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Computation of Passively Controlled Transonic Wing

I. Kim* and B. Sungt
Korea Aerospace Research Institute, Taejon 305-333, Republic of Korea

A computational investigation has been conducted to examine the effect of passive control on the transonic
wing flowfield. The effect of passive control was included through the use of a porous surface over a vent
chamber on the upper surface of a wing. The passive control was numerically simulated by the use of a linear
form of the Darcy pressure law. The solutions of the three-dimensional Euler equations were generated using
the finite volume multistage Runge-Kutta time-stepping scheme. The computational results indicated that the
fundamental behavior of passive control is two dimensional in nature, but spanwise variations of the passive

control effect exist.

Introduction

HE passive control concept has been studied as a eco-
nomical method to improve the performance of a tran-
sonic airfoil. This concept consists of replacing a part of the
airfoil upper surface by a porous plate with a vent chamber
beneath it (Fig. 1). Since the pressure behind the shock is
greater than the pressure in front of the shock, by locating
the vent chamber in the shock foot region, a natural forcing
mechanism exists by which to passively drive blowing and
suction of air through the porous surface. In a transonic airfoil
with well-designed porous surface, the air blowing process
produces a thickening of the boundary layer ahead of the
shock and this thickening in turn generates a series of
compression waves that suppresses the shock. In this manner
the entropy change across the shock is reduced, to achieve a
smaller drag, and the drag rise Mach number was increased.
The effectiveness of passive control has been proved by
previous experiments.' * They applied the control concept on
a circular-arc or airfoil model on a Mach number range of
0.7-0.9, and showed that passive control can be effective in
shock suppression or drag reduction. In particular, Krogmann
et al.* observed that passive control is also effective in post-
poning the onset of buffet on a transonic supercritical airfoil.
In addition, numerical solutions are obtained to improve the
understanding of the control concept by implementing full
potential theory,® full potential code coupled with boundary-
layer code,”” and thin layer Navier-Stokes code.® On the other
hand, ideas realizing the control effects in different ways are
also suggested. Ma et al.? proposed that the passive control
mechanism can be activated by implementing an elastic mem-
brane wall instead of a porous wall. Hartwich'® demonstrated
the feasibility of using the porous airfoils to achieve the mul-
tipoint design.

The objective of the present work is to investigate the role
of passive control on a three-dimensional configuration, since
previous studies were mostly confined in two-dimensional
analysis. In this work we assess the effect of passive control
on the flow structure by comparing the flow over the solid
and porous ONERA M6 wing.
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Governing Equations

The motion of an inviscid compressible fluid is governed
by the Euler equations. The equations subject to the three-
dimensional general coordinate transformation may be writ-
ten in dimensionless, conservation-law form as
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Here, p and p denote the density and pressure, respectively.
The total energy per unit volume E is defined for a perfect
gas by

E = [p/ly = D] + ip(u® + v + v?) (6)

where v is the ratio of specific heats.
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The transformation Jacobian J i1s defined as

J

Emde + &l + Emd, 7
—émd, — Emde — Emd

It

The so-called contravariant velocity components used in Eqs.
(2-5) are obtained from Cartesian velocity components u, v,
and w as

a=¢&u+ v+ &w
Vo=nu+ v+ onw (®)
w=/lu+ v+ I{w

Numerical Procedure

The governing equations, Eq. (1), while written in gen-
eralized coordinates, are used in a finite volume formulation.
The computational domain is divided into hexahedral cells.
The location of the nodes of which the flowfield variables are
computed are the centers of the cells formed by the grid
points. Integration of Eq. (1) over a cell volume ) and bound-
ing surface 9Q) gives

15w LGB o= o

Using Green’s theorem to transform the second volume
integral to a surface integral for each cell, one can write the
governing equations in the semidiscrete form as

al N 5 _ 3
E + (Ei+l/2</.k - Ei*l/lf.l\) + (Fi./'+l/’_’<k - Fi./’*l/lxk)
+ (Gi./‘.k+l/2 - Gi.,:kﬂ/:) =0 (10)
where
E::l/z./.k = %(Ei‘j.k + Eitl,,pk)
E,j:l/l.k = %(F:,k + Fi.jtl,k)
Gi.[,k:tl/: = %(Gi.].k + Gl}].k:l)
Eq. (10) may be written in the form
d -1
E (‘Il./.kU/.i.k) + Qi.j.k =0 (11)

where Q,; , is the net flux out of the cell.

In order to suppress any odd-even point decoupling in the
numerical solution and to damp oscillations in the vicinity of
the shock waves and stagnation points, artificial dissipation
terms are added to the finite volume scheme. With dissipation
terms, Eq. (11) may be replaced by

Sy ow) - bWy =0 @)

where D(U) represents the added artificial dissipation term.
The artificial dissipation term used in this article is the model
devised by Jameson et al.'"-!> Detailed description of artificial
dissipation model can be found in the literature.

The steady-state solution was obtained by integrating Eq.
(12) using a four-stage Runge-Kutta scheme.'"'? Since the
mesh used in this study is independent of time, Eq. (12) can
be rewritten in the form

d
5 (V) + RU) =0 (13)

where
R(U) = J[QU) - D(U)] (14)
In a four-stage Runge-Kutta scheme, the advance of each

variable U from the time level n to n + 1 takes the following
form:

U(U) e U(rl)
U® = U® — o, AtR[U™]
U® = U — a,AtR[U] (15)

U® = UO — a,AiR[U®)]
i+ = [y — AIR[U(S)]

witha, = 1,0, = 1, @, = &

For computational efficiency the dissipation part was eval-
uated only once and frozen for the remaining stages. This
Runge-Kutta method has an attractive feature in the three-
dimensional calculations by requiring only two levels of so-
lution arrays in memory. This scheme is fourth-order accurate
in time for linear problems, and is second-order accurate in
time for nonlinear problems.'?

To accelerate the convergence of the time-stepping scheme,
devices such as enthalpy damping, local time stepping, and
residual smoothing were employed.!!~ ¥ Enthalpy damping is
a technique to accelerate the convergence to steady state by
modifying the conserved variables at each iteration to force
the solution toward the prescribed value. With local time
stepping the maximum allowable time step was used at each
cell to advance the solution. Finally, residual smoothing was
used to reduce the CFL restriction of the solver, thereby
allowing the time step to be increased.

Boundary Conditions

On the symmetry plane, numerical boundary conditions
stipulated vanishing gradients and zero velocity components
normal to the plane since the plane of symmetry must coincide
with a stream surface.

At solid walls, the tangential components of the velocity
and density were linearly extrapolated from the interior. The
pressures along the body surface were obtained from normal
momentum equations'

pn({f‘ + é’\z + é";’)l/Z = (§\'§.\ + §\'§y + g:f:)l)g + (nxgz
+Lve + Lw) — pw(lu, + Ly, + Lw,) (16)

where n is the normal direction to the body surface.

The far-field boundary (upstream, lateral, and downstream)
condition was treated based on the introduction of Riemann
invariants for a one-dimensional flow normal to the bound-
ary.'"12 If the flow is subsonic in the far field, a fixed and
extrapolated Riemann invariants can be expressed as

R, =V,. - [2a./(y — 1)] (17)
R, =V, + [2a/(y — 1) (18)

where % denotes freestream value, e denotes the values ex-
trapolated from the interior cells to the boundary, V,, is the
velocity component normal to the boundary, and a is the
speed of sound corresponding to the incoming and outgoing
waves.

These Riemann invariants were added and subtracted to

_provide the actual normal velocity component and speed of

sound at the far-field boundary. For the tangential velocity
component and entropy, they were either specified as having
freestream values or extrapolated from the interior, depend-
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Fig. 2 Partial view of computational grid for ONERA M6 wing (209
X 33 x 49).

ing on whether the flow is of inflow or outflow type at the
boundary. With these four flow quantities all the flow vari-
ables can be determined at the far-field boundary.

To simulate the passive transpiration effects of a porous
wing surface with a cavity located underneath, the normal
wall velocity over the porous surface was evaluated using the
linear form of the Darcy pressure-velocity law'

v = (olp.u)(p. = p.) (19)

where v, is the normal transpiration velocity at the porous
surface, p,., and p,, are the vent chamber and wall pressures,
respectively, and o is the parameter for geometric porosity.
This relationship has been successfully used to simulate the
passive control effect in a shock wave/boundary-layer inter-
action.’® ®15

Since the net mass flux through the porous surface of area
S must be zero for passive flow through the cavity

[ pwv.aa =0 (20)
Ry

As is usually done in the two-dimensional porous airfoil
simulations,®~® the vent chamber pressure p, was assumed to
be constant. The vent chamber pressure was then computed
as

j op.p,. dA
S

p.=—— (21)
L ap, dA

Computational Grids

The results for the solid and porous ONERA M6 wing were
computed on a C-O type mesh. The grid structure was gen-
erated in two phases. First, a C-type two-dimensional grid
along a chordwise section was generated using an in-house
developed algebraic grid generation procedure. The grids were
then distributed along the wingspan using spanwise exponen-
tial clustering functions to generate a three-dimensional C-O
type mesh. The grids are generated so as to cluster grid points
in the leading edge, trailing edge, and rounded-off wingtip
regions to provide adequate mesh refinements in those regions
of large gradients. The grid so generated had 209 x 33 x 49
grid points. A partial view of the typical mesh, where one
can see grid distributions on the wing surface and several
selected spanwise sections, is shown in Fig. 2. The far-field
boundaries were placed approximately 10 root chords away
from the wing.

Results and Discussion

The main objective of this study was to examine the effects
of passive control on transonic wing flowfields. Although sev-
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eral inviscid and viscous flow solvers have been developed to
compute the two-dimensional airfoil flowfield with passive
control,” ®to the best of our knowledge none have attempted
to simulate the three-dimensional effects of passive control
on a transonic wing. This article presents the numerical so-
lutions of transonic flow past porous wing to study the passive
control effects. The ONERA M6 wing (M,. = 0.84, o = 3.06
deg) was selected as the basic test configuration, since this
model has sufficient experimental data base!® in case its sur-
face is solid. Since no experimental data was available to
compare the computed results of the porous wing, numerical
solutions of solid ONERA M6 wing were first obtained to
validate the current computational code by comparison with
experimental results. The solutions of porous ONERA M6
wing were then obtained and compared with the solid wing
solutions.

The following steady flow solutions were obtained by solv-
ing the Euler equations on the CRAY-2S supercomputer until
the flow properties and the integrated air loads were con-
verged.

Solid ONERA M6 Wing

On this flow it is well known that triple shock wave (weak
shock wave, strong shock wave, and their union) exists on
the surface and is one of the most standard test cases inves-
tigated in the numerous articles.!”~!¥ The computations for
ONERA M6 wing were performed on a mesh that had 209
mesh points in the streamwise direction, 33 mesh points nor-
mal to the wing surface, and 49 mesh points in the spanwise
direction. A relatively large number of grid points are em-
ployed in the spanwise direction since the existence of the
triple shock wave on the surface of ONERA M6 wing implies
strong gradients are present in this direction.

The computed c, distributions of this test case are shown
in Fig. 3 at six selectcd spanwisc locations along with exper-
imental data. As to the leading-edge expansion, the numerical
solutions behaved almost the same as in the experiment at all
spanwise locations. However, the weak shock waves (see 65
and 80% semispan locations) were somewhat smeared. This
is primarily due to the relatively coarse grid spacing in the
midchord region. Computations with more grid points or so-
lution adaptive grid would provide clearer shocks. For the
strong shock waves, the Euler solver captured its tendency
very well, except that the shock locations were slightly down-
stream of the experimental data (particularly at 20% semispan
location). The inclusion of turbulent boundary-layer effects
has to be considered if a more accurate prediction is necessary.

Opverall, the predictions of the computations were in fa-
vorable agreement with the experiment, and demonstrated
the capability of the current Euler solver. The results of com-
putations for the solid ONERA M6 wing also provided a
reference case for the porous wing computations.

Porous ONERA M6 Wing

For the passive control on a transonic wing to be effective,
the extent of the porous region and the geometric porosity
factor o distribution has to be determined carefully. Since the
passive control is generally more effective on the region with
larger pressure jump (strong shock), we chose to control the
strong shock wave out of the triple shock wave that appears
on the upper surface of the solid ONERA M6 wing. In this
study the extent of the porous region was determined with
reference to the locations of the strong shock wave obtained
from the previous solid ONERA M6 wing solutions. For the
porous ONERA M6 wing configuration, a portion of the up-
per surface of the wing ranging from 0.2 chords ahead of the
shock to 0.2 chords behind the shock was made porous in the
streamwise direction (Fig. 4). In the spanwise direction po-
rosity was distributed from the location of 10% semispan to
the location of 92% semispan on the wing upper surface. Since
previous studies®”* and our numerical experiments indicated
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Fig. 3 Comparison of surface pressure distributions between computation and experiment; M., = 0.84, o = 3.06.

porous area

Fig. 4 Porous area on the upper surface of ONERA M¢6 wing.

that a gradual variation of porosity factor with peak porosity
factor under the shock wave is more effective than a uniform
porosity factor, the following porosity factor distribution func-
tion was employed in the streamwise direction’*:

X~ X, T
U = 0’"\2!)( COS ~
X, — X, 2

where x, parameter is the streamwise position of the shock
we want to control, and x, represents either x, or x,, de-
pending on whether x is less or greater than x,. In this study
the peak porosity factor o, was taken as 0.6, which corre-
sponds to 11% porosity.

The numerical results of the porous ONERA M6 wing,
compared with the previously obtained solid wing solutions,
are presented in Figs. 5-7. Figure 5 shows the pressure con-
tours for the plane of 60% semispan location and upper sur-
face of the wing. These pressure contours indicate that the
nearly normal strong shock wave on the upper surface of the
wing is clearly weakened with the presence of porous surface.
This substantial reduction in shock strength would suggest a
significant reduction in the wave drag component of total
drag. Figure 6 shows the normal wall velocity distributions
on the porous region, which is a measure of the communi-
cations across the shock and through the porous surface. This
figure demonstrates that the local mass flux is injected in front
of the shock and withdrawn behind the shock. It is also noticed
that there exists a spanwise variation of the normal wall ve-
locities, due to the pressure difference along the span; at the
inboard stations flow suction is dominant and flow injection
becomes stronger towards the outboard stations of the porous
wing. The computed normal wall velocities were very small,

Fig. 5 Pressure contours on upper wing surface: a) solid and b)
porous wing.
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Fig. 6 Normal wall velocity distributions on a porous surface.
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Fig. 8 Effects of varying porosity strength.

less than 3% of the freestream velocity. The computed surface
pressure distributions of the porous wing at the six selected
spanwise locations are compared with those of the solid wing
(Fig. 7). The results also indicate that the passive control over
the porous surface weakens the shock and smoothes the pres-
sure gradients. In the previous two-dimensional numerical
experiment,® which investigated the effects of blowing and
suction separately, it was shown that suction behind the shock
generally increases the shock strength and moves the shock
downstream, whereas injection ahead of the shock weakens
the shock. Figure 7 is an example of this phenomena in three
dimensions. At the inboard stations (see 20 and 44% semispan
locations) the shock has been moved downstream because
suction is dominant in this region. However, the strength of
the shock has not been increased since a small amount of flow
injection exists ahead of the shock. At the outboard stations
(see 80 and 90% semispan locations), the surface pressure
gradients are significantly reduced due to the dominant flow
injection at these locations. The surface pressure distributions
at the 95% semispan location are nearly identical with those
of the solid wing, since the surface is solid at this location
(porosity is distributed up to 92% semispan location.
Finally, the effects of varying the porosity strength on the
surface pressure distributions of porous wing are shown in

Fig. 8. The results suggest that more substantial reduction in
shock strength can be achieved by increasing the porosity
strength (with larger o,,,). This is because an increase of
porosity strength would also increase the recirculating mass
flux through the porous surface to provide an augmented
control effect.

Conclusions

A computational investigation of the three-dimensional flows
about the solid and porous wing was conducted to examine
the effects of passive control on the flowfield. For this purpose
a three-dimensional Euler code capable of simulating the pas-
sive transpiration effects of a porous surface was developed
based on a finite volume, multistage time-stepping scheme.
The general features of the passive control, such as suppress-
ing the shock strength and relaxation of flow gradients, were
found to be consistent with those proved in the previous two-
dimensional investigations. In this study the influence of the
spanwise variation of mass transpiration on the porous surface
was investigated to show that the shock suppression effects
are greater at the outboard regions of the porous wing.

This study suggests that the Euler solvers may be used to
study passive control techniques on a porous wing. However,
they must be verified with more complete flow solutions in-
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cluding turbulent boundary-layer effects. Furthermore, de-
tailed experimental data, of on and off surface data as well
as aerodynamic force estimations, are required to confirm the
passive control concept and to validate numerical solutions.
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