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Computation of Viscous Transonic Flow over Porous Airfoils
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and
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The viscous effects on transonic flow past an airfoil that contains a shallow cavity beneath a porous surface
are studied numerically. The porous region occupies a small portion of the total airfoil surface and is located near
the shock. Both an interactive boundary-layer (IBL) algorithm and a thin-layer Navier-Stokes (TLNS) algorithm
have been modified for use in studying the outer flow, whereas a stream-function formulation has been used to
model the inner flow in the small cavity. The coupling procedure at the porous surface is based on Darcy's law
and on the assumption of a constant total pressure in the cavity. In addition, a modified Baldwin-Lomax
turbulence model is used to consider the transpired turbulent bounday layer in the TLNS approach, and the
Cebeci-Smith turbulence model is used in the IBL approach. According to the present analysis, a porous surface
can reduce the wave drag appreciably, but it can also increase viscous losses. As has been observed experimentally
in nonlifting airfoils, the numerical results indicate that the total drag may be reduced at higher Mach numbers
and increased at lower Mach numbers. Furthermore, the streamline patterns of passive-shock and boundary-
layer interaction are revealed in this study.

Introduction

T HE transonic flow past an airfoil in flight at a high-sub-
sonic Mach number is characterized by a shock wave

standing on the upper surface. The pressure gradient of a
strong shock can induce boundary-layer separation, which
may increase form drag and reduce lift. On the other hand, the
boundary-layer separation will reduce the shock strength and
prevent the downstream movement of the shock, so that the
wave drag may be reduced. Therefore, even though shock-in-
duced separation is generally undesirable, a controlled shock-
induced separation still could be used to reduce wave drag.

Boundary-layer separation and shock-wave strength may be
controlled by applying appropriate blowing or suction at the
airfoil surface. Appropriate blowing in the supersonic region
ahead of a strong shock may cause the shock to degenerate
into a series of weaker waves or to generate another oblique
shock upstream of the injection region, thus resulting in a
smaller pressure gradient and a smaller entropy change. The
additional kinetic energy supplied by blowing would increase
the mixing rate in the boundary layer and act to prevent flow
separation. However, strong blowing not only thickens the
boundary layer, but also probably provokes an early separa-
tion as a side effect. On the other hand, the application of
suction in the strong adverse-pressure gradient region would
possibly delay separation but might produce a stronger shock
and cause a higher wave drag as a side effect. In addition, if
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the suction area is sufficiently limited, it is necessary to exam-
ine whether the resulting boundary layer is capable of over-
coming the adverse pressure gradient downstream of the suc-
tion region. Either blowing or suction requires power; thus, an
extra pump drag should be added to the total drag of the airfoil
when an active control device is used.

A passive control device (Fig. 1), which provides blowing
and suction without externally supplied power, is an attempt to
reap the benefits of both blowing and suction without incur-
ring their negative effects and without excessive use of space.
Indeed, these expectations have been proven in the laboratory
under certain conditions.1"6 In addition, inviscid-flow compu-
tations7'8 also indicate that a porous surface can reduce the
wave drag. However, in viscid simulations cannot predict any
effects of porosity on the viscous drag. In particular, when the
shock and boundary-layer interaction becomes strong, the in-
viscid-flow analysis is not sufficient to describe the flow about
an airfoil. It is the purpose of this paper to study the viscous
effects in transonic flow past porous airfoils.

A numerical simulation was done by Oiling and Dulikra-
vich,9 who approached the problem by using an interactive

Fig. 1
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boundary-layer procedure with the assumption of constant
pressure in the cavity. In the present work, both interactive
boundary-layer (IBL) and thin-layer Navier-Stokes (TLNS)
procedures are applied separately to study the outer flow past
the airfoil. In addition, the inner flow in the cavity is modeled
by a stream-function formulation. The outer and inner flows
are coupled at the porous surface modeled by Darcy's law.7'9
A predictor-corrector space-marching algorithm is applied to
the boundary-layer equations in the IBL procedure. The im-
plicit approximate-factorization schemes are the main numeri-
cal algorithms for the full-potential equation in the IBL proce-
dure, the stream-function formulation in the cavity, and the
TLNS equations. The Cebeci-Smith turbulence model is used
in the IBL procedure, and a modified Baldwin-Lomax turbu-
lence model is used in the TLNS procedure.

The following presentation includes a brief description of
the numerical algorithms, boundary-condition treatments, in-
terface of outer and inner flow, turbulence models, and nu-
merical results.

IBL Procedure
The essential components of the IBL method used in this

study are a full-potential inviscid algorithm coupled with a
finite-difference boundary-layer algorithm. The transonic air-
foil (TAIR) full-potential code was developed by Hoist10 and
Dougherty et al.11 The present boundary-layer and viscous-in-
viscid interaction algorithms were developed by Van Dalsem12

and Van Dalsem and Steger.13 The major modifications re-
quired for this work are associated with the boundary-layer
forcing function, the boundary-condition treatment, the vis-
cous-inviscid interaction algorithm, and the turbulence model.

The inviscid transonic flow is governed by the full-potential
equation. The full-potential equation written in the £-TJ com-
putational domain is given by

'$,*($.-
p= 1 -

(la)

(Ib)

where

U = V =

J = Zxlly ~ tyflx

This equation is nondimensionalized, as outlined in Refs. 10
and 11. The variables U and V are the contravariant velocity
components along the £ and rj directions, respectively. The^,
A2 and A3 are metric quantities, and /is the Jacobian of the
transformation. The governing equations are solved by using
a fully implicit approximate-factorization scheme (AF2).10>11

The supersonic regions are stabilized using an upwind bias of
the density. Another feature of this algorithm is a consistent
spatial differencing scheme that captures the freestream auto-
matically.14

Viscous effects are introduced into the inviscid solver by
means of a transpiration velocity vn, determined from the
boundary-layer solution

«.]

mined from porosity effects, pe and ue are the inviscid values
at the airfoil surface (or wake center line), d* is the boundary-
layer displacement thickness, and s is the distance along the
body (or wake center line). This equation is derived by consid-
ering the difference between the continuity equations for the
inviscid and viscous flow.9 This interaction procedure can
avoid supercritical behavior and the inviscid grid generation
for each iteration. Once vn is known, the numerical boundary
condition is implemented, as in Refs. 8, 12, and 13.

For the viscous flow near the airfoil surface and wakes, the
nondimensionlized, nonconservative, steady, compressible
boundary-layer equations are solved. These equations are writ-
ten in a general £(*)» rj(x,y) coordinate system (x, >> are along
and normal to the body or wake centerline, respectively), as
follows:

AT- momentum equation:

Energy equation:

Perfect gas relation:

Continuity equation:

= 0

(2a)

(2b)

(2c)

(2d)

These equations are nondimensionalized, as in Refs. 12 and
13. The boundary-layer equations are solved using a predictor-
corrector algorithm with appropriate initial conditions.12'13

In the present study, it was found that the viscous-inviscid
interaction converges more rapidly when the pu^ term in the
continuity equation is treated with a central-difference opera-
tor in the blowing (and suction), as well as in the separated
flow regions.

Since the boundary-layer equations are weakly coupled,
they are solved in a sequential manner at each streamwise
station. Overall, second-order-accurate solutions are obtained
at the cost of two scalar-byiagonal and four scalar-tridiagonal
matrix inversions per streamwise station. Both direct and semi-
inverse interactions are built in the code. For attached flow,
pressure is specified in the direct mode. However, near and in
the reversed-flow regions, in order to avoid the Goldstein sin-
gularity, the wall shear TW and wake-center line velocity uwc are
specified in the inverse mode. By applying the x- momentum
equation at the porous wall (uw =0, vn ̂ 0), one obtains

(3)

This expression allows the elimination of the 0pgx term
from the differenced x- momentum equation by using the fol-
lowing first-order finite-difference approximation:

2 y2-yi -pvw— (4)

where vn is the surface blowing (or suction) velocity deter-

where the subscripts 1 and 2 correspond to the wall and one
grid away from the wall, respectively. Since these inverse forc-
ing functions are cast in the general form, they can be applied
to either a solid surface or a porous surface. In the inverse
mode, TW is updated by the following viscous-inviscid interac-
tion algorithm:

(5)
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The acceleration parameter co is gradually increased after the
first few viscous-inviscid iterations, in order to isolate the vis-
cous-inviscid scheme from high-frequency errors encountered
during the early inviscid iterations. A similar procedure is used
to update the wake center line velocity. In the present work, the
quantity ̂ x varies in a range near 10 for TW , and near 2 for the
wake center line velocity.

The turbulence model used in the IBL procedure is the
Cebeci-Smith two-layer algebraic turbulence model. Cebeci
and Smith extended Van Driest's modeling of the viscous
sublayer and let A+ be a function of v + , p+, ne, and pe.
(The subscript e denotes the edge of boundary layer.) Here
v+ = vn/uTJ p+ =(dp/dx)(p/pu?), and the friction velocity ur
is given by uT = (rw/p)l/2. The reader is referred to Ref. 15 for
further details.

TLNS Procedure
The thin-layer Navier-Stokes equations written in general

coordinates (£,77) are

The TLNS procedure (ARC2D) developed at NASA Ames
Research Center16 is adopted for this study. This implicit code
is based on the Beam-Warming approximate-factorization al-
gorithm. Euler implicit time-differencing and second-order
central-spatial differencing are utilized. A nonlinear artificial
dissipation model is added to capture nonoscillatory shock
profiles and maintain stability. The diagonal version devel-
oped by Pulliam and Chaussee17 is applied in the present study.
Also, a space-varying time-step and a coarse- to fine-grid se-
quencing are used to accelerate the convergence rate.

On the airfoil surface, the normal wall velocity vn is spe-
cified and the tangential velocity is set to zero. The pressure
boundary condition at the airfoil surface is taken to be
dp/drj = 0, since the ry-coordinate lines are nearly orthogonal to
the airfoil surface and the grids are very fine in the y direction
near the airfoil surface. The adiabatic wall condition is used to
obtain the density at the surface, and total energy is obtained
from the equation of state. The far-field boundary conditions
are obtained by imposing a compressible potential vortex solu-
tion on the free-stream quantities.18 All the boundary condi-
tions are updated explicitly in the TLNS procedure.

The Baldwin-Lomax turbulence model19 used in the TLNS
procedure is patterned after that of Cebeci-Smith, with modi-
fications that make it unnecessary to find the outer edge of the
boundary layer. However, the Baldwin-Lomax turbulence
model did not consider blowing (or suction) effects on A +, and
the damping factor A + is redefined (from Ref. 20) as

26 (7a)

In order to compare results with the STAN-5 results in Refs.
21 and 22 near the blowing (or suction) surface, the x- mo-
mentum equation is integrated with v = vw = constant, px/p
= constant, p = constant, and uux being neglected. The result is

+p+y+ (7b)

where T+ ,p + ,y + , v + , and u + are defined in the conventional
way. Figure 2 shows plots of A + and/?+ with v + as a parame-
ter. The symbols represent data from STAN-5.

It is observed from Fig. 2 that when /?+«-0.04, and
v + = 0, A + goes to oo. For agreement with this, the denomina-
tor of Eq. (7a) should go to zero under those conditions:

T+ = l-0.04y+ =0

Thereby, y+ =25 is determined and extended to other cases,
with v + ;*0. The results from setting y + = 25 in Eq. (7b) and
n =0.7 in Eq. (7a) are shown as the solid lines in Fig. 2. It is

seen that values of A + vs p + for various v + from this proce-
dure agree well with the results from STAN-5. With this mod-
ification, the dependence of A + on boundary-layer edge quan-
tities in the Cebeci-Smith turbulence model are avoided.
Indeed, this value of n is in the range proposed by other
researchers, such as Patankar and Spalding («=0.5)23 and
Baker et al.24 (n - 1.0). The surface roughness also has a large
effect upon A +, but in the present work this is not considered.

This modification [Eq. (7a)] has been added to the Baldwin-
Lomax turbulence model, yielding skin friction values in the
blowing region higher than those calculated by the original
Baldwin-Lomax model. Conversely, this model predicts skin
friction in the suction region that is lower than that from the
original model.25 That is because in the modified version the
blowing increases the mixing rate (A + being reduced), and the
suction tends to laminarize the flow (A+ being increased).
These effects are neglected when an A + of 26 is assumed. Sim-
ilarly, a strong adverse pressure gradient would reduce A +

according to the modified version. The skin friction C/1 e for
the RAE 2822, at M00 = 0.73, CL =0.803, and Re = 6.5x 106

with transition specified at 0.03 chord, is shown in Fig. 3.
Results from the two models are compared with the computa-
tion of Mehta26 and with experimental results by Cook et al.27

All of the predictions agree well with experiment, but the
modified turbulence model yields results that compare slightly
better with experiment.

STAN-5
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(FAVORABLE)

0 .02 .04 .06 .08
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Fig. 2 Damping parameter A +.
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Fig. 3 Comparison of Ct \ e distributions for an RAE 2822 airfoil at
Moo = 0.73, Re = 6.5 X10', and CL = 0.803.
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Generally, the IBL procedure is at least one to two orders of
magnitude faster than the TLNS procedure. For mildly sepa-
rated transonic flow, it can provide very good results.12'13

However, the range of allowable blowing rates is more re-
stricted for the IBL procedure than for the TLNS approach. In
addition, the steady first-order boundary-layer approximation
becomes suspect when a strong shock and boundary-layer
interaction occurs, because dp/dy in the boundary layer may
not be negligible. At the expense of computing time, the TLNS
procedure has fewer theoretical restrictions than the IBL pro-
cedure. Therefore, when a strong shock and boundary-layer
interaction occurs or the transpiration velocity becomes large,
the TLNS procedure is preferred.

Interface of Outer and Inner Flows
Since the holes in the porous region are very small and close

together, it is difficult to compute the flow across the porous
media without extremely fine grids. Therefore, in the present
study the porosity effect is modeled instead of being com-
puted. The model proposed is patterned after the treatment of
porous wind tunnel walls based on Parcy's law.28

The transpiration velocity vn for the outer flow is governed
by Darcy's law, such that

• (Pouter ~ Aimer) (8)

where the subscript outer indicates the outer-flow property
and inner indicates the inner-flow property; a is the porosity
distribution function, which is determined by viscosity, as well
as by the size and spacing of the holes in the porous surface.
Two cavity models have been used in this work. Both models
use mass conservation across the porous surface as a constraint
to couple inner and outer flows. The first model that is consid-
ered assumes constant pressure in the cavity, as has been ap-
plied in Refs. 7-9. For the second model considered, the total
pressure in the cavity is assumed to be constant. Also for
simplicity, the flow in the cavity is assumed to be inviscid. The
pressure variation in the cavity is obtained by solving the
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Fig. 4 Blowing ahead of the shock.

1.0

stream function formulation. The results obtained in Ref. 29
indicate the pressure variation is so negligible. Therefore,
whether the first or the second model is used does not affect
the outer solution. This might not be so for very thin cavities.
However, the inviscid analysis for the cavity would become
suspect for these geometries.

Grid Generation
In the IBL procedure, the C grid is generated by solving

Poisson equations,30 whereas the boundary-layer grid is a solu-
tion-adaptive grid, and the grid height in physical space is a
function of computed displacement thickness. Grid points are
clustered near the wall and wake centerline.12 The inviscid grid
size is 223 x 31, with additional 50 grid lines in the r/ direction
for the boundary-layer algorithm. In the TLNS procedure, a
C-type 251 x 65 grid is generated by solving hyperbolic equa-
tions.31'32 Finally, a 431x10 grid in the cavity is generated
algebraically.25

Numerical Results and Analysis

Effects of Active Blowing and Suction
Since the porous surface induces blowing in the supersonic

region and suction in the subsonic region, it is meaningful to
investigate separately the effects of blowing and suction on the
shock and boundary-layer control.

The first test case utilizes a NACA 0012 airfoil at Mw = 0.75,
and a = 2.0 deg, the transition being specified at 0.03 chord,
and Re = 3.16x 106. Generally, the numerical results show
that blowing in the supersonic region weakens the shock and
smoothes the pressure gradient. However, if the blowing is too
strong, the results indicate that separation may occur in the
blowing region and increase the thickness of the boundary
layer approaching the trailing edge, which causes not only an
increase in viscous pressure drag but also a large decambering
effect leading to a decrease in lift.

For the case of blowing ahead of the shock, such as shown
in Fig. 4, the results indicate that the pressure gradient is
smoothed, CD (pump drag being excluded) is reduced from
0.0191 to 0.0171, and CL is also reduced from 0.3753 to
0.3059. Even though the blowing velocity in this case is less
than 1.5% of the freestream velocity, separation is encoun-
tered in the blowing region. In other words, the drag reduction
with normal blowing seems to be mainly a result of the weak-
ened shock and the slight forward shift of the shock rather
than the boundary-layer control achieved by increasing the
mixing rate.

On the other hand, suction behind the shock generally in-
creases the shock strength, moves the shock downstream, and
delays separation. Shown in Fig. 5 is an example of these
phenomena. In this case CL is increased from 0.3753 to 0.4435,
but CL/CD is improved only slightly because wave drag and
skin-friction drag are also increased. Furthermore, the viscous
pressure drag is not a dominant part of the total drag in this
case, so the form-drag cannot be reduced significantly. The
boundary-layer control aspect is shown by the fact that C/ is
increased not only in the suction area, but also in the region
downstream of the suction, indicating that suction probably
allows a strong shock without separation or with controllable
separation. Therefore, in regard to drag reduction, the above
numerical results imply that the shock can be weakened by
normal blowing and that boundary-layer control can be
achieved by suction.

Porous Airfoils
It has been demonstrated in Refs. 12 and 13 that, except for

slight differences near the shock and trailing edge, good agree-
ment was found between the results obtained by using these
IBL and TLNS procedures in solid-airfoil computations. Sim-
ilarly, for a NACA 0012 airfoil at Moo = 0.8, a = 0.0 deg, and
Re =4.09x 106, comparable CD values of 0.0125 and 0.0123
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Fig. 5 Suction behind the shock.
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are obtained, respectively, with TLNS and IBL procedures.
(From Ref. 33, the measured drag coefficient of the solid
airfoil is 0.0106.)

Computed pressure distributions are plotted in Fig. 6a
and shown with measured results. The same airfoil is then
made porous with a porosity distribution a=0.1 [sin(x — XI)TT/
te-Jti)]0-5 (the first cavity model) between #i = 0.3 and
#2 = 0.5 (on both upper and lower surfaces). The x\ and x2
parameters are the limits of the porous region. Again, com-
parable drag coefficients of 0.0127 (TLNS) and 0.0125 (IBL)
are obtained numerically. Although Fig. 6b shows that the
pressure jump is smeared by the porous surface, the pressure
jump still has a tendency to move downstream. Since the air-
foil surface over this region is backward facing, the lower
pressure moving downstream would increase the pressure
drag. The reduction in shock strength is not large enough to
compensate for the increased viscous loss, so that the total
drag of the porous airfoil becomes slightly higher than that of
the solid airfoil. Such a phenomenon has also been observed in
the laboratory at the lower Mw region ?

1-4 but it has not been
predicted by any in viscid-flow approach, which can only eval-
uate wave drag.7'8

For a lifting case, a calculation (based on the TLNS proce-
dure) was made with a NACA 0012 airfoil at M^ = 0.77, with
a = 1.0 deg, with Re =4.09x 106, with the transition fixed at
0.01 chords, and with the first cavity model having a porosity
distribution a = 0.07 [cosQ.5(x-xs)Tr/(xk-xs)]°-5 (Ref. 8) that
ranges from 0.378 to 1.000. (This distribution range covers a
large portion of the upper surface.) The xs parameter is the
position of shock that would result if the porous surface was
solid, and ^represents either x\ or x2, depending on whether
x is less or greater than xs. It can be seen in Fig. 7 that the
pressure jump across the shock is weakened, CL is increased
from 0.169 to 0.183, but again CD is increased from 0.0125 to
0.0137 (CL/CD is slightly reduced), whereas the skin-friction
drag is little changed. By comparison with the result for the
solid airfoil, the skin friction is reduced in the blowing region
and is increased in the suction region because of the porosity.

The numerical results presented in Figs. 8 and 10 (obtained
with the TLNS procedure) are for a symmetrical airfoil that is
generated by reflecting the upper surface of an RAE 2822

a) Computed and experimental b) Computed results for a
results for a solid airfoil porous airfoil

Fig. 6 Comparison of pressure distribution for an NACA 0012 air-
foil: Moo = 0.8, a = 0 deg, Re = 4.09 X10$, xi = 0.3, x2 = 0.5.

-1.5

-1.0-

0-

SOLID AIRFOIL
POROUS AIRFOIL

(a)

-.01

Fig. 7 Pressure, skin friction, and normal velocity distribution on a
lifting NACA 0012 airfoil.

airfoil to the lower surface. The porous surfaces are from
0.615 to 0.805 (the second cavity model on both upper and
lower surfaces) with a porosity a = 0.4. The bottom of the
cavity is at j>/c = 0.0. The flow and airfoil parameters are
Re = 6.5 x 106, a = 0.0 deg, and the transition is fixed at 0.03.
For the first case with Af^O.82 (Figs. 8 and 10), CD is in-
creased from 0.0258 to 0.0273 in the presence of the porous
surface. The effects of the porosity are described as follows.

1) The comparison of Cp plots (Fig. 8) for the solid and
porous airfoils shows that relative to the solid airfoil, the
shock is weakened near the airfoil surface, and the pressure on
the porous airfoil is lower at the trailing edge. The Cp plots also
indicate that the original, one strong pressure jump becomes
two consecutive weaker jumps, which represent the leading
and rear legs of a lambda shock. In this case, the rear leg is
slightly behind the original shock position on the solid airfoil.
The lowered pressure at the trailing edge has also been ob-
served experimentally by Raghunathan and Mabey,4 who re-
cently investigated the flow about a 6%-thick half-circular-arc
model mounted on the upper wall of 9. wind tunnel (Fig. 9).

2) Blowing at the leading part of the porous region reduces
C/, and suction at the rear part of porous region makes the
local Cf larger in the suction region, as shown in Fig. 10. But
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downstream of the suction region, the flow has (difficulty over-
coming the adverse pressure gradient; as a result, the values of
Cf are smaller than they are for the solid airfoil. Aft of the
porous surface, separation occurs.

For the same airfoil, but at M«, = 0.85, the computed results
indicate about a 10% reduction in drag (CD = 0.055 for the
solid airfoil, CD = 0.050 for the porous airfoil.) The effects of
porosity (Figs. 11-15) are described as follows.

1) The comparison of Cp plots (Fig. 11) again shows that
relative to the solid airfoil, the shock is weakened near the
airfoil surface and that the pressure on the porous airfoil is
lower at the trailing edge. The Cp plots also indicate that
the original, one strong pressure jump becomes two weaker
jumps. However, the second pressure jump on the airfoil sur-
face is moved upstream slightly, which is opposite to the find-
ing in the previous case (Mw = 0.82 and CD increased). The
experimental results in Fig. 12 show the comparison of shock
position between the solid and porous airfoils by Nagamatsu et
al.3 who studied a different supercritical airfoil. The experi-
mental results may indicate that the drag is reduced when the
downstream movement of the rear leg of the shock is retarded.
From comparison with the last case; (rear leg of shock moved
downstream and drag was increased) and this case (rear leg of

-1.5

-1.0-

-.5-

o -

1.0-

1.5

SOLID AIRFOIL
POROUS AIRFOIL

0 .2 .4 .6 .8 1.0
X/C

Fig. 8 Comparison of pressure distribution on the airfoil surface.

shock moved upstream and drag was reduced), there is a qual-
itative correlation between experiment and computation.

2) The separated region is enlarged on the porous airfoil
(Figs. 13a and 13b) and the boundary layer becomes thicker.
Figure 14b indicates that some of the fluid particles that are
blown out are immediately sucked back into the cavity. But
some of the fluid particles that are blown out at the upstream
end of the porous surface enclose a dead air region before
going back into the cavity.

According to the present numerical scheme and the turbu-
lence and porosity modeling j for the passive shock and
boundary-layer interaction at low angles of attack, there are
two possible flow patterns above the porous surface (Fig. 14).
There is a stagnation point in the flowfield of pattern 2
(Fig. 14b) that does not occur in pattern 1 (Fig. 14a). The

_
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Fig. 10 Comparison of skin friction.
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Fig. 9 Experimental pressure distribution of a 6%-thick half-circu-
lar-arc model.
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Fig. 11 Comparison of pressure distribution on the airfoil surface.
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Fig. 12 Experimental results of shock movement on a supercritical
airfoil.
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Fig. 13 Streamline patterns: a) solid airfoil; b) porous airfoil.

status of the flow in Figs. 8 and 11 is near a transition from
pattern 1 to pattern 2, and the status of Fig. 14b is a typical
pattern 2. Generally, when the shock is not strong, the top
pattern occurs and the drag may not be reduced. When the
shock becomes stronger, the bottom pattern may occur and the
drag can be reduced. It can be expected that the separation
bubble would burst intermittently and vortex shedding would
occur when either Mach number or angle of attack is increased
further, and that oscillations between patterns 1 and 2 would
occur. Up until now, the only experimental investigations of
the boundary layer near the porous region are those of Krog-
mann et al.5 and Thiede et al.6 The results of those experiments
indicate that the boundary layer is thickened by using a perfp-
rated surface with a cavity. However, the present calculations
of porosity effect on the boundary-layer control are still not as
effective as experimental data show. The complete assessment
would require the refined porosity and turbulence models. In
addition, the computations of Oiling and Dulikravich9 indicate
that the reduction of boundary-layer thickness could be possi-
bly achieved with a noncbnstant porosity distribution.

3) As shown in Fig. 15, the suction at the rear part of the
porous region makes C/more negative over the suction region *
which is opposite to the effect shown in Fig. 10. This result is
what would be expected, however, since the suction is trying to
swallow the separation bubble that lies behind the suction
region.

In summary, the results of the present nonlifting case reveal
porosity effects at higher freestream Mach numbers: the shock
becomes weaker, the shock is moved slightly upstream, and the
viscous loss is increased. These findings are consistent with the

SHOCK

POROUS SURFACE

b)
POROUS SURFACE

Fig. 14 Streamline pattern of passive shock and boundary-layer in-
teraction. a) pattern 1; b) pattern 2.
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Fig. 15 Comparison of skin friction.

1.0

results of the last few cases, except here the reduction in shock
strength is more than enough to compensate for the increased
viscous loss. Also, the pattern-2 separated flow becomes ma-
ture, and movement of the shock downstream has been pre-
vented. Boundary-layer separation occurs because of the blow-
ing at the front part of the porous surface, and the suction at
the rear part of the porous surface captures a dead air region.

The variation of CD with increasing freestream Mach num-
ber for this airfoil with a slightly longer porous surface from
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Fig. 16 Porosity effects on the drag of a modified RAE 2822 airfoil:
*i = 0.615, *2 = 0.88, a = 0.4, porosity on both upper and lower sur-
faces, the bottom of cavity at y/c = 0.0, Re = 6.5 X106, a = 0 deg and
transition fixed at 0.03.

0.615 to 0.88 is plotted in Fig. 16. Drag reduction by the
porous surface occurs at Mach numbers higher than 0.84.
Drag reductions of the same order of magnitude have been
found experimentally by Nagamatsu et al.3 in the study of a
supercritical airfoil mounted on the bottom wall of a wind
tunnel. Finally, the numerical results show that the total drag
of the porous airfoil is reduced at higher Mach numbers and
that it is increased at lower Mach numbers, as has beeri ob-
served experiment ally. However, the advantage of the highly
limited suction area of the porous surface is not as effective as
the experimental results would indicate.3

Concluding Remarks
A numerical study was made to examine the effects of a

porous surface on transonic airfoil performance. The compu-
tational results qualitatively verify some available experimen-
tal data and improve the inviscid-flow solutions. The results
obtained from constant porosity distribution can be used to
predict the trend shown in the CD vs M^, at a = 0 deg. The
results also show that the porous surface affects not only the
shock strength and shock shape, but also the position of the
shock. Furthermore, the structure of passive-shock and
boundary-layer interactions and the streamline patterns near
the porous surface are discussed.
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