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Euler Study on Porous Transonic Airfoils with a View Toward
Multipoint Design

Peter M. Hartwich*
ViGYAN, Inc., Hampton, Virginia 23666

Euler solutions for steady transonic flow (0.63 < Mx < 0.8, 0 deg < a < 2 deg) over NACA 0012 and
supercritical airfoils with solid as well as porous surfaces suggest porosity as a means to realize multipoint design
for transonic airfoils. The porous surfaces extend over at least 90% of the chord. The porosity distribution is
described by a modified sine wave with several amplitudes. Either connected or separated cavities are assumed
to lie underneath the upper and lower surfaces. Applied to a NACA 0012 airfoil, porosity generally increases
lift, in some instances by up to 65%. Porous NACA 0012 airfoils in supercritical flow yield reductions of an
order of magnitude in wave drag at constant lift, compared to their solid counterpart. Making the surface of
a supercritical airfoil permeable also leads to sizeable reductions in wave drag at constant lift for overspeed
conditions. The discussion of the computed results addresses issues such as grid sensitivity and checks for
systematic errors.

Introduction

POROSITY has long been employed to remedy unwanted
phenomena in aerodynamics. To mind come perforated

walls in the test section of transonic wind tunnels to reduce
blockage effects. Maestrello1 utilized a porous centerbody
plug to eliminate the "screeching" of supersonic jet exhausts.
Several feasibility studies2"12 in the 1930s demonstrated that
porous surface patches on transonic airfoils can delay the drag-
rise associated with energy losses due to shocks and separated
boundary layers. The principle of this drag-reducing tech-
nique, often labeled as "shock venting," is illustrated in
Fig. 1.

The schematic in Fig. 1 illustrates the effect of porosity on
some supercritical flow past a NACA 0012 airfoil. The flow
accelerates along the upper surface to supersonic speeds. As
the flow travels further along the airfoil it encounters an ad-
verse pressure gradient due to decreasing curvature. Without
shock venting the flow would get shocked down to subsonic
speeds by a strong normal shock. Besides causing wave drag
this terminating shock is often sufficiently strong to cause a
separation of the boundary layer, thereby further increasing
total drag. As sketched in Fig. 1, placing a porous strip with
a cavity below at the position of the shock induces the for-
mation of a recirculation bubble. This bubble acts like a hump
which leads to an oblique compression wave (which can be
isentropic) that decreases the strength of the terminating nor-
mal shock. It should be mentioned that building airfoils with
humps in their upper skin for achieving the same effect was
actually considered.3

Numerical studies on shock venting have almost exclusively
concentrated on mimicking experiments.7'9'11'12 Thus, the po-
rous surface patches were mostly chosen to be very narrow
with their effectiveness confined to a small bandwidth of free-
stream Mach number and incidence. On rare occasions, nu-
mericists have looked at more unusual porosity distributions4'7
which extended over a large portion of the airfoil. Corre-
sponding surface pressure plots indicated that not only the
intended wave drag reduction was achieved, but that the en-
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tire flowfield arounclthe airfoil was changed. The airfoil looked
as if it changed its effective shape on a large scale as reflected
by some "equivalent" solid airfoil contours.4 Oddly, it appears
that such effects were accepted as some sbrt of "curiosa" and
their ramifications, particularly for aerodynamic design, were
never explored. , . ; • •

The present report is the result of a computational pilot
study on the possibility of using large porous surface patches
with eavities beneath to modulate flows over baseline airfoils
in such a way that they become mission adaptive. In other
words, the concept of porosity is numerically explored to
determine whether it is a suitable means to achieve multipoint
design for transonic airfoils. The computational approach al-
lowed for a faster and less expensive assessment of influencing
parameters such as profile geometry, arrangement of porous
surface patcries, and degree of porosity, compared to an ex-
perimental study. The investigation was carried out with an
in-house developed Euler solver,14'15 GAUSS2. This is a time-
implicit upwind method for the nonconservative Euler equa-
tions using floating shock fitting for accurate representations
of shocks. This method has proven to be fast, accurate, and,
perhaps rribst important, unusually grid insensitive. The use
of a Navier-Stokes solver or some interactive boundary-layer
method, which would principally allow for an assessment of
viscous effects such as separation and viscous drag, was re-
jected because of uncertainties in the proper calibration of
turbulence models.9'11'12

After a brief review of the technical approach, results will
be presented for sub- and supercritical flow past two baseline
configurations: 1) a NACA 0012 airfoil; and 2) a wing section
at the break station of NASA's EET-SCW3 (energy efficient
transport-supercritical wing 3) wind-tunnel model (see Ref.

shock! wave
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Fig. 1 Porous airfoil in transonic flow.
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16 and references cited therein). The effects of the degree of
porosity, of connected/separated cavities beneath the upper
and lower airfoil surfaces, and of the computational grid are
assessed. Representative results indicate that the present ap-
proach is free of systematic errors, and that an alternate flow
solver produces comparable results.

Technical Approach

Flow Solver
The two-dimensional, compressible, nonconservative Euler

equations are solved on a structured body-fitted grid with a
general time-implicit floating shock fitting method called
GAUSS2. The details of the algorithm and code are presented
elsewhere (see Refs. 14 and 15) and will only be briefly de-
scribed here.

For reasons of computational speed, the upwinding is based
on the nonconservative split coefficient method (SCM).17

Nonconservative schemes can incorporate upwinding very
cheaply, since the dependent variables can be chosen for con-
venience. Some "natural" choices are speed-of-sound and the
Cartesian velocity components, because they are required in
any upwind scheme. The set of dependent variables is com-
pleted by entropy which reduces the energy equation to a
mere convection equation. All quantities are normalized with
reference values for pressure, density, and length.

A floating shock fitting capability is implemented to achieve
accuracy across shocks. Shocks are allowed to "freely" float
between the grid points, and they are explicitly updated by
way of the Rankine-Hugoniot relations. Away from shocks,
fully one-sided, second-order accurate spatial differences are
used. Differences across shocks are efficiently suppressed by
way of operator arrays. The pertinent procedures contain
several of Moretti's18 ideas and notions with one crucial change:
the shock orientation is computed locally by observing that
the shock normal runs parallel to the change in velocity across
shocks. The main advantage of the present approach to com-
pute the shock orientation is that it eliminates the need to
organize shock points in successive links. This improves com-
putational efficiency (fewer "if" statements), avoids ill-
defined shocks (e.g., so-called "isolated" shock points), and
most importantly it forms a keystone for a straightforward
extension of floating shock fitting to three dimensions.

The solution is implicitly advanced in time. Time accurate
solutions for shocked flows, usually incommensurate with
nonconservative methods, are computable by virtue of the
shock-fitting technique. For time-accurate calculations the so-
lutions are produced with second-order accurate Crank-
Nicholson time differencing. For steady-state applications, a
first-order accurate Euler-backward time discretization is pre-
ferred since it yields superior convergence performance due
to its more suitable damping properties. Time dependency of
the steady-state results is avoided by writing the discrete equa-
tions in delta form. The implicit operator is numerically in-
verted with a diagonalized approximate factorization (AF)
algorithm.19

Computational Grids
The results for the solid and porous NACA 0012 airfoil

were computed on a coarse and a standard C-type mesh. The
standard mesh with 161 x 33 grid points has been closely
patterned after that used in Refs. 14,15, and 20 for computing
subcritical shockless flow. The airfoil itself was covered with
133 grid points, and the spacing between the airfoil and the
first points off the surface was on the order of 10~2 chords.
A coarser grid was derived by dropping every other grid point
in each coordinate direction. Although previous grid sensi-
tivity studies14-15 indicated that the standard grid is sufficient
to resolve transonic inviscid flow past a NACA 0012 airfoil,
some gridding effects were reassessed to rule out that the
computed flowfield results are some grid-dependent artifacts.

The C-type grid around the EET-SCW3 wing section had,
with 189 x 33 grid points, a slightly higher grid density than
the grid around the NACA 0012 airfoils. The extra points
were used for a sufficiently accurate surface definition of the
more involved geometry of the supercritical airfoil. While
retaining the same minimum spacing in radial direction around
the airfoil as for the standard mesh around the NACA 0012
airfoil, the EET-SCW3 configuration was defined by 161 grid
points.

For all grids the far field and the outflow boundaries were
placed 6 chords away from the airfoils. Larger grid extents
were without discernable effects on the computed flowfield
results but required more computing time. The results were
also unaffected by the grid type as indicated by control com-
putations on O-type grids encompassing a NACA 0012 airfoil
with 129 x 49 and 257 x 97 grid points.

Boundary and Initial Conditions
Since the subroutines setting the boundary conditions are

modular elements which can be pulled out or plugged in as
required by the subject flow problem, the boundary condi-
tions are treated explicitly in time. Entropy along the airfoil
is computed from simple extrapolation. The speed-of-sound
along the profile is iteratively calculated from the momentum
equations by simplifying rjx (^-momentum) 4- 77,, (17 -momen-
tum)

(1)

where U and V are the contravariant velocity components

U = t;xu + and V = j]xu + r/vv (2)

and 8 = (y - l)/2 with y being the ratio of the specific heats.
The velocity components along the airfoil are updated by
evaluating

(3)

where q = (u, v)Tandn = (rjx, rjv)T. The velocity components
in gwall are computed from linear extrapolation from the in-
terior of the integration domain. For a solid airfoil surface,
the transpiration velocity vn is set to zero. Along a porous
profile section vn is evaluated by applying Darcy's law

vn = -cr VyM. (4)

where the subscript n indicates the direction of the outward
facing surface normal. The proportionality factor cr is the
porosity distribution function determined by viscosity as well
as the permeability of the porous medium.21 The expression
A/7 is defined by

with

A/? - /?wa,l ~ /7cavity (5)

n = (nKwall ^"wa

As usually done,4-7-9"12 the pressure in the cavity was assumed
to be constant. Considering that the net mass flux through
the porous surface of length L has to be zero for passive flow
through the cavity, that is

pvn ds = 0 (6)
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the cavity pressure can then be calculated as

J popwan ds
(7)

per ds

The subsonic far-field boundary conditions along the pe-
rimeter of the integration domain are determined from char-
acteristic-based formulations as readily found, e.g., in Ref.
22. Since these formulations adjust the freestream values for
lifting effects, the circulation F of a potential vortex needs to
be computed. Observing that F ~ c, ( = sectional lift coeffi-
cient), and that provisions have to be made to deal with both
solid as well as permeable airfoil surfaces; the airfoil lift coef-
ficient for the scaling of the circulation is computed as

c, — cv cos a — CY sin a (8)

where cx and cv are the respective sectional force coefficients
in x and y direction

c —

yMl

-2
yMl

- pwaI1vnM ds

M Pwaii d* + Js Pwaiiv^v ds j

(9a)

(9b)

in which S is the circumference of the airfoil and u and v are
the Cartesian velocity components along the profile.

The boundary conditions along the branch cut in the wake
are updated by taking the average of the extrapolates from
the interior of the integration domain, and the calculations
were always started from freestream conditions.

Results
Solutions are shown for subcritical (Mx = 0.63, 0 deg < a

< 2 deg) and supercritical (Mx = 0.80; 0 deg < a < 1.25
deg) flow over a solid (<rmax = 0) and three porous (crmax .=
0.3, 0.6, and 0.9) NACA 0012 airfoils. In addition, results
are presented for a solid and a porous (crmax = 0.6) EET-
SCW3 wing section at test (Mx = 0.71, 0 deg < a < 1.25
deg) and overspeed (Mx = 0.80, 0 deg < a < 1.25 deg)
conditions. The overspeed Mach number of 0.8 is equal to
the test Mach number of the complete EET-SCW3 configu-
ration. The equivalent test Mach number of 0.71 for the wing
section at the break station of the EET-SCW3 configuration
is derived from sweep theory. The porosity distribution is
described by a "squared" sine wave4-7:

cr = crma sin TT -x - x. (10)

The subscripts 1 and 2 define the extent of the cavity (cf. Fig.
1). The values for xl and x2 along both upper and lower surface
of the NACA 0012 airfoil were 0 and 1, respectively, indi-
cating that the porous surface patches extended of the entire
chord. Since the supercritical EET-SCW3 wing section is char-
acterized by a very thin trailing-edge region, the cavity is
assumed to extend only over 90% of the chord, counting from
the nose. Therefore, the corresponding values for xl and x2
along the upper and lower surface are 0 and 0.9. The extent
of the cavities was chosen to be as large as possible to achieve
the maximum modulation effect on the surface pressure dis-
tribution. By virtue of the sinusoidal distribution function,
porosity tapers off rapidly in the vicinity of the stagnation
regions at the nose and trailing edge. Without this constraint
the assumption of uniform pressure in the cavities would be-
come questionable, and the flow in the cavity would actually
have to be solved for. This issue was consciously avoided since

an earlier attempt to account for the effects of an internal
cavity flow yielded only inconclusive results,12 and because
such an effort would have been well beyond the scope of the
present study.

The comparison of surface pressure distributions in Fig. 2
illustrates the effect of porosity on subcritical flow (M^ =
0.63, a = 2 deg) past a NACA 0012 airfoil. The pressure
distribution delineated by the solid line pertains to the solid
NACA 0012 airfoil, and the symbols give the results for a
profile with porous surfaces characterized by an intermediate
value for crmax, which corresponds to a maximum geometric
porosity (= hole area/surface area) of about 2.5%. The effects
of higher or lower degrees of porosity (i.e., values for o-max)
will be discussed below. The porous airfoil produces more
than a 40% higher lift than its solid counterpart. This gain is
primarily due to an inflection of the concave lee-side pressure
distribution of the solid profile into a convex shape for the
porous variant.

The variation of lift with angle of attack for subcritical flow
(M^ = 0.63) over one solid (crmax = 0) and three porous (crmax
= 0.3, 0.6, and 0.9) NACA 0012 airfoils is plotted in Fig. 3.
It appears that porosity emulates the effects of linearly varying
camber as indicated by the steeper slopes of the curves for
all porous variants of the NACA 0012 airfoil. Moreover, the
gains in lift, which range from 20 to 65% based on the per-
formance of the solid NACA 0012 profile, rise proportional
to the degree of porosity. Intuitively, one expects this trend
to approach some asymptotic limit which becomes apparent
when supercritical flow past porous NACA 0012 airfoils is
considered.
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Fig. 2 Surface pressure distributions for porous and solid NACA
0012 airfoils in subcritical flow.
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Fig. 3 Variation of lift with angle of attack for solid and porous
NACA 0012 airfoils; subcritical flow.
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The discussion of the results for supercritical flow past solid
and porous NACA 0012 airfoils begins with an inspection of
the effects of porosity on the surface pressure distribution for
a particular flow case involving a permeable surface of inter-
mediate porosity (i.e., crmax = 0.6). Figure 4, which has the
same layout as Fig. 2, shows a comparison between super-
critical flow (Mx = 0.8, a = 1.25 deg) over a porous (crmax
= 0.6) and a solid (crmax = 0) NACA 0012 airfoil. A com-
parison of the force and moment coefficients reveals that the
ratio of lift over wave drag for the porous airfoil is more than
2.5 times the value for the solid profile, and that this gain is
achieved through increasing lift as well as by reducing wave
drag. The gain in lift due to porosity is achieved through two
mechanisms: 1) the pressure along the lower side is "equal-
ized" and the supersonic regime, terminated by a weak shock,
is eliminated; and 2) the supersonic regime along the upper
surface of the profile is extended towards the trailing edge.
The reduction in wave-drag stems from suppressing a super-
sonic regime along the lower airfoil surface, from having a
lower shock Mach number, and from the formation of a A
shock above the airfoil.

The variation of lift with angle of attack for supercritical
flow over one solid (o-max = 0) and three porous (crmax = 0.3,
0.6, and 0.9) NACA 0012 profiles is plotted in Fig. 5. The
porous NACA 0012 airfoil with the lowest amplitude (<rmax
= 0.3) in the porosity distribution produces only marginally
more lift than its solid counterpart. The lift curves for the
other two maximum values of porosity (i.e., <rmax = 0.6, and
0.9) lie close to each other and produce about the same amount
of extra lift. Note that the bulk of the gain in lift stems from
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Fig. 4 Surface pressure distributions for porous and solid NACA
0012 airfoils in supercritical flow.
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the initially much steeper slope of the lift curves which both
show a pronounced kink for a ~ 0.5. For a > 0.5, all curves
have about the same slope, and the graphs for <rmax = 0.6
and 0.9 appear to be shifted from those for crmax = 0.0 and
0.3, which reflects a camber effect.

The drag polars in Fig. 6 elucidate the behavior of the
porous NACA 0012 airfoils in supercritical flow. The result
points correspond to those in Fig. 3. Comparing the graphs
for crmax = 0.0 and 0.3 shows that for a given angle of attack
the lowest degree of porosity leaves the lift almost unchanged
while it significantly reduces the wave drag. For the two upper
values of maximum porosity, a further reduction of wave drag
(which when compared with the solid profile, can reach up
to a full order of magnitude) is noticeable when the drag polars
are compared for constant lift. When compared for constant
angle of attack and with the constraint a < 0.5 deg, it appears
that the drag polars for crmax = 0.6 and 0.9 are laterally shifted.
That means that the airfoils with crmax > 0.6 produce more
lift for both incidence and wave drag being held constant.
This is consistent with the initially steeper lift slope in Fig. 5,
and it was confirmed by detailed comparisons of surface pres-
sure distributions for several angles of attack and degrees of
porosity. For a > 0.5, the lift-enhancing qualities of porosity
get overwhelmed by conventional angle-of-attack effects. The
redistribution effects of porosity on the surface pressure along
the upper airfoil surface fade out as the shock moves closer
and closer to the trailing edge; the shock strength picks up
and both lift, as well as wave drag, increase at about the same
rate as for crmax < 0.3. Finally, the results in Figs. 5 and 6
suggest that the effectiveness of porosity has indeed encoun-
tered a point of diminishing return for crmax ~ 0.6 so that the
discussion of the results in the remainder of this article will
concentrate on comparing results for solid airfoils with porous
profiles whose permeable surfaces are characterized by a value
of <jmax = 0.6.

With the help of the DISC (direct iterative surface curva-
ture) design tool,23 equivalent airfoil shapes were computed
using the porous pressure distributions in Figs. 2 and 4 as
target pressures. The contours of these equivalent airfoil shapes
are shown in a comparison with a NACA 0012 airfoil in Fig.
7. Both equivalent airfoils are characterized by a reduced nose
radius and by a further aft position of their maximum thick-
ness (about 45 vs 30% chord). Whereas the "supercritical"
equivalent airfoil is only slightly thicker than the solid NACA
0012 profile and has just a small amount of camber, the "sub-
critical" equivalent airfoil is much thicker and shows a pro-
nounced increase in camber. While the subcritical equivalent
airfoil basically retains the basic shape of the NACA 0012
profile, the supercritical companion piece reveals a distinct
flattening of the upper surface combined with a hump-shaped
closure towards the trailing edge. Analyses of streamline pat-
terns for the porous NACA 0012 profile at the corresponding
flow conditions showed that the reduction in nose radius is
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Fig. 5 Variation of lift with angle of attack for solid and porous
NACA 0012 airfoils; supercritical flow. Fig. 6 Drag polars for solid and porous NACA 0012 airfoils.
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solid equivalent, M^ = 0.80, a = 1.25°

.100

.075

.050

.025

0

-.025

-.050

-.075

-.100
0 .2 .4 .6 .8

chord
Fig. 7 Self-adaptive airfoil through porosity.
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Fig. 8 Systematic error analysis using GAUSS2.

due to inflow into the cavities, and that the contours of the
equivalent solid airfoils closely match the envelopes of recir-
culation bubbles.

As a check for systematic errors the flows over the equiv-
alent solid airfoils in Fig. 7 were recomputed using the present
shock fitting method GAUSS2, and an alternate shock cap-
turing Euler solver, FLOMG.24 Both codes produced very
similar results for the subcritical flow case. The pertinent
results with GAUSS2 and FLOMG for the supercritical flow
case shown in Figs. 8 and 9. In these figures, the solid lines
give the surface pressure distribution for the porous NACA
0012 airfoil as computed with GAUSS2 (compare with the
symbols in Fig. 4). The symbols indicate the pressure distri-
butions as computed with GAUSS2 (Fig. 8) and FLOMG
(Fig. 9) for the solid, supercritical equivalent airfoil. Apart
from expected minor differences in the vicinity of the shock,
GAUSS2 gives very similar surface pressures for the porous
NACA 0012 and the equivalent solid airfoil. That is also
reflected by the closely matching values for the force and
moment coefficients. Because the shock location in the FLOMG
result is slightly further aft of those in the GAUSS2 predic-
tions, FLOMG predicts higher values for the forces and mo-
ments. Nevertheless, the results with FLOMG support the
trend of the GAUSS2 results.

As in previous analyses of solid transonic airfoils,15 the
floating shock fitting method was found to be unusually grid
insensitive. This phenomenon is illustrated in Fig. 10 by com-
parison of the surface pressures for supercritical flow over a
porous (o-max = 0.6) NACA 0012 airfoil as computed on the
standard grid of 161 x 33 grid points and on a coarser mesh
with 81 x 17 nodes. Aside from the fact that the A shock is

-1.5

-1.0

-.5

1.0

1.5

)
(

airfoil equivalent porous
symbol O ——
c, 0.6405 0.5849
cd 0.0252 0.0153
c« -.1421 -.1120

I

chord
Fig. 9 Systematic error analysis using FLOMG.
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Fig. 10 Assessment of grid effect.

resolved only on the standard mesh, both computations yield
very similar surface pressure distributions, and predict within
a bandwidth of about 2% the same lift and pitching moment.
The larger margin of 7% between the predicted wave drag
coefficients results mainly from the fact that the total loss of
the two distinct shocks forming the legs of the A shock is less
than that of the single shock in the coarse grid calculation.

Figure 11 gives the convergence summaries for the flow
cases discussed in Figs. 4 and 10. All calculations were run
for 1000 cycles using local time stepping as a means to promote
convergence towards a steady-state solution. While it appears
that the solutions for the porous profile took a little longer
to converge, the L2 norm of all residuals was reduced by at
least 5 orders of magnitude in all instances. The computing
times are based on the flow solver's performance on NASA
Langley's Cray-2s; the CPU time/node/cycle in single pro-
cessor mode is about 6.5 jus. For completeness it is mentioned
that the flow solver is written in standard FORTRAN 77 and
requires about 65 words of memory per grid point.

Several flow cases were computed with the assumption of
having upper and lower cavities connected in such a way that
they form one cavity extending all the way from the trailing
edge around the airfoil nose back to the trailing edge. The
representative result in Fig. 12 indicates that while there is
indeed very little wave drag, the lift has collapsed too. Even
the ratio of lift to wave drag is lower than that of a porous
NACA 0012 airfoil with separated cavities when compared
for the same lift (see Fig. 6).
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Fig. 11 Convergence summaries for supercritical flows past porous
and solid NACA 0012 airfoils.
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Fig. 12 Effect of connected vs separated cavities.

The results for the solid and porous NACA 0012 airfoils
led to the question whether porosity might broaden the op-
erational range for supercritical airfoils such as the EET-SCW3
wing section. The variation of lift with angle of attack in Fig.
13 shows mixed results. Four curves are plotted with porosity
and Mach number as parameters. At the test Mach number
of 0.71, the porous EET-SCW3 wing section produces less
lift at low incidence but surpasses the lift of its solid coun-
terpart at higher incidence by virtue of its steeper lift curve
slope. At an overspeed condition (M^ = 0.8), the porous
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Fig. 13 Variation of lift with angle of attack for solid and porous
EET-SCW3 wing sections.
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Fig. 14 Drag polars for solid and porous EET-SCW3 wing sections.
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Fig. 15 Drag characteristics for solid and porous EET-SCW3 wing
sections.

EET-SCW3 airfoil produces lower lift over the entire inci-
dence range. Since the slopes of both lift curves for M^ =
0.8 are comparable, it looks like porosity "decambers" the
supercritical airfoil.

The drag polars in Fig. 14 give a clearer picture for the
effect of porosity on the performance of the EET-SCW3 wing
section at overspeed conditions. While Fig. 14 again shows
that porosity reduces lift at a given incidence, it also dem-
onstrates that porosity also reduces wave drag. Comparing
for the same lift, porosity improves wave drag by more than
100 counts.

The variation of wave drag with freestream Mach number
for the design lift coefficient of ct = 0.7 in Fig. 15 illustrates
the potential of porosity for multipoint design for practical
transonic airfoils. The solid supercritical airfoil develops a
shock (albeit rather weak) in the nose region for Mx ~ 0.625.
The strength of this shock reaches a maximum at M^ ~ 0.675.
Since the angle of attack needs to be continuously reduced
to maintain constant lift, the strength of this shock in the nose
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Fig. 16 Surface pressure distributions for solid and porous EET-
SCW3 profiles at test conditions.
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Fig. 17 Surface pressure distributions for solid and porous EET-
SCW3 profiles at an overspeed condition.

region decreases until it reaches a minimum at M^ ~ 0.75.
Beyond this point, the solid airfoil exhibits a sudden jump of
the recompression shock into the aft part of the airfoil (i.e.,
x/c > 0.7) accompanied by an abrupt surge in wave drag. The
porous version of the supercritical airfoil remains shock-free
up to M^ ~ 0.75. Thus, porosity eliminates the drag creep at
Mach numbers below design value and it also helps to un-
dercut the wave drag of the solid supercritical airfoil at design
conditions. Moreover, the porous supercritical airfoil delays
drag rise by a margin of AM ~ 0.025 by virtue of a softened
onset of drag divergence compared to the more sudden jump
associated with the solid supercritical profile.

Figures 16 and 17 illustrate the effects of porosity on the
flow over the supercritical EET-SCW3 wing section at the
test (Fig. 16) and the overspeed (Fig. 17) condition by com-
paring surface pressures for the solid airfoil and its porous
counterpart. At the test condition porosity equalizes the sur-
face pressure distribution without a major impact on the total
area enveloped by the surface pressure contour. Therefore,
the lift remains at roughly the same level. At the overspeed
condition (Fig. 17), it looks like porosity fixes the location of
the recompression shock, preventing it from moving further
downstream and closer to the trailing edge. For the solid
airfoil the shock is free to move aft, which yields additional
lift at the expense of a significantly higher drag.

Conclusions
Euler analyses of transonic flow past NACA 0012 and su-

percritical airfoils indicated a potential of porosity for achiev-
ing a multipoint design for transonic airfoils. In particular,
porous versions of the NACA 0012 airfoil demonstrated a
new quality of being self-adaptive to dissimilar flow condi-
tions. While a highly optimized supercritical airfoil was less
impacted by porosity effects, it was demonstrated that po-
rosity broadens its usable Mach number range. The next log-
ical step is to verify these encouraging results in experimental
proof-of-concept studies; the design and fabrication of suit-
able wind-tunnel models is currently underway.
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