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Unsteady aerodynamic behavior and load characteristics of a VR-7 slat/airfoil combination oscillating si-
nusoidally between 5-25 deg have been studied. The unsteady, compressible Navier-Stokes equations are solved
on a multiblock grid using an approximate factorization finite difference scheme. In the case of a single airfoil,
a massive flow separation and formation of a strong vortex is observed. The vortex-induced suction and the
shedding of the vortex into the wake is responsible for high aerodynamic loads and the subsequent stall of the
airfoil. In the case of a slat/airfoil combination, the suction peak at the leading edge of the airfoil is reduced
significantly in comparison to the single airfoil. Flow separation is confined to the trailing edge of the main
airfoil, and the formation of a strong vortical structure is not observed. The slat/airfoil combination does not
experience a massive flow separation, and the aerodynamic lift does not undergo the characteristic deep dynamic
stall hysteresis loops.

Introduction

I N recent years, there has been an increased interest in
exploiting the large unsteady lift generated by wings during

pitch-up to enhance the maneuver capabilities of fighter air-
craft. Generation of high unsteady lift without the adverse
effects of dynamic stall is also a critical design consideration
in helicopters. The unsteady loads generated during the dy-
namic stall of helicopter blades limit the flight speed and
reduce maneuverability.

Slats are currently being used in fighter aircraft primarily
to enhance takeoff and landing performance. There is a need
to investigate whether the use of those devices may be used
to enhance the lift generated during pitch-up maneuvers and
postpone stall. In helicopter applications, slats are almost
never used because of the mechanical complexity and weight
considerations. Nevertheless, they may provide improved ma-
neuverability and increase forward flight speed achievable.
Work is needed to understand the dynamic lift generation
characteristics of dual-element (slat/airfoil) configurations.

Dynamic stall characteristics of airfoils undergoing high
amplitude pitching motions and mechanisms to delay or sup-
press dynamic stall have been studied experimentally as well
as numerically by many researchers in the last decade.1"4

McCroskey et al.1 conducted an extensive experimental study
on dynamic stall characteristics of several airfoils. They have
observed that deep dynamic stall is rather insensitive to airfoil
profile, Reynolds number, and flow Mach number, but it is
a strong function of the reduced frequency of the pitching
motion and the maximum angle of attack. In a later study,
Carr and McAlister2 observed that a leading-edge slat post-
pones the dynamic stall angle well beyond that of the single
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airfoil. They hypothesized that this behavior is attributable
to the shifting of the flow acceleration onto the slat from the
main airfoil. Also, the formation of the leading-edge vortex
may be suppressed due to the energizing effect of the vortical
wake of the slat on the boundary layer of the main airfoil.

In earlier numerical studies of multielement airfoils, invis-
cid flow approximations using panel methods5 or solving po-
tential/Euler flow equations6 were employed. Recently, Wang7

investigated high angle-of-attack, separated flows around a
VR-7 slat/airfoil combination by solving a velocity-vorticity
formulation of the incompressible Navier-Stokes equations.

In this study, dynamic stall characteristics of a VR-7 airfoil
with and without a leading-edge slat are investigated using an
unsteady, compressible Navier-Stokes solver. In the past, sev-
eral versions of this solver have been employed successfully
to compute subsonic and transonic, steady and unsteady, vis-
cous flows past such diverse configurations as helicopter ro-
tors, high-speed propellers, and fighter wing and bodies.4-*9

For investigating flowfields around multielement airfoils, the
computational domain is divided into blocks to facilitate the
discretization. The Navier-Stokes solver then sweeps the com-
putational blocks. The flow is assumed to be fully turbulent.
The computed results are analyzed through a study of com-
puted surface pressure distributions, unsteady lift vs angle of
attack behavior, and instantaneous mass-flux contours.

Unsteady Navier-Stokes Equations
The unsteady flowfields around oscillating airfoils is mod-

eled by the Reynolds-averaged, full Navier-Stokes equations.
The well-known, conservative form of these equations in an
inertial Cartesian coordinate system reads as follows:

q, + Fx + Gv - Rx + Sv (1)

where q is the conservative flow variables, (p, pw, pv, ET).
ET is the total energy per unit volume which is given by

ET = p[e + (u2 + v2)/2] (2)

and e is the internal energy per unit mass. F and G are the
inviscid, and/? and S are the viscous flux vectors, respectively.
The subscripts denote partial derivatives.

531



532 TUNCER AND SANKAR: DUAL-ELEMENT AIRFOIL

The above governing equations may be transformed into a
general curvilinear coordinate system; [£(jt, y, t ) , rj(x, y, f),
r(r)]. This transformation allows the solution of the equations
on body-fitted, nonorthogonal computational grids. The
transformed governing equations can also be expressed in the
same conservative form as Eq. (1), however, the transformed
flux terms are now related to their Cartesian counterparts
through the metrics of transformation. For a detailed descrip-
tion of flux vectors in the Cartesian and transformed coor-
dinate systems, the reader is referred to Ref. 9.

In the solution of the governing equations, boundary con-
ditions are applied on the solid surfaces and the far-field
boundaries. On the solid surfaces, the "no slip" condition is
applied which simply states that the fluid velocity on the solid
surface is equal to the velocity of the solid surface. In the case
of a constant angle of attack, surface boundary velocities are
set to zero. For oscillating airfoils, they are set to the solid
surface velocities which are based on the reduced frequency
of the motion. At the far-field boundary, freestream values
of the flow variables are applied.

The turbulence in high Reynolds number flows is modeled
by Reynolds stresses. Reynolds stresses are similar to the
viscous stresses in that they contribute to the transport of
momentum. They are similarly modeled as proportional to
the strain. The eddy viscosity coefficient /JL, is employed as
the proportionality constant. In this work, a two-layer Bald-
win-Lomax eddy viscosity model is used. This model treats
the eddy viscosity in two layers, inner and outer, and employs
different length scales and empirical constants in each of these
layers. For a detailed discussion of this model, the reader is
referred to Ref. 9.

Although use of such a simple algebraic eddy viscosity model
in massively separated flows may be questionable, earlier studies
with higher order models4 did not show any significant im-
provements in numerical predictions. Therefore, this model
is employed in both separated flow and wake regions.

Numerical Method
The governing equations expressed in the transformed do-

main are first discretized and then integrated in time. Standard
second-order accurate central differences are used to ap-
proximate the spacial derivatives, and to compute the metrics
of transformation. The instabilities due to the growth of high-
frequency errors in the numerical solution, which is caused
by the odd-even coupling of the standard central differencing,
are controlled by adding a set of artificial dissipation terms
to the discretized equations. These dissipation terms consist
of second- and fourth-order differences of the flow properties
as suggested by Jameson.10 The highly nonlinear inviscid flux
terms in F and H are linearized about their values at a previous
time level. The viscous flux terms are also evaluated at a
previous time level and are applied explicitly on the right side
of the governing equations. The resulting linear equations,
which are expressed in delta quantity (qn - qn~l), form a

a)

b)
Fig. 2 a) Grid distribution near a slat/airfoil combination and b) a
close-up view of the grid distribution around slat and airfoil leading
edge.
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Fig. 3 Pressure distribution—GAW-130 airfoil, Hap angle 20 deg,
M = 0.3, Re = 2.2 x 106.
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Fig. 1 Definition of a multiblock grid.
Fig. 4 Unsteady lift—oscillating NACA 0012 airfoil, k = 0.151,
M = 0.283.
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Fig. 5 Mach number and mass-flux contours—a = 5 deg, single
element.

O '

t
LJ
Oo
O «-

a = 5.0

-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
CHORD

Fig. 6 Pressure distribution—a — 5 deg, single element.

penta-diagonal matrix system of simultaneous equations. For
an efficient solution of these linear equations, the penta-di-
agonal matrix system is approximately factored into a product
of tridiagonal matrices using the Beam-Warming approximate
factorization scheme. The details of the numerical formula-
tion are discussed in detail in Ref. 9.

The computational domain is discretized by employing
multiple blocks and generating computational grids in each
block. The governing equations are solved in each block as
previously described. At the block interfaces, the continuity
of the flow variables across the block boundaries is enforced.
In the computation of eddy viscosity values, care is taken
near the block boundaries in the direction normal to the
solid surfaces so that inner and outer eddy viscosity values
are computed across the block boundaries and assigned cor-
rectly.

Numerical solution of the discretized governing equations
is based on the numerical integration of these equations in
space and time. For a steady-state solution at a constant angle
of attack, the flowfield is first initialized with the freestream
and appropriate boundary conditions. Then, the equations
are integrated by marching in time until a converged solution
is reached. In steady flow computations, in which the final
solution is independent of time, a local time step which varies
in space may be used. Local time stepping increases the con-
vergence rates and efficiency of the computations. In this

Fig. 7 Instantaneous mass-flux contours—a = 15-10 deg cos(wf),
single element.

study, we used a geometric variation of the time step Af,
proportional to the grid spacing

Ar = [A77(l + V7)] (3)

where / is the Jacobian of the grid cell and V/ represents the
width of the grid cell. ATMs set to 1.

The computation of the unsteady flowfields takes a steady-
state solution already computed as the initial condition. The
equations are then integrated in time with a global, constant
time step, which conserves the time accuracy of the solution.
Unsteady boundary conditions are updated at every time step.
The flow variables at the block boundaries are updated after
every sweep by averaging the values at the first inner grid
nodes next to the block boundary in neighboring blocks.
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Fig. 8 Pressure distribution—a = 15-10 deg cos(arf), single ele-
ment.

The multiblock grid generation scheme is based on the
division of a multiply connected computational domain into
simple, simply connected rectangular blocks and the gener-
ation of a near orthogonal grid in each block individually.
Airfoil profiles, block boundaries, and grid distribution along
the block boundaries in terms of the first and the last grid
spacing are user defined. With these given boundary condi-
tions, an elliptic solver is employed for generating near or-
thogonal grids in each block. Grid spacing along the directions
normal to the solid surfaces is then redistributed according to
the first grid spacing off the solid surface specified as input.
This procedure enables a sufficient number of grid points to
be placed within the boundary-layer zone of the flow. Con-
tinuity of a global grid across block boundaries is satisfied by

0.0 5.0 10.0 15.0 20.0 25.0 30.0
ANGLE OF ATTACK

Fig. 9 Unsteady lift—a = 15-10 deg cos(cof), single element.

MACH NUMBER

Fig. 10 Mach number and mass-flux contours—a = 5 deg, slat/
airfoil.

averaging the coordinates on either side of the common block
boundaries.

Figure 1 shows the definition of blocks for a slat/airfoil
combination. The distribution of grid points around the slat/
airfoil combination and a close-up view of the leading-edge
region are given in Figs. 2a and 2b. In Fig. 2a, only every
other horizontal grid line is shown for clarity.

Numerical Results and Discussion
Previous Validation Studies

In the past, the present methodology has been used for a
number of steady and unsteady flow problems, and some of
the previously published work is reproduced here to dem-
onstrate the ability of this technique. Figure 3 shows the steady
surface pressure distribution computed over a GAW-130 air-
foil/flap combination.11 The total computed C, value of 2.62
is in good agreement with the measured value of 2.67 for this
case. Figure 4 shows the dynamic stall hysteresis loop for a
single element NACA 0012 airfoil for a reduced frequency of
0.15 at M - 0.283.12 Additional code validation studies are
presented in Ref. 4.

Present Results
The finite difference methodology mentioned previously

was applied to an oscillating single VR-7 airfoil as a baseline
study. The calculations were then repeated for a leading-edge
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Fig. 11 Pressure distribution—a = 5 deg, slat/airfoil.
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Fig. 12 Instantaneous mass-flux contours—a= 15-10 deg cos(fttf),
slat/airfoil.
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Fig. 13 Pressure distribution—a = 15-10 deg cos(fctf), slat/airfoil.

slat/airfoil combination. In these cases, the oscillatory pitching
motion is about the quarter-chord of the main airfoil, and of
a sinusoidal type described by a = 15-10 deg cos(W). The
frequency of the motion co is based on the nondimensional
reduced frequency parameter k, which is defined as k = coc/
2UM. c is the chord length. For both the airfoil and the slat/
airfoil combination, the unsteady flowfields and dynamic stall
characteristics are computed at k = 0.10, Re = 2.5 x 106,
and M = 0.185. Unsteady flowfields over the VR-7 slat/airfoil
configuration have also been tested at NASA by Carr and
McAlister2 for the flow conditions mentioned above.

Single Airfoil
In this case, two grid blocks with 121 x 58 and 121 x 41

in size on the upper and lower sides of the airfoil, respectively,
were employed. One hundred twenty-eight grid points were
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Fig. 14 Unsteady lift—a = 15-10 deg cos(«tf), slat/airfoil.

placed over the airfoil (upper and lower surfaces), and the
first grid point was placed at 0.000005 chord length off of the
solid surface boundary. The steady-state solution at a — 5
deg was obtained using a local time stepping. The computed
flowfield in terms of Mach number and mass-flux contours
around the airfoil is depicted in Fig. 5. The computed lift
coefficient is 0.68, which compares well with the experimental
value of 0.7.' Figure 6 shows the distribution of surface pres-
sure.

The unsteady flowfield along the oscillatory motion was
then computed by advancing this solution in time with time-
dependent boundary conditions. The computed unsteady
flowfields along the pitching motion is depicted in Fig. 7.
Figure 8 also shows the corresponding distribution of the pres-
sure coefficient around the airfoil. The variation of lift with
respect to angle of attack is given in Fig. 9. It is seen that the
flowfield stays mostly attached up to the static stall angle,
which is about 14 deg. Separated flow regions and the for-
mation of a vortex at the trailing edge is observed at around
a - 17.7 deg \ (the \ sign denotes pitch-up). The flow
separation consequently reaches the leading edge, and a com-
pletely separated vortical region covers the upper surface. A
strong suction peak is induced on the upper airfoil surface by
the vortex as observed in the pressure distribution. At this
stage, before the vortex starts moving off the airfoil surface
and the vortex induced suction decreases, the maximum lift
equal to 2.21 is attained at a = 20.6 deg f . As the angle of
attack increases further, the main vortex lifts off the surface
and is shed into the wake. The lift drops drastically and the
airfoil stalls. In addition to a secondary, weak trailing-edge
vortex, local suction peaks in the pressure distribution reveal
the presence of weak vortical structures. However, the sec-
ondary trailing-edge vortex is also shed into the wake and the
pressure distribution on the upper surface flattens out sub-
sequently.

The flowfield remains mostly separated along the return
cycle. Around a = 14 deg J,, the flow reattachment starts
from the leading edge downward. However, the aerodynamic
lift stays well below the attached flow values attained during
the pitch-up. The lift finally recovers back to attached flow
values as the minimum angle of attack is reached and the
second pitch-up cycle starts.

Slat/Airfoil Combination
In this case, the computational grid consisted of three blocks

with 121 x 49, 121 x 29, and 121 x 31 points from the top
to the bottom, as seen in Fig. 1. One hundred twenty-eight
grid points over the main airfoil surface and forty points over
the slat were placed. The steady-state solution is depicted in
Fig. 10. The pressure distribution on the slat and the airfoil
is given in Fig. 11. It should be noted that the suction peak
at the leading edge of the airfoil is not as pronounced as it is
in the single airfoil case. The lift coefficient on the main airfoil

was found to be 0.59. This may be attributed in part to the
downwash over the main airfoil caused by the bound circu-
lation around the slat.

The computed unsteady flowfields and the corresponding
pressure distributions are given in Figs. 12 and 13. It is readily
observed that the massive flow separation experienced in the
single airfoil does not occur. The flowfield stays attached well
beyond the static stall angle of the single airfoil. As the max-
imum angle of attack is reached, the thickened boundary layer
over the upper surface separates at the trailing edge. How-
ever, the separated region is confined to the rear portion of
the airfoil and it does not progress towards the leading edge.
The lack of a suction peak on the upper surface around the
trailing edge also suggests that a trailing-edge vortex does not
form.

In comparison to the single airfoil case, the suction peak
values at the leading edge at around a = 15 deg | are smaller.
The fact that the adverse pressure gradient is not as large may
explain the delayed separation of the flow. On the other hand,
the suction peaks reached at around the maximum angle of
attack is quite comparable to the maximum values experi-
enced in the single airfoil case prior to the flow separation.
Yet, the flow at the leading edge still stays attached. It may
be argued at this point that the accelerated flow over the slat
energizes the boundary layer on the main airfoil, and prevents
it from being separated.

The variation of lift coefficient on the main airfoil is given
in Fig. 14. It is also clearly seen that the dynamic stall is
completely eliminated. It may be noted that experimental load
data for VR-7 slat/airfoil combination given by Carr et al.2

was measured on the main airfoil alone. It is reported that
these loads were corrected to match the lift-curve slope of
the basic airfoil.2 Since rationale for such adjustments is not
clear in an unsteady flow environment, these measured data
are not included in the present study.

Concluding Remarks
A numerical procedure for the computation of the dynamic

stall characteristics of multielement airfoils has been devel-
oped and applied to a VR-7 slat/airfoil configuration. The
computations clearly demonstrate the beneficial effects of slat
on the airfoil loads at very large angles of attack.

This method may be used in systematic studies of slat shape,
slat clearance, etc., needed in the aerodynamic design of high-
lift devices. The two-dimensional static and dynamic loads
computed in this work may also be used in helicopter per-
formance analyses (such as CAMRAD) as table look-up val-
ues to assess the effects of slat on rotor performance and
vibrating airloads.
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