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Abstract : This paper applies the numerical simulation techniques based on the generalized conservation
of circulation (GCC) method to investigate the effects of momentum injection by a leading-edge moving
surface on flow past a two-dimensional aerofoil at a Reynolds number of 1000.  The stream function and
vorticity contours obtained together with the animated flow visualization show that the stall flow region is
highly unsteady and consist mainly of large vortices being shed alternately.  They are confined to a
narrow region near the upper surface of aerofoil as Cu (the ratio of the speed of the moving surface to the
free stream velocity) is raised.  The proximity of vortices to the upper surface of aerofoil at high Cu is
caused by the ability of free stream to negotiate around the leading edge since the leading-edge moving
surface suppresses the growth of boundary layer by reducing the relative between the inviscid flow and
the wall.  As well-formed large scale vortices are associated with low pressure regions, their proximity to
the aerofoil leads to increase in lift as speed ratio increases.
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1.  Introduction
This paper applies the numerical simulation techniques based on the generalized conservation of circulation
method (Pan et al., 1995) to investigate the effects of momentum injection by the leading edge moving surface on
the stall flow of a two-dimensional symmetrical aerofoil.

It is well known that the performance of many fluid systems is limited by the onset of flow separation as it
affects the drag and lift forces of a moving body in viscous fluid.  Hence, the control of flow separation has
become an important problem in fluid mechanics.  A typical example is the control of stall on aircraft wings by
leading-edge moving surface.  A moving surface attempts to accomplish this in two ways: it prevents the initial
growth of the boundary layer by minimizing relative motion between the surface and the freestream, and it injects
momentum into the existing boundary layer.  Regardless of the methods used, the common objective of controlling
flow separation is to reduce the wake region and to design a high lift and high efficiency aerofoil for engineering
applications.

Extensive literature accumulated over the years has been reviewed by several authors, such as Goldstein
(1938), Lachmann (1961), Rosenhead (1966), Schlichting (1968), Chang (1970) and Modi (1997).  In the early
days, the methods of flow separation control were mainly focused on the utilzation of suction, blowing, vortex
generation and turbulence promoters.  The application of moving wall boundary layer control was demonstrated
first by Favre (1938).  Using an aerofoil with an upper surface formed by a belt moving over two rollers, he
showed that it was able to delay separation until the angle of attack α reached 55• •where the lift coefficient was as
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high as 3.5.  After a lull of more than 20 years, Alvarez-Calderon and Arnold (1961) carried out tests on a rotating
cylinder flap that was utilized in the design of a high-lift aerofoil for STOL-type aircraft.  Brooks (1963) published
his preliminary results of tests on a hydrofoil with a rotating cylinder at the leading or trailing edge.  The results
showed a small increase in lift for the leading-edge configuration but a substantial gain for the latter case.  This
motivated an improved design to increase the fin performance for torpedo control.  Steel and Harding (1970)
investigated the application of rotating cylinders to improve ship maneuverability.  Tennant (1973) presented an
interesting analysis of a two-dimensional, moving-wall diffuser with a step change in area.  Tennant et al.
(1976,1977,1978) reported the control of circulation for a symmetrical aerofoil with a rotating cylinder forming its
trailing edge.  For zero angle of attack, a lift coefficient CL of 1.2 was attained with Cu=U/U∞=3, where U∞ is the
free stream velocity and U is the surface velocity of the rotating cylinder.

Recently, Modi et al. (1981) showed that a moving surface can be an effective means of boundary layer
control to provide a significant increase in the maximum lift coefficient and stall angle.  It appears that a rotating
cylinder at the leading-edge of an aerofoil is likely to provide the maximum benefit.  Modi et al. (1990, 1991) also
showed that moving surface appears to be quite promising in reducing drag of bluff bodies.  Munshi (1995)
conducted the test on a two-dimensional Joukowsky aerofoil with a rotating cylinder at its leading edge.  The
results showed that the stall angle and lift coefficient increase with increasing rotation speed.

In the previous work of Chew et al. (1998), the leading edge consists of a rotating circular cylinder instead
of the present moving surface of the leading edge profile of a Joukowsky aerofoil.  This configuration was chosen
in order to enable the verification of the numerical method by comparing with Munshi's (1995) experimental
results of the same configuration.  The numerical results were computed at the experimental Reynolds number of
1.43 × 105.  They are in agreement with the experimental results for various speed ratio Cu and angles of attack.  In
the present paper, flow past a Joukowsky aerofoil with leading-edge moving surface is computed at a Reynolds
number of 1000 in order to study the flow patterns and stall suppression at various angles of attack a and speed
ratio Cu through numerical flow visualization.

2. Description of Problem and Numerical Method
For constant density, viscous, stall flow past a Joukowsky aerofoil, the flow is always unsteady due to the
fluctuating wake behind the aerofoil.  This is irrespective of whether the ambient velocity and surface conditions of
the aerofoil are time independent.  Thus the flow field must be computed as an unsteady problem and basic
unsteady equations for vorticity w and stream function y governing the separation flow are

(1)

(2)

(3)

In the above equations, all variables and operators are in corresponding dimensionless forms and ∇ is
gradient operator and ∇ 2 = ∇ ·∇ in (x, y) co-ordinate system (see Fig.1).  The reference velocity, length and time
used to non-dimensionalize the variables are the ambient velocity U∞, the length of the aerofoil C and (C/U∞)
respectively.  Hence the Reynolds number is Re=U∞C/n, where n is kinetic viscosity.  In Eq. (3), e3 is a unit vector
perpendicular to flow plane.

It is obvious that the ordinary boundary conditions of velocity are inconvenient for solving Eqs. (1) and (2).
This can be overcome by altering the form of boundary conditions into that in terms of the vorticity w and stream
function y. Suppose (x, h) is a local orthogonal coordinate system near the boundary and the boundary is denoted
by x=0.  It can be shown (Chew et al., 1998) that if the coordinate transformation is conformal, the boundary
condition for vorticity on the surface can be transformed into the form

(4)
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where es is unit tangent vector and VB is surface velocity on the aerofoil.
Since the vorticity at infinity is zero this boundary condition can theoretically be used to solve Eqs. (1) and

(2). However, numerical simulation requires that the outer-boundary of computational domain must be bounded.
Thus, some closed curve far away from the aerofoil within flow field has to be defined as a computational
boundary artificially.  Clearly, it is impossible to give the condition of vorticity on the artificial outer-boundary
before obtaining the solution of Eq. (1). In fact, this difficulty is not overcome completely in fluid mechanics.  If
the generalized conservation of circulation (GCC) method (Pan et al., 1995) is used, this difficulty can be avoided.
The details of the present method were described in another paper (Chew et al., 1998).

3. Numerical Results and Discussion
The model of aerofoil to be simulated is as shown in Fig. 1.  It is a fixed geometry aerofoil, but with part of its
leading edge moving at the speed ratio CU.  The moving leading surface is within 7% of the chord length.

Fig. 1. Sketch of the aerofoil model with leading-edge moving surface.

To obtain a better understanding of the effects of speed ratio CU on the suppression of stall at various angles
of attack a, it is necessary to conduct numerical flow visualization through vorticity contour and streamline plots.
As the solutions of Eqs. (1) and (2) are time dependent vorticity and stream function, their contour patterns are
amenable to animation and much understanding of the physics of flow can be obtained through the study of such
animated flow patterns.  Although the study is extensive and covers a wide range of speed ratio and angle of attack,
only selected results at CU = 0, 2, 4 and a = 15º, 45º for Re=1000 will be presented here.

In Figs. 2 (a) and (b), the time sequence of vorticity evolution around the aerofoil and in the wake is shown
for two cases of Cu = 0, 4 at a = 45º respectively.  The time sequence presented is over approximately one period
of the vortex shedding behind the aerofoil.  Here the period for a = 45º is about 2.5. Comparing Figs. 2 (a) and (b),
it can be seen that at a = 45º, irrespective of whether there is a leading-edge moving surface, the boundary layer on
the upper side of the aerofoil has separated and the flow is similar to that past a bluff body.  The vorticity is not
confined to a thin region within the boundary layer and the usual concept of boundary layer on the upper surface is
no longer valid.  Thus the traditional belief of stall suppression through a delay in boundary layer separation at high
angle of attack is questionable.  The question to be answered is: if there is no suppression of boundary layer
separation, how do we explain the increase in lift with increasing speed ration Cu ?

In order to answer the above question, we need to examine carefully Figs. 2 (a) and (b) again.  It can be seen
that for the case of Cu = 0, the near wake vortices are formed farther away from the upper aerofoil surface.  For the
case of Cu = 4, the leading-edge moving surface reduces the relative velocity between the inviscid flow and the
wall and suppress the growth of boundary layer at its leading edge.  This enables the free stream to negotiate
around the leading edge even at high angles of attack, resulting in the formation of vortices close to the upper
surface of the aerofoil.  A well-formed vortex has a low pressure at its center and it is well known in bluff body
aerodynamics that the shorter is the formation length of vortices measured from the wall, the lower is the near
wake or base pressure.  Thus, the leading-edge moving surface produces vortices confined to a narrow region on
the upper surface of the aerofoil and generates large vortex-induced lift.  Consequently, the width of the vortex
wake is also reduced.  These variations imply that the lift coefficient tends to increase and the drag coefficient
decreases as the speed ratio Cu is raised.
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Fig. 2. Vorticity plots for aerofoil at angle of incidence of 45º: (a) Cu = 0,  (b) Cu = 4.
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Figures 3 and 4 show the numerical streamline patterns and vorticity contours at Re=1000 and CU=0, 2 and
4 for a = 15º and 45º respectively.  They correspond to the instant of maximum lift coefficient.  Comparison of
results at different Cu may not be easy as they are at different phases of vortex shedding.  However, they support
the general observations made in Fig. 2.  At a = 15º and Cu = 4 in Fig. 3(c), anti-clockwise vorticity can be
observed near the leading edge on the upper surface due to leading-edge surface moving at velocity larger than that
in inviscid flow.  At a = 45º when CU = 4 in Fig. 4 (c), anti-clockwise vorticity can also be observed near the
leading edge on the lower surface cased by the moving surface.  The bulging of this vorticity region and its
location on the lower surface is dependent on the phase angle of vortex shedding as can be observed in Fig. 2 (b).
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Fig. 3. Streamline and vorticity contours at Re = 1000 and Cu = 0, 2 and 4 for a = 15º.
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( b ) a = 15º, Cu = 2

( c ) a = 15º, Cu = 4



Kelvin-Helmholtz instability can also be observed in the strong shear layer at the trailing edge in Fig. 4 (b).
In a similar work done by Chew et al. (1998) which was carried out at a much higher Reynolds number of

1.43 × 105, small vortices tend to form on the upper surface of the aerofoil at a = 45º when Cu is raised. 
It is well known that stall is directly related to flow separation and the size of the wake region. The above

results indicate that the stall flow region is highly unsteady and consist of large vortices being shed alternately . It
is confined to a narrow region near the upper surface of aerofoil as Cu is raised.
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Fig. 4. Streamline and vorticity contours at Re = 1000 and Cu = 0, 2 and 4 for a = 45º.
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4. Conclusions
Based on the GCC method used to simulate the separation flow of an aerofoil with leading-edge moving surface, it
can be concluded that the application of such moving surface can effectively control the separation flow around a
symmetrical aerofoil. 

It has been shown from the numerical flow visualization results that the stall flow region is highly unsteady
and consists mainly of large vortices being shed alternately.  It is confined to a narrow region near the upper
surface of aerofoil as Cu is raised.

The effective stall flow control by the means of leading-edge moving surface leads to an increase in lift and
a reduction in drag.
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