¢=0.1, Re=28600,
Q"=0.24. (a) «=45°, (b)a=60".

Fig.4. Flow development with time.

Re=8600, Q*=0.24, x,/c¢=0.3. (a) a=30"° (a) (b)

(b) a=35°, () a=45°, (d)a=50° L |

€ a=55°, (f)a=65° Fig.7. Flow field. xy/ ¢=0.7, R =8600,
QF=0.24. (a) «=45°, (b)a=60".
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(a) (b)

Fig.8. Structures of vortex sheet shed at trailing
wire on the trailing

edge (hydrogen bubble
«=35° , (2)Q"=0.17,

edge). (BQT=12,
45°

o

(2)

(b)

Fig.9. Structures of vortex sheet shed at trailing
edge (hydrogen bubble wire on the trailing edge).
e VT =024, e 0T=0.14, (3) 2=25°,
b)a=45°,
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Fig.10. Locations of starting vortex.
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Fig.11. Lift coefficient C; and drag coefficient

Cp V.S. a. R,=8600, xy/c=0.3 —Q*"=0.063,
...... Q0" =0.14,~-Q7=0.24,6 Q" =0.52,* Q"=0.64.
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Fig.12. Lift coefficient C, and drag coefficient
Cp V.S. a. Re=8600, Q7=0.24, —Xo/ ¢=0.7
—Xo/¢=0.5 ... X/¢=03, ... x/¢c=0.1,
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