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Detachment of the Dynamic-Stall Vortex Above a Moving Surface

Aleksandr V. Obabko¤ and Kevin W. Cassel†

Illinois Institute of Technology, Chicago, Illinois 60616

Dynamic stall occurs on helicopter blades and pitching airfoils when the dynamic-stall vortex, which forms as a
result of an unsteady boundary-layer eruption near the leading edge, detaches from the surface and convects into
the wake of the airfoil. The dynamic-stall vortex is modeled as a thick-core vortex above an in� nite plane surface.
Numerical solutions of the unsteady Navier–Stokes equations are obtained to determine the nature of the unsteady
separation and vortex detachment processes and the in� uence of a moving wall. Whereas the unsteady separation
process evolves very differently within two Reynolds number regimes, the detachment process is observed to be
very similar over the range of Reynolds numbers considered. A moving wall has a signi� cant in� uence on both
processes. It is found that increasing the wall speed toward a critical value, which is equal to the magnitude of
the maximum inviscid velocity at the surface, results in solutions that are indicative of � ows at lower Reynolds
numbers. Eventually, for wall speeds close to this critical value, formation of the recirculation region and unsteady
separation are suppressed altogether, and detachment of the vortex is prevented.

Nomenclature
a = streamwise grid transformationparameter
b = normal grid transformationparameter
k = thick-core vortex parameter
Re = Reynolds number
.r; µ/ = cylindrical coordinates
r0 = normal distance to vortex center
t = time
jUe jmax = maximum magnitude of inviscid streamwise

velocity at surface
U0 = freestream velocity in � xed frame of reference
.u; v/ = streamwise and normal velocities
Vc = streamwise vortex convection velocity
.x; y/ = streamwise and normal coordinates
. Ox; Oy/ = streamwise and normal computationalcoordinates
x0 = center of streamwise grid transformation
® = fractional convection rate of vortex
¯ = nondimensionalwall speed
¯c = critical wall speed
¯m = jUejmax

º = kinematic viscosity
Ã = stream function
Ã0 = inviscid stream function
! = vorticity

Subscript

s = unsteady boundary-layersingularity

Superscript

¤ = dimensional variables

I. Introduction

D YNAMIC stall at high Reynolds numbers involvesa sequence
of events that leads to the formation and subsequent detach-
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ment of a vortexabovepitchingairfoils,helicopterblades,and com-
pressor blades.1¡3 As the angle of attack of an airfoil is increased,
an increasinglyadversepressuregradient forms immediatelydown-
stream from the leading edge, which results in the formation of a
recirculationregion. At high Reynolds numbers Re, unsteady sepa-
ration results in an eruptive boundary-layerresponse in which vor-
ticity is ejected and ultimately rolls up to form the dynamic-stall
vortex. For the period of time that the dynamic-stallvortex remains
attached to the suction surface of the airfoil, there is an increase
in lift. The presence of the vortex, however, induces a locally ad-
verse streamwise pressure gradient that leads to a second unsteady
boundary-layer eruption. A subsequent interaction involving the
eruptingspire,dynamic-stallvortex,andmainstream� ow causes the
vortex to detach from the surface and convect downstream. When
the vortex convects past the trailing edge, the airfoil experiences a
sudden loss of lift and a pitchingmoment. Dynamic stall is an inter-
estingexample of unsteadyseparationin which the adversepressure
gradients that initiate the eruptiveprocesses are induced both by the
geometry, that is, near the leading edge, and by the presence of a
vortex.

A signi� cant amount of effort has been devoted to increasing
our understanding of dynamic stall through both experimental and
numericalinvestigations.4¡11 The ultimateobjectivesof theseefforts
are to improve our physical understanding of unsteady separation
and dynamic stall and to guide the development of techniques for
controllingsuch events. In some applications,such as rotorcraftand
turbomachinery, it is typically desired to suppress dynamic stall
altogether to maintain smooth attached � ow. In other applications,
such as high-angle-of-attackaircraft, it may be possible to increase
maneuverability by taking advantage of the high-lift stage of the
dynamic-stall process.

A numberof approacheshavebeen consideredfor controllingun-
steady separation and dynamic stall. For example, Chandrasekhara
et al.12 have demonstrated that the stall angle of an airfoil can be
delayed using an adaptive airfoil leading edge that is capable of
changing shape locally, thus altering the pressure distribution. It
has been shown experimentally that leading-edgesuction can be ef-
fective in controlling formation of the dynamic-stall vortex on air-
foils by Karim and Acharya13 and Alrefai and Acharya.14 Cassel15

considered the mixed convection induced by a rectilinear vortex
above a heated surface at various angles of inclination and found
that the onset of the boundary-layer eruption can be accelerated or
delayed by the action of buoyancy forces on the heated near-wall
� uid.

Solutions of the unsteady boundary-layerequations in regions of
adversepressuregradientinevitablyresult in formationofa singular-
ity as the boundary layer grows rapidly toward a local eruption.16;17

The in� uence of a moving wall on this process has been consid-
ered by Doligalski and Walker18 and Degani et al.19 Degani et al.
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Fig. 1 Singularity time ts, streamwise positionxs , and speed relative to the external velocity Ue (xs ) ¡ ¡ us from solutionsof the unsteadyboundary-layer
equations for the thick-core vortex (from Cassel and Obabko20 ).

considered two model problems involvingmoving walls: the trans-
lating and rotating circular cylinder and a rectilinear vortex con-
vected in a uniform � ow above a moving wall. It was found that
unsteady separation can be suppressed for wall speeds beyond a
certain critical value. This critical wall speed ¯c is slightly less than
the maximum magnitude of the external velocity at the outer edge
of the boundary layer due to the inviscid � ow.

Similar calculations of the unsteady boundary-layer equations
have been carried out for the thick-corevortex, which is considered
in this investigation, by Cassel and Obabko.20 The results corrob-
orate the � ndings of Degani et al.19 and are summarized in Fig 1.
The nondimensionalwall speed is ¯ , and the maximum magnitude
of the external velocity is jUejmax D 2:4829. As ¯ is increased from
zero, the singularity time ts is delayed (ts D 1:402 for ¯ D 0), and
the streamwise position of the singularity xs moves downstream to-
ward the out� ow stagnation point at x D ¡2:0811. Suppression of
the singularity occurs at ¯c ¼ 2:3, when the difference between the
local external velocity at the streamwise location of the separation
point Ue.xs / and the streamwise speed of the separation point us

goes to zero. Just as in Ref. 19, this critical wall speed is slightly
less than the maximum magnitude of the external velocity jUe jmax.

In the present study, it is of interest to consider numerical solu-
tions of the Navier–Stokes equationsover a range of Reynolds num-
bers and wall speeds to determinehow the moving wall mechanism
differs as compared to the unsteady boundary-layer results, which
apply as Re ! 1. Cassel,21 Obabko,22 and Obabko and Cassel23

consideredthe case of a thick-corevortex with ¯ D 0 and found that,
in termsof the spike formationprocessand viscous– inviscidinterac-
tion, there are three Reynolds number regimes. The high-Reynolds-
number regime is characterized by solutions of the unsteady
boundary-layer equations, which result in a very narrow eruption
that leads to a small-scale interaction. In the moderate-Reynolds-
number regime, the recirculation region forms just as in the
boundary-layercase, followed by formation of the spike on the up-
stream side of the recirculationregion;however, the spike formation

process is accelerateddue to a large-scaleinteractionthat is insignif-
icant in the high-Reynolds-number regime. In the low-Reynolds-
number regime, the spike does not form; instead, the recirculation
region continues its growth and interactswith the thick-corevortex.

The near-wall � ow development is somewhat different in the
low- and moderate-Reynolds-number regimes. In the moderate-
Reynolds-number regime, the recirculation region induced by the
adversepressuregradientundergoesa seriesof eddy splittingsdue to
the growth of secondary recirculationregions and ejectionsof near-
wall vorticity, which produces a series of corotating eddies. These
eddies later begin to merge one-by-one before moving away from
the surface,which causes the thick-corevortex to detach. Results in
the low-Reynolds-numberregime do not exhibit this eddy splitting;
rather, the primary recirculationregion causes the thick-corevortex
to detach in a manner similar to that of the merged eddies in the
moderate-Reynolds-number regime.

It is found in this investigation that, in terms of the near-wall
� ow evolution, the moving wall effectively increases or decreases
the Reynolds number depending on whether the wall moves in
the same direction as the external � ow, effectively decreasing the
Reynolds number, or in the opposite direction, effectively increas-
ing the Reynolds number. For example, a case that for ¯ D 0 is in
the moderate-Reynolds-number regime can be altered by increasing
the wall speed to a � ow that is representativeof the low-Reynolds-
number regime. In terms of vortexdetachment,however,the process
is delayed with increasingwall speed until a wall speed close to the
maximum inviscid streamwise velocity jUe jmax is reached, above
which the recirculationregion does not form and vortex detachment
is suppressed.In other words, to prevent vortex detachmentrequires
suppression of formation of the recirculation region (in a frame of
reference moving with the vortex), not only suppression of spike
formation and eruption. Note that these results may alternativelybe
viewed within the context of a convectingvortex above a stationary
surface, where ¯ becomes the nondimensional convection velocity
of the vortex relative to the surface.
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II. Formulation
A. Thick-Core Vortex

In this investigation, the dynamic-stall vortex is modeled as a
thick-core vortex above an in� nite plane surface. The inviscid � ow
due to the thick-core vortex consists of a semicircular vortex, in
which thevorticityis proportionalto thestreamfunction,surrounded
by the irrotational � ow due to a circular cylinder with a freestream
velocity U0 (Ref. 24, pp. 534, 535). The thick-corevortex is shown
schematically in Fig. 2 in a frame of reference moving with the
vortex.Note that dimensionalvariablesare denotedwith an asterisk.
The inviscid vortex has a velocity Vc relative to the wall due to its
self-induced � ow. Note that, if placed in a stagnant � uid, that is,
U0 D 0, a vortexwith negativesign rotation(clockwise) will convect
in the negative x direction (Vc < 0) due to its self-inducedvelocity.

As in Refs. 18 and 19, the following parameters are de� ned to
characterize the speed of the vortex in an inviscid � ow:

® D Vc=U0 (1a)

¯ D ®=.1 ¡ ®/ (1b)

where ® is the fractional convection rate of the vortex relative to
the freestreamvelocity and ¯ is the nondimensionalwall speed in a
frame of reference moving with the vortex. In this reference frame,
the freestream velocity becomes U0.1 ¡ ®/. The case with ® D 0
.¯ D 0/ corresponds to a vortex with suf� cient self-induced veloc-
ity to balance exactly the oncoming � ow and to remain stationary
relative to the wall, that is, Vc D 0. This is considered in more detail
by Cassel,21 Obabko,22 and Obabko and Cassel.23 As ® is increased
from zero to one .0 < ¯ < 1/, the vortex becomes weaker and/or
farther from the wall and is convecteddownstream(0 < Vc <U0 ). In
the limiting case ® ! 1 .¯ ! 1/, the vortex has zero circulationor
is an in� nite distance from the wall and, therefore,convectswith the
freestreamvelocity,that is, Vc D U0. For ¡1 < ® < 0 .¡1 < ¯ < 0/,
the vortex is suf� ciently strong and/or close to the wall to over-
come the oncoming � ow and convect upstream relative to the wall
(Vc < 0). When 1 < ® < 1 .¡1 < ¯ < ¡1/, the rotationof the vor-
tex reverses sign, and the vortex convects downstream with a speed
greaterthan the freestreamvelocity(Vc >U0 ). The casewith ® ! 1
.¯ ! ¡1/ corresponds to a vortex propagating in a stagnant � uid,
that is, U0 D 0. This case was investigatedby Walker25 and Peridier
et al.,17 who considered the unsteady boundary layer induced by a
rectilinear vortex above an in� nite plane wall.

The normal distance from the surface to the center of the vortex
is given by r0 . When r0 is taken to be the characteristic length and
the velocity at in� nity U0.1 ¡ ®/ is taken to be the characteristic
velocity, it is shown by Cassel21 that the nondimensional stream
function in cylindrical coordinates in a frame of reference moving
with the vortex for the inviscid � ow is

Ã0.r; µ / D

"
r ¡ 1

r

³
e

r0

´2
#

sinµ; r > e=r0 (2a)

Ã0.r; µ/ D 2
r0

J1.kr0r /

k J0.ke/
sinµ; r · e=r0 (2b)

where the radius of the vortex is taken as e, the base of the natural
logarithm. Here, k is a constant chosen such that ke is the � rst
zero of the � rst-order Bessel function of the � rst kind. The inviscid
stagnation points on the wall are located at x D §2:0811, where

Fig. 2 Schematic of the thick-core vortex in a frame of reference
moving with the vortex.

x is the coordinate along the wall, nondimensionalized using r0,
with the origin centered beneath the vortex. Note that kr0 is the � rst
zero of the derivative of the Bessel function of the � rst kind. With
respect to the local � ow direction in the lower portion of the vortex,
which is from right to left, the pressure gradient is adverse between
the origin and the left stagnation point. Equations (2) prescribe the
inviscid solution for the thick-core vortex above an in� nite plane
wall and provide the initial condition for the impulsively started
Navier–Stokes calculations.

B. Solution Methodology
The two-dimensional, incompressible Navier–Stokes equations

are solved for the � ow induced by the thick-core vortex using
the vorticity-stream function formulation. The vorticity-transport
equation is

@!

@t
C u

@!

@x
C v

@!

@y
D 1

Re

µ
@2!

@x2
C @2!

@y2

¶
(3)

and the Poisson equation for the stream function is

@2Ã

@ x2
C @2Ã

@y2
D ¡! (4)

The Reynolds number is de� ned by Re D U0.1 ¡ ®/r0=º.
A grid transformation is used to focus grid points near the wall

and in the streamwise region where unsteady separation occurs; it
is given by

Ox D .2=¼/ arctan[.x ¡ x0/=a] (5a)

Oy D .2=¼/ arctan.y=b/ (5b)

The grid parametersa and b determine the degree of focusingof the
grid near x0 , the center of the streamwise transformation, and the
wall, respectively.After the � ow is impulsively started from the in-
viscid solutionat t D 0, the vorticity-transportequation(3) is solved
using a factoredalternating-direction-implicit (ADI) algorithmwith
upwind–downwind differencing similar to that of Peridier et al.,17

and the Poisson equation for stream function (4) is solved using a
multigridalgorithm.The multigridalgorithmis O.1x2; 1y2/ accu-
rate, and the factored-ADI algorithm is O.1x1t; 1y1t/ accurate.
For additionaldetails concerningthe formulationand the numerical
techniques used in this investigation, see Cassel,21 Obabko,22 and
Obabko and Cassel.23

III. Results
Navier–Stokes solutions for the � ow induced by a thick-core

vortex have been obtained in the range from Re D 103 to 105

for ¡1:0 · ¯ < ¯m , where ¯m D jUejmax D 2:4829. Note that the
Reynoldsnumberde� nedhere is local,with the characteristiclength
scale being the height of the vortex above the wall, and would be
much higher if based on a global length scale, such as the chord
length of an airfoil. The computational grid parameters and time
steps used to obtain the results are shown in Table 1. To ensure
that all solutions are grid independent, grids with up to four times
as many points in the streamwise direction and two times as many
points in the normal direction have been used along with time steps
as small as 2 £ 10¡6.

Detailed results for the case with ¯ D 0 are describedby Cassel,21

Obabko,22 and Obabko and Cassel.23 For the purposesof this inves-
tigation, these results for ¯ D 0 will be viewed as the referencecase.
This choice is somewhat arbitrary because it simply represents the
case for which the inviscid thick-corevortex has suf� cient strength
such that its self-induced velocity exactly matches the freestream
velocityand it does not move relative to the wall.Recall that positive
¯ corresponds to a vortex traveling downstream in the direction of
the freestream � ow, in which case the wall moves in the negative x
direction in a frame of reference moving with the vortex (the same
direction as the local inviscid � ow in the lower portion of the thick-
core vortex). The cases with ¡1:0 · ¯ < 0 correspond to a vortex
having suf� cient strength to overcome the oncoming � ow and travel
upstream. In this case, the wall moves in the positive x direction in
the vortex frame, which is in the opposite direction to the near-wall
� ow beneath the vortex.
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Table 1 Computational parameters

Re ¯=¯m Grid a b x0 1xmin 1ymin 1t

103 0.00 513£ 513 0:80 0:50 ¡1:00 4:9 £ 10¡3 1:5 £ 10¡3 5 £ 10¡4

104 0.00 1025£ 513 0:40 0:15 ¡0:78 1:2 £ 10¡3 4:6 £ 10¡4 2 £ 10¡5

104 0.15 513£ 513 0:80 0:15 ¡0:90 4:9 £ 10¡3 4:6 £ 10¡4 5 £ 10¡4

104 0.25 513£ 513 0:30 0:15 ¡0:95 1:8 £ 10¡3 4:6 £ 10¡4 5 £ 10¡4

104 0.60 513£ 513 0:80 0:15 ¡1:10 4:9 £ 10¡3 4:6 £ 10¡4 5 £ 10¡4

104 0.80 513£ 513 0:80 0:15 ¡1:30 4:9 £ 10¡3 4:6 £ 10¡4 5 £ 10¡4

104 ¡0.15 513£ 513 0:40 0:15 ¡0:80 2:5 £ 10¡3 4:6 £ 10¡4 5 £ 10¡6

104 ¡0.40 513£ 513 0:40 0:15 ¡0:80 2:5 £ 10¡3 4:6 £ 10¡4 5 £ 10¡6

105 0.80 513£ 513 0:40 0:05 ¡1:30 2:5 £ 10¡3 1:5 £ 10¡4 5 £ 10¡4

a) t = 1.9

b) t = 3.0

Fig. 3 Instantaneous streamlines and vorticity contours for Re = 103 and ¯ = 0; – – – , ! = 0.

A. Stationary Wall: ¯ = 0
To illustrate the typical � ow development in the low- and

moderate-Reynolds-number regimes discussed in the Introduction,
resultsare shown for ¯ D 0 at a seriesof times for Re D 103 , which is
representative of the low-Reynolds-number regime, and Re D 104,
representativeof the moderate-Reynolds-number regime. Instanta-
neous streamlines are shown at t D 1:9 and t D 3:0 for Re D 103 in
Fig. 3. Note that Fig. 3a is a magni� ed view showing the near-wall
� ow development, and Fig. 3b is shown on the scale of the thick-
core vortex,which is centeredat .x; y/ D .0; 1/ at t D 0 (the inviscid
solution). In Fig. 3a, the shaded lines are vorticity contours with
the dashed line being ! D 0. At t D 1:9, the primary recirculation

region, which is caused by the adverse pressure gradient induced
by the thick-core vortex, is centered near x D ¡1:1. This recircula-
tion region produces its own locally adverse pressure gradient with
respect to the near-wall � ow direction, which leads to formation of
a secondary recirculationregion centered near x D ¡0:8. As shown
in Fig. 3b, the secondary recirculation region is observed to play a
relativelypassive role becauseit has not grown substantiallyrelative
to the primary eddy from t D 1:9 to 3:0. The primary eddy, which
contains vorticity of opposite sign to that of the thick-core vortex,
moves away from the surface and interacts with the thick-core vor-
tex, which causes it to move vertically away from the surface and
convect downstream. This detachment of the thick-core vortex can
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a) t = 1.55

b) t = 1.9

Fig. 4 Instantaneous streamlines and vorticity contours for Re = 104 and ¯ = 0; – – – , ! = 0.

be observed in Fig. 3b by comparing the streamwise locations of
the vortex center and right stagnation point relative to their inviscid
locations, x D 0 and x D 2:0811, respectively.

Results for cases within the moderate-Reynolds-number regime
are signi� cantly different in terms of the near-wall � ow evolution.
Results for Re D 104 with ¯ D 0 are shown in Fig. 4 (magni� ed
view)and5. As shownin Fig. 4a, by t D 1:55 a spikehas formednear
x D ¡0:85, and the primary recirculation region has split into two
corotating eddies. For comparison, the noninteracting boundary-
layer equations become singular, that is, the spike grows to an in� -
nite distance from the wall on the boundary-layerscale, at t D 1:402
for the case with ¯ D 0 (Ref. 21). In the moderate-Reynolds-number
regime, the secondaryrecirculationregion no longer plays a passive
role as it does in the low-Reynolds-number regime, instead it ex-
pands rapidly away from the surface,splittingthe primary recircula-
tion region again near x D ¡0:8, as shown in Fig. 4b. The near-wall
vorticity is then ejected away from the surfaceand wraps around the
largest of the primary eddies at t D 1:9. At this same time another
secondary recirculation region is observed to form near x D ¡0:55
and split the primary eddy again; this process repeats several times
on the upstream side of the primary recirculationregion. Note that a
similar vortex-induced� ow was solved numerically by Brinckman
and Walker.26 It was found that an instabilityappears in the vorticity
in regions referred to as alleyways that form between the corotating
eddies as observed here. The behavior of this instability in calcula-
tions of the thick-corevortex are discussedby Obabko and Cassel.23

Results on the scale of the thick-core vortex are shown for later
times in Fig. 5. By t D 2:5, the two downstream eddies centered
near x D ¡1:2 and x D ¡0:95 at t D 1:9 (Fig. 4b) have merged to
form the largest eddy in Fig. 5a. In a similar fashion, the two down-
stream eddies then merge again, as shown in Fig. 5b, at t D 3:0. This
amalgamated eddy then moves away from the surface and interacts
with the thick-core vortex, which causes it to detach and convect
downstream, as shown in Fig. 5c. Note from a comparison of re-
sults at t D 3:0 for Re D 103 (Fig. 3b) and Re D 104 (Fig. 5b) that the
detachment process has advanced further for the lower-Reynolds-
number case. Therefore, although the near-wall evolution is much
more complex in the moderate-Reynolds-number regime involving
formation of a spike, splitting of the primary recirculation region
into multiple corotating eddies, ejections of near-wall vorticity and
merging of the eddies, the detachment process begins earlier in the
low-Reynolds-numberregime. In spite of these differences, the de-
tachment process itself appears to be very similar in both the low-
and moderate-Reynolds-number regimes.In particular,note the sim-
ilarity between Fig. 3b and 5c.

Another important difference between the low- and moderate-
Reynolds-numberregimes may be observed by following the max-
imum slope of the streamwise pressure gradient along the surface
for various Reynolds numbers with ¯ D 0, as shown in Fig. 6. In
Ref. 23, it is explained that the streamwise location of the max-
imum slope corresponds to the location where the accelerated
spike formation occurs in the moderate-Reynolds-number regime
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a) t = 2.5

b) t = 3.0

c) t = 4.5

Fig. 5 Instantaneous streamlines for Re = 104 and ¯ = 0.
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due to compression of a portion of the primary recirculation re-
gion. For all of the cases except Re D 103, there is an upstream
motion of the spike formation region in the positive x direction
over some time interval. This upstream motion contributes to the
spike formation process and intensi� es as the Reynolds number
increases.

B. Moving Wall: ¡ ¡¡ 1:0 < ¯ < ¯m

The in� uence of a moving wall on these unsteady separationand
vortex detachmentprocesses is illustratedthrougha series of results
for Re D 104 and 105 and wall speeds in the range ¡1:0 · ¯ < ¯m .
Results will be expressed as a percentage of the maximum inviscid
wall speed ¯m D 2:4829; the corresponding values of ¯ are given
in Table 2. Increasing the wall speed results in a decrease in the
differencebetween the inviscid slip velocity and the wall speed and
is expectedto lead to a reductionof positivevorticityproducedat the

Table 2 Wall speed parameters

% of ¯m ¯

0 0
15 0:3724
25 0:6207
60 1:4897
80 1:9863
100 2:4829

Fig. 6 Location of the maximum slope in streamwise pressure gradient in the spike formation region for various Reynolds numbers with ¯ = 0.

Fig. 7 Location of the maximum slope in streamwise pressure gradient in the spike formation region for Re = 104 and several wall speeds.

wall. A decreasing wall speed, on the other hand, should intensify
the initial viscous response of the � ow adjacent to the wall and
result in higher magnitudes of vorticity of opposite sign to that of
the vortex.

As may be observed from Fig. 7, the in� uence of wall speed at
a � xed Reynolds number has a similar behavior as that for various
Reynolds numbers with ¯ D 0 described in connection with Fig. 6.
In particular, there is a range of wall speeds,¯ · 0:15¯m D 0:37, for
which there is an upstream motion over some period of time. This
upstream motion intensi� es with decreasing¯ , just as with increas-
ing Reynoldsnumberfor � xed ¯, and contributesto the spike forma-
tion process.This is illustratedin plots of instantaneousstreamlines
and vorticity contours at t D 1:9 for a series of wall speeds with
Re D 104 in Fig. 8 (cf. Fig. 4b for ¯ D 0). Whereas the case with
¯ D 0:15¯m (Fig. 8a) is very similar to that with ¯ D 0 and indica-
tive of � ow in the moderate-Reynolds-number regime, the case with
¯ D 0:6¯m (Fig. 8b) is similar to that with Re D 103; ¯ D 0 (Fig. 3a),
which is indicative of the low-Reynolds-number regime. In partic-
ular, there is no spike on a scale distinct from the primary recircula-
tion region, and the secondary recirculation region remains passive
and does not grow and split the primary recirculation region. As
the wall speed is increased further, the primary recirculation region
does not form, as shown in Fig. 8c for ¯ D 0:8¯m D 1:9863, and the
streamlinesand vorticitycontours suggest formationof a spike near
x D ¡1:75.

Results for the same cases shown in Fig. 8 are shown on the scale
of the thick-core vortex in Fig. 9 at a time of t D 3:0 to observe the
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a) ¯ = 0.15¯m

b) ¯ = 0.6¯m

c) ¯ = 0.8¯m

Fig. 8 Instantaneous streamlines and vorticity contours at t = 1:9 for Re = 104 and various wall speeds; – – – , ! = 0.
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a) ¯ = 0.15¯m

b) ¯ = 0.6¯m

c) ¯ = 0.8¯m

Fig. 9 Instantaneous streamlines at t = 3:0 for Re = 104 and various wall speeds.
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Fig. 10 Instantaneous streamlines and vorticity contours at t = 1:9 for Re = 105 and ¯ = 0:8¯m ; – – – , ! = 0.

a) Streamwise trajectory

b) Normal trajectory

Fig. 11 Streamwise and normal trajectory of the center of the thick-core vortex for Re = 103, ¯ = 0 (– – –) and Re = 104, ¯ = 0 (· · · ·), ¯ = 1:4897 (N),
and ¯ = 1:9863 (?).
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in� uence of the wall speed on the vortex detachmentprocess.These
can be compared with Figs. 3b and 5b, which show the results for
Re D 103 and 104, respectively,with ¯ D 0 at this same time. All of
the cases in both the low- and moderate-Reynolds-number regimes
detach in a very similar fashion; however, this process is delayed
somewhat and ultimately suppressed with increasing ¯ . In partic-
ular, the results for ¯ · 0:6¯m ¼ 1:5 are reminiscent of the vortex
detachment for the case with ¯ D 0. For ¯ D 0:8¯m ¼ 2:0, however,
the streamlinebehavior resembles the inviscid stream function � eld
at the impulsive start, which indicates that suppression of the pri-
mary recirculation region and vortex detachment has occurred.

Forcomparisonwith the resultsforRe D 104; ¯ D 0:8¯m at t D 1:9
in Fig.8c, resultsare shownat the same time andwall speedfora case
with Re D 105 in Fig. 10. The higher Reynolds number results in the
streamlinesandvorticitycontoursmore abruptlyfocusingin a region
of smaller streamwise extent near x D ¡1:65. A solution of the un-
steady boundary-layerequations for ¯ D 2:0 results in a singularity
located at xs D ¡1:57 at ts D 1:81 (Fig. 1) and also does not exhibita
recirculation region. These Navier–Stokes results for Re D 105 and
¯ D 0:8¯m D 1:9863 are also very similar to the unsteadyboundary-
layer results with a moving wall givenby Degani et al.19 for the � ow
induced by a rectilinear vortex and a rotating cylinder.

The in� uence of Reynolds number and wall speed on the detach-
ment process is clearly illustrated by tracking the trajectory of the
center of the thick-corevortex, determinedby tracing the local min-
imum in vorticity, as shown in Fig. 11. The streamwise and normal
trajectory of the center of the thick-corevortex is tracked with time
in a frame of reference moving at the inviscid convection velocity
of the vortex. Recall that the location of the vortex in the invis-
cid solution is .x; y/ D .0; 1/. Note that the slopes of the position
curves are the streamwise and normal speeds of the center of the
thick-corevortex in this referenceframe. For the low- and moderate-
Reynolds-numberregimes of near-wall � ow development, trajecto-
ries are shown for ¯ D 0 with Re D 103 (dashed lines) and Re D 104

(dotted lines), respectively. It is evident that both the streamwise
and normal speed of the vortex begins increasing earlier for the
lower-Reynolds-numbercase, and the vortex signi� cantly deviates
from the initial inviscid location sooner for the � ow with the lower
Reynolds number. Vortex detachment,therefore, is accompaniedby
a normal movement away from the surface and a streamwise con-
vection. It is believed that interactionbetween the thick-corevortex
and the separatingrecirculationregion in the low-Reynolds-number
regime or the amalgamatededdy in the moderate-Reynolds-number
regime leads to thenormalmovementof the thick-corevortex,effec-
tivelyweakeningit and causingit to detachand convectdownstream
with the oncoming � ow.

To show how increasing the wall speed ¯ suppressesdetachment
of the thick-core vortex, trajectories are also shown in Fig. 11 for
Re D 104 with ¯ D 0:6¯m D 1:4897 (triangles) and ¯ D 0:8¯m D
1:9863 (stars). Comparison with the trajectories for ¯ D 0 shows
that increasing the wall speed delays an increase in the slopes of the
x and y trajectories to later times, which signals a deceleration of
the vortex detachment process. Similarly, decreasing the Reynolds
number while holding the wall speed constant accelerates the de-
tachmentprocess. In terms of the near-wall � ow development,how-
ever, both cases have the effect of transitioning the � ow from the
moderate to the low Reynolds number behavior.

IV. Conclusions
Numerical solutions of the Navier–Stokes equations for the � ow

induced by a thick-core vortex are given for a range of Reynolds
numbers and wall speeds to determine the effectof a moving wall on
the unsteady separationand vortex detachment processes.Neglect-
ing viscous effects, the thick-core vortex would remain a constant
distance above the wall (y D 1 in nondimensional coordinates) and
travel with a constant streamwise speed relative to the wall, that
is, remain at x D 0 in a frame of reference moving with the vortex.
When viscous effects are included, a complex sequence of events
ensues eventually leading to detachment of the thick-core vortex,
after which thevortexconvectsdownstreamwith the oncoming� ow.
One would expect this detachment process to be somewhat differ-
ent in the low- and moderate-Reynolds-number regimes de� ned by

Obabko and Cassel23 becausethe former does not involveformation
of a rapidly growing spike, whereas the latter does. These results,
however, show that, although the unsteady separation process that
leads up to detachment is quite different in the low- and moderate-
Reynolds-number regimes, the detachment process itself is very
similar.

The presence of the vortex induces an adverse pressure gradient
that leads to formationof a recirculationregion.As this recirculation
region grows, its local adverse pressure gradient leads to formation
of a secondary recirculation region. In the low-Reynolds-number
regime, the primary recirculation region moves away from the sur-
face and interacts with the thick-core vortex, which causes it to
detach from the surface. In the moderate-Reynolds-number regime,
a spike forms, and a series of secondaryrecirculationregions appear
that ultimately split the primary recirculationregion into a series of
corotatingeddies. These eddies then merge in successionand result
in a single amalgamated eddy that then interactswith the thick-core
vortex in the same manner as in the low-Reynolds-numberregime.

Therefore,that the spikeforms in the moderate-Reynolds-number
regime, but not in the low-Reynolds-numberregime, appears to play
a secondary role in terms of the vortex detachment process, at least
for the Reynolds numbers considered here. In fact, for cases in the
low-Reynolds-numberregime, such as Re D 103 with ¯ D 0, detach-
ment occursearlier in nondimensionaltime than for cases within the
moderate-Reynolds-number regime, such as Re D 104 with ¯ D 0.
Although spike formation is a critical feature in the near-wall � ow
development, it does not appear to be a good criterion for sup-
pression of vortex detachment for the range of Reynolds numbers
considered in this investigation. It is possible that this may change
as the Reynolds number is increased and the eruption intensi� es.
Note that the low-Reynolds-numberregime has been considered in
this investigation for completeness in understanding the � ow for
the model problem considered. However, it is likely to have lit-
tle relevance within the context of dynamic stall as dynamic stall
at low Reynolds numbers is signi� cantly in� uenced by separation
propagating upstream from the trailing edge.

A moving wall can have a signi� cant in� uence on both the un-
steady separation and vortex detachment processes. Increasing the
wall speed toward the critical value, which is just less than the max-
imum streamwise velocity of the inviscid � ow along the surface
¯m D jUejmax , results in suppresssion of the eruptive singularity in
calculationsof the unsteady boundary-layerequationsfor Re ! 1
(Ref. 19). Solutions of the Navier–Stokes equations show that this
criticalwall speed at which spike formation is suppresseddecreases
with decreasing Reynolds number.20

In the present investigation, it is shown that in terms of the near-
wall � ow development, increasing the wall speed effectively re-
sults in behavior that is similar to � ows with a � xed wall speed at
lower Reynolds numbers. For example, cases that for a particular
Reynolds number with ¯ D 0 are in the moderate-Reynolds-number
regime can be transitioned to the low-Reynolds-numberregime by
increasingthe wall speed. The vortex detachmentprocess,however,
is delayedwith increasingwall speed, until a wall speed close to the
maximum inviscid streamwise velocity is reached above which the
recirculation region does not form and vortex detachment is sup-
pressed. Therefore, it is not suf� cient to only suppress formation of
the spike that occurs in the moderate- and high-Reynolds-number
regimes. Instead, control of detachmentof the dynamic-stall vortex
requires elimination of the recirculation region, that is, viewed in a
frame of reference moving with the vortex.
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