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Stability of Hypersonic Boundary Layer on Porous Wall
with Regular Microstructure
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Theoretical and experimental studies of hypersonic boundary-layer stabilization using a passive porous coating
of regular microstructure are discussed. Propagation of disturbances inside pores is simulated with linear acoustic
theory including the gas rarefaction effect. This model provides boundary conditions for stability analysis of
boundary-layer disturbances on the porous wall. Experiments were conducted in the Mach 6 wind tunnel on a
7-deg half-angle sharp cone whose longitudinal half-surface is solid and whose other half-surface is covered by
a perforated sheet comprising equally spaced cylindrical blind microholes. Hot-wire measurements of “natural”
disturbances and artificially excited wave packets are conducted on both solid and porous surfaces. Natural
disturbance spectra indicate that the second mode is a dominant instability. The porous coating stabilizes the
second mode and weakly affects the first mode. Measurements of artificially excited wave packets show that the
porous coating leads to substantial decrease of the wave-packet growth. The experimental data on phase speeds and
amplitudes of the second-mode disturbances are compared with theoretical predictions. Satisfactory agreement
is obtained for both solid and porous surfaces. This study confirms the concept of hypersonic boundary-layer
stabilization by passive porous coatings, which can be used for laminar flow control.

Nomenclature
A = disturbance amplitude
Ax , Ay, Az = admittance components
Aθ = thermal admittance
CD = C∗

Dγ P∗
e , dynamic compressibility

f = frequency
h = porous-layer thickness
K n = Knudsen number
M = Mach number
Pr = Prandtl number
p = pressure disturbance
Q = mass flux disturbance
ReeX = U ∗

e X/ν∗
e , local Reynolds number

r0 = pore radius
T = temperature
U, V = mean-flow velocity components
u, v, w = velocity disturbance
X, Y, Z = hot-wire coordinates
x, y, z = Cartesian coordinates
Z0 = characteristic impedance
α, β = wave-number components
γ = specific heat ratio
θ = temperature disturbance
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� = propagation constant
μ = viscosity
ν = kinematic viscosity
ρ = density
ρD = ρ∗

D/ρ∗
w , dynamic density

σ = spatial growth rate
φ = porosity
ω = angular frequency

Subscripts

e = upper boundary-layer edge
LST = linear stability theory
w = wall
0 = initial
∞ = freestream

I. Introduction

L AMINAR turbulent transition leads to substantial increase
of the aerodynamic drag and surface heating of hypersonic

vehicles.1,2 The ability to increase the laminar run is of critical im-
portance in design and optimization of aerospace planes. Aspects
of hypersonic boundary-layer transition control are discussed in
Ref. 3. Smoothing and shaping of the vehicle surface help to avoid
early transition caused by roughness and leading-edge contamina-
tion as well as crossflow and Görtler instabilities. However, with
these measures, the laminar run might be still short because of the
first- and/or second-mode instability.4,5 The wall cooling, which nat-
urally occurs on hypersonic vehicle surfaces, strongly stabilizes the
first mode6 while it destabilizes the second mode.7 This indicates
that hypersonic laminar-flow-control concepts should address the
second-mode instability.

The second mode is associated with instability of trapped acous-
tic waves of relatively high frequency.4 Malmuth et al.8 assumed
that a passive ultrasonically absorptive coating (UAC) can stabilize
the second mode and, at the same time, can be aerodynamically
smooth. This hypothesis was confirmed by the linear stability
analyses,8,9 which showed that the porous UAC causes a massive
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Fig. 1 Sketch of the wall covered by the perforated sheet.

reduction of the second-mode growth rate. The theoretical predic-
tions were qualitatively confirmed by the experiments10 conducted
in the high-enthalpy GALCIT T-5 shock tunnel of California Insti-
tute of Technology on a sharp cone at the freestream Mach number
4.59 ≤ M∞ ≤ 6.4. However, quantitative comparison was not fea-
sible because stability characteristics of the boundary-layer distur-
bances were not measured. This motivated us to perform a series of
stability experiments on cones covered by porous coatings of vari-
ous microstructures. Further theoretical research was also needed to
address randomly porous coatings as well as to account for rarefied
gas effects occurring in pores of small size.

The first series of stability experiments was conducted in the
T-326 Mach 6 wind tunnel of the Institute of Theoretical and Ap-
plied Mechanics (ITAM; Novosibirsk, Russia) on a 7-deg half-angle
sharp cone whose longitudinal half-surface was solid and whose
other half-surface was covered by a thin porous coating of random
structure, namely, a fibrous absorbent material (felt metal).11,12 Hot-
wire measurements of “natural” disturbances and artificially excited
wave packets were performed on both solid and porous surfaces. Sta-
bility analyses for two- and three-dimensional disturbances showed
that the porous coating stabilizes the second mode and marginally
destabilizes the first mode. These results are in qualitative agreement
with the experimental data for natural disturbances. The theoretical
predictions are in good quantitative agreement with stability mea-
surements for artificially excited wave packets associated with the
second mode.11,12

In this paper, we discuss the second series of stability experiments
and calculations, which have been performed for the UAC of regular
microstructure (Fig. 1) similar to that tested in the GALCIT T-5
shock tunnel.10 Some of the discussed hereafter experimental data
were used in Ref. 13 for comparison of the UAC efficiencies relevant
to coatings of random and regular porosity.

II. Theoretical Modeling
The linear stability analysis is carried out accounting for the

mean flow nonparallel effects as described in Ref. 12. The fluid
is a perfect gas with Prandtl number Pr = 0.708, and the specific
heat ratio γ = 1.4. Viscosity μ is a function of temperature given by
Sutherland’s formula. The mean flow in the laminar boundary layer
is calculated using the conical self-similar solution of boundary-
layer equations. The distance X∗ from the cone tip is assumed to
be much larger than the boundary-layer scale l∗ ≡ √

(ν∗
e X∗

p/U ∗
e ),

where X∗
p = X∗/3 according to the Mangler transformation. The

ratio ε = l∗/X∗ is treated as a small parameter. The Cartesian co-
ordinates x, y, z are made nondimensional using l∗, and time t and
pressure P are referenced to l∗/U ∗

e and ρ∗
e U ∗2

e respectively; other
flow characteristics are made nondimensional using their quantities
at the upper boundary-layer edge. A three-dimensional monochro-
matic disturbance is represented by the vector function

Z =
(

u,
∂u

∂y
, v, p, θ,

∂θ

∂y
, w,

∂w

∂y

)T

(1)

Z(x, y, z, t) = [c(x1)ζ(x1, y, α) + O(ε)]

× exp

[
iε−1

∫
α(x1, ω, β) dx1 + iβz − iωt

]
(2)

where u, v, w, p, and θ are velocity components, pressure, and
temperature; x1 = εx is slow variable; (α, β) = (α∗, β∗)l∗; ω =
ω∗l∗/U ∗

e , ζ(x1, y) is the eigenfunction of the local-parallel stability
problem (

∂

∂y
− H0

)
ζ = 0 (3)

y = 0 : ζ1 = 0, ζ3 = Ayζ4, ζ5 = 0, ζ7 = 0 (4)

y → ∞ : ζ1, ζ3, ζ5, ζ7 → 0 (5)

The 8 × 8 matrix H0 is given in the appendix of Ref. 12. Here-
inafter the complex eigenvalue α(x1, β, ω) corresponds to the first
or second mode. The amplitude coefficient c(x1) is obtained from
analysis of the next-order problem with respect to ε. The admittance
Ay is a complex quantity, which couples the vertical velocity dis-
turbance with the pressure disturbance on the porous surface. On
the solid wall Ay = 0, and the boundary conditions correspond to
no-slip conditions and zero temperature perturbation on the surface
of high thermal conductivity.

For the mass-flow disturbance Q, which is measured in experi-
ments, the spatial growth rate σ is calculated as12

σ ≡ 1

|Q|
∂|Q|
∂x

= −Imα + ε

(
∂ln |q|
∂x1

− ImW

)
+ O(ε2) (6)

where q = [ζ1 + (γ M2
e ζ4 − ζ5/T )U ]/T , W (x1) is relevant to the

nonparallel effect. In accordance with experimental measurements,
σ(x1, y) is calculated at the level y = ym of maximum mass-flow
disturbance in the boundary layer.

The admittance Ay is expressed in the form9

Ay = −(φ/Z0) tanh(�h) (7)

where h = h∗/ l∗ and Z0 and � are the characteristic impedance and
propagation constant of an isolated pore, respectively. The latter two
are functions of the complex dynamic density ρD and the complex
dynamic compressibility CD :

Z0 =
√

ρD/CD

Me

√
Tw

, � = iωMe√
Tw

√
ρDCD (8)

The characteristics ρD and CD are calculated using the model,14

which is based on solutions describing propagation of disturbances
within a long cylindrical tube. This model accounts for gas rarefac-
tion effects, which are important in the case when the molecular
mean free path λ∗ is not negligible compared with the pore radius
r∗

0 . As shown in Ref. 14, ρD and CD are

ρD = 1

1 − F(Bv, ς)
, CD = 1 + (γ − 1)F

(
BE , ς

√
Pr

)
(9)

F(Bv, ς) = G(ς)

1 − 0.5Bvς2G(ς)

F
(

BE , ς
√

Pr
) = G

(
ς
√

Pr
)

1 − 0.5BE

(
ς
√

Pr
)2

G
(
ς
√

Pr
) (10)

Here G(ς) = 2J1(ς)/[ς J0(ς)], J0,1 are Bessel functions of
the first kind of zero and first order, ς = √

(−iω∗ρ∗
wr∗2

0 /μ∗
w),

Bv = (2α−1
v − 1)K n, BE = [γ (2α−1

E − 1)/(γ + 1)Pr ]K n, αv is the
molecular tangential impulse accommodation coefficient, and αE

is the molecular energy accommodation coefficient. The Knudsen
number K n = λ∗/r∗

0 is expressed as K n = 2μ∗
w/(ρ∗

w c̄∗r∗
0 ), where

c̄∗ = √
(8RgT ∗

w/π) is the mean module of molecular velocity vector
and Rg is gas constant per unit mass. Relations (9) and (10) coincide
with the known results of the continuum limit K n = 0 (Ref. 15). The
latter were used for modeling of the UAC admittance in Ref. 9.

Parametric calculations show that the rarefaction effect leads to
increasing of the pore admittance and enhancement of UAC perfor-
mance. As an example, Fig. 2 shows the second-mode maximum
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growth rate, σmax = max σ(ω), as a function of the longitudinal co-
ordinate for the boundary layer at Me = 5.3, Te = 56.4 K, the local
unit Reynolds number Ree1 ≡ U ∗

e /ν∗
e = 2 × 107m−1 and the wall

temperature Tw = Tad. Stability calculations for this result assumed
the locally parallel theory, that is, the second term in Eq. (6) is ne-
glected. The UAC characteristics are r∗

0 = 25 μm, s∗ = 100 μm; the
porous-layer thickness h∗ 	 r∗

0 ; and the accommodation coeffi-
cients αv = αE = 0.9. At these parameters, which are typical for the
wind-tunnel experiment discussed in Sec. III, the Knudsen number is
K n ≈ 0.2. The second-mode stabilization, predicted at this Knudsen
number (dotted line), is stronger than in the case of K n = 0 (dashed
line).

III. Experimental Setup and Instrumentation
Experiments were conducted in the open-jet test section of the

ITAM T-326 hypersonic blowdown wind tunnel.16 The diameter of
the axisymmetric contoured nozzle was 200 mm. The Mach number
in the flow core was M∞ = 5.95. The noise level was ≈1%, which is
typical for conventional hypersonic wind tunnels. During the exper-
iments, the total pressure, P0 = 103 kPa, and the stagnation temper-
ature, T0 = 385–400 K, in the settling chamber were kept constant
with accuracy 0.06 and 0.25%, respectively. The freestream unit
Reynolds number was Re1∞ = (11.5 − 12.3) × 106 m−1; the wall-
temperature ratio, Tw/T0 = 0.80–0.84, approximately corresponded
to an adiabatic wall.

The model was a 7-deg half-angle sharp cone of 500 mm length
(Fig. 3) consisting of a sharp nose of 65-mm length and 0.1-mm
tip radius, a middle portion of 65-mm length with an electric glow-
discharge actuator, a base portion of 370-mm length, and a unit
providing turning of the cone around its axis. The solid surface
roughness was approximately 0.5 μm. The cone was installed at
zero angle of attack to an accuracy of 0.05 deg.

The longitudinal half of the base part was covered by a stainless-
steel perforated sheet (Fig. 1) that had equally spaced cylindrical
holes of depth h∗ = 450 μm and average spacing s∗ = 100 ± 4 μm.
The average hole diameter was d∗ = 50±6 μm on the face side and
d∗ = 64 ± 6μm on the back side (Figs. 4a and 4b), that is, holes were
slightly conical with taper angle ≈0.9 deg. The perforated sheet was

Fig. 2 Rarefaction effect on the UAC performance: Tw = Tad,
Re1 = 2 ×× 107 m−1, Me = 5.3, and Te = 56.4 K.

Fig. 3 General view of the sharp cone model.

flush mounted on the cone surface. With the help of a custom-built
tension mechanism, the sheet was tightly stretched on to the model
to avoid cavities underneath the porous coating. The UAC leading
edge was located at a distance X = 182 mm (ReeX ≈ 2.8 × 106) from
the cone tip.

The model was equipped with a three-dimensional actuator pro-
viding a high-frequency glow discharge in a small chamber. Arti-
ficial disturbances generated by the actuator were introduced into
the boundary layer through an orifice of 0.4-mm diam located at
a distance of 69 mm measured from the cone tip along the cone
axis (Fig. 3). The actuator, instrumentation, and measuring system
are the same as in the experiment with the porous coating of ran-
dom microstructure.11,12 A constant-current hot-wire anemometer
was used to measure mass-flow fluctuations. Details of the hot-wire
probes and processing techniques are given in Refs. 11, 12, and 17.
The amplitude A and phase � of disturbances are obtained using
the discrete Fourier transformation

A(X, Y, �)ei�(X,Y,�) = 2

N

N∑
j = 1

ρUn(X, Y, �, t j )e
−iωt j (11)

where N is the sample count in the time series, ρUn(X, Y, �, t j ) is
the time series of mass-flow pulsations, and � is the circumferential

a)

b)

Fig. 4 Micrographs of a) back and b) face sides of the perforated
sheet.
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angle in the cone cross section. The typical number of samples was
N = 4 × 105.

To compare the experimental and theoretical data, the artificially
excited wave packet was decomposed into separate wave compo-
nents. The transverse wave spectra were calculated as

S A(x, β)ei SF(x,β) =
∫ θ0

−θ0

A(x, �)ei�(x,�)e−iβ � d� (12)

where SA, SF are the amplitude and phase spectra with respect to
the transverse wave number β measured in radians/degree. (This
unit was chosen because the transversal coordinate was measured
in degrees of the circumferential angle in the cone cross section.) A
detailed description of the experimental setup, instrumentation, and
data processing is given in Ref. 18.

IV. Experimental Results
Hot-wire measurements of mean profiles and rms pulsations of

ρ∗U ∗/ρ∗
e U ∗

e at the stations X = 138–287 mm show that the bound-
ary layer is laminar on the solid and porous sides, that is, the
porous coating roughness does not cause premature tripping of the
boundary-layer flow.

A. Natural Disturbances
Spectra of maximum (vs the vertical coordinate Y ) mass-flow

disturbances were measured at equally spaced X stations. The first
three stations were located upstream of the UAC leading edge. The
disturbance spectra A( f ) are shown in Figs. 5a and 5b for the solid
and porous sides, respectively. Hereinafter the spectrum amplitudes
are given in arbitrary units because the calibrated hot-wire data are
not available. At the first three stations, the spectra practically coin-
cide on both sides. Downstream of the UAC leading edge, spectrum
behaviors are quite different.

a)

b)

Fig. 5 Natural disturbances spectra in the boundary layer on the
a) solid and b) porous sides at various ReeX .

a)

b)

Fig. 6 Normalized natural-disturbance spectra on the a) solid and
b) porous sides at various ReeX .

On the solid side, spectra appear very similar to those reported in
Ref. 19 for a sharp cone at M∞ = 8. They indicate that the second-
mode instability is dominant. At the first upstream station, the sec-
ond mode was observed at frequencies ≈ 430–450 kHz. Its ampli-
tude quickly increases downstream, whereas its central frequency
decreases to 270 kHz at the last station. In the middle of the measure-
ment region (ReeX ≈ 3.42 × 106), the second mode becomes larger
than the first mode associated with the frequency band 50–200 kHz,
that is, the first mode grows slower than the second mode. Mea-
surements at the last downstream station (on both solid and porous
sides) indicate the beginning of boundary-layer turbulization.

On the porous side, the second mode grows quickly in the first
three stations located upstream from UAC. Farther downstream this
growth is slowed as a result of the presence of the porous coating.
Over the entire measurement region, the second-mode amplitudes
are smaller than the first-mode ones.

To evaluate the downstream growth of boundary-layer distur-
bances, the spectra A( f ) are referenced to the initial spectrum A0( f )
measured at the first X station. These normalized spectra A/A0 are
shown in Figs. 6a and 6b for the solid and porous sides, respec-
tively. The first-mode disturbances have nearly equal growth on
the both sides, that is, the porous coating weakly affects the first-
mode instability. Maximum amplifications are observed in the range
100–130 kHz; they are 3.3 and 3.6 for the solid and porous sides,
respectively. The second-mode disturbances grow faster than the
first-mode disturbances. Their maximum amplifications are 6.9 and
20.4 on the porous and solid sides, respectively, that is, the UAC
effectively stabilizes the second mode.

B. Artificial Wave Packets
Artificial disturbances were generated in the boundary layer at

frequency 275 kHz, which is relevant to the maximum amplitude of
the second mode measured on the solid side under natural conditions
(Fig. 5a). Figure 7 shows transverse distributions of the amplitude at
various ReeX . They are nearly symmetric and similar to each other
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Fig. 7 Transversal distributions of the artificial wave-packet ampli-
tude on the porous side: θ ≡ Θ.

Fig. 8 Phase speeds for artificial disturbances on the porous and solid
sides: f = 275 kHz; 1 and 2, solid side; 3 and 4, porous side; and thick
lines, theory.

Fig. 9 Amplitude wave spectra with respect to the transversal wave
number β on the porous side at various ReeX .

in all cross sections. The amplitude peak at the wave-packet center
indicates that the two-dimensional wave component is dominant.
The phase distributions are very flat and give nearly constant phase
speeds CX ≡ C∗

X/U ∗
e (Fig. 8).

Figure 9 shows the amplitude wave spectra with respect to the
transverse wave number β. The wave packets lie within the range
β = ±0.5 rad/deg corresponding to the range of the wave-vector in-
clination ±20 deg. The amplitude maximums are observed at β = 0.
These features indicate that the dominant component of the artifi-
cially excited wave packets is two dimensional.

Amplitudes of natural and artificial disturbances of 275 kHz are
shown by symbols in Fig. 10. On the porous side, these amplitudes

Fig. 10 Downstream development of the second-mode disturbances of
frequency 275 kHz.

practically coincide (compare circles and squares), that is, natural
disturbances of this frequency are predominantly two-dimensional
waves of the second mode. It is clearly seen that the UAC leads to
substantial decrease of the amplitude growth. Namely, the maximum
amplitude on the porous side (circles and squares) is approximately
three times smaller than that on the solid side (triangles).

V. Comparison with Linear Stability Theory
Stability calculations were conducted for two-dimensional distur-

bances (β = 0) of the second mode for flow parameters relevant to
the experiments. Namely, the local Mach number Me = 5.325, and
the wall temperature Tw = 320 K corresponds to T ∗

w/T ∗
e = 5.471.

The local unit Reynolds number was Re1e = 15.2 × 106 m−1; the
disturbance frequency f = 275 kHz corresponds to the frequency
parameter F ≡ ω∗ν∗

e /U ∗2
e = 1.393 × 10−4.

The spatial growth rate was calculated with relation (6) including
the nonparallel effect. For the porous wall, stability calculations
were conducted using the boundary conditions (4) and (5), in which
the admittance is given by Eqs. (7) and (8) with the dynamic density
and compressibility (9). The UAC parameters were specified as
r∗

0 = 25 μm, s∗ = 100 μm, the porosity φ = 0.2, and the porous-
layer thickness h∗ = 450 μm.

Figure 10 compares theoretical amplification curves (solid lines)
with the experimental data (symbols). In these calculations, the
amplitudes are adjusted to the experimental values at the initial
X station. The theory agrees well with the experiment on the solid
side (compare the solid line with triangles). The amplification curve
calculated for the porous surface (dashed line) lies above the ex-
perimental points (circles and squares), that is, the theory under-
estimates the UAC stabilization effect. Assuming that this discrep-
ancy is caused by the conical shape of actual pores, we calculated
the amplification curve for the pore radius averaged over the pore
length (r∗

0 = 28.5 μm). With this correction, the agreement of theory
(dashed–dotted line in Fig. 10) with the experiment is satisfactory.

Another factor responsible for the discrepancy between theory
and experiment might be nonlinear effects that decrease the second-
mode amplification. As mentioned in Sec. IV.A, the nonlinear
breakdown of natural disturbances is observed at the last X station.
Because amplitudes of artificially excited wave packets are signifi-
cantly larger than those of natural disturbances, the nonlinear effect
can arise earlier. This assumption is consistent with decreasing of
the disturbance amplitude at the last station (Fig. 10). Note that the
nonlinear aspects of laminar-turbulent transition on a sharp cone
with and without the porous coating of regular microstructure are
discussed in Ref. 20. The bispectral analysis of the hot-wire signals
showed strong subharmonic and harmonic nonlinear interactions
over the solid surface. These nonlinear interactions are substantially
weakened on the porous surface.

As shown in Fig. 8, the theoretical phase speeds agree well with
the experimental data for artificially excited wave packets on both
the solid and porous sides of the cone.
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VI. Summary
Experimental and theoretical studies of hypersonic boundary-

layer stabilization using a passive porous coating of regular mi-
crostructure were conducted in order to evaluate the UAC perfor-
mance for further applications to hypersonic laminar-flow control.

The linear stability problem for disturbances in the boundary
layer on a porous wall was formulated using the asymptotic method
of multiple scales. This problem differs from the typical stability
problem because of new boundary conditions associated with ab-
sorption of disturbance energy by the porous coating. The boundary
conditions were formulated in terms of the porous-layer acoustic
admittances, which depend on the UAC microstructure. Acoustic
properties of cylindrical pores were analyzed in the framework
of linear acoustic theory including gas rarefaction effects. This
analysis is focused on the most practical case when the molec-
ular mean free path is smaller (or much smaller) than the pore
radius.

Stability experiments were carried out on a 7-deg half-angle sharp
cone with a longitudinal half of its surface solid and the other a
porous sheet perforated with equally spaced cylindrical blind mi-
croholes. The cone was tested at zero angle of attack in hypersonic
freestream of Mach number 5.95. Hot-wire measurements were con-
ducted in the boundary layer on the porous and solid sides of the
cone. Spectra of natural and artificially excited wave packets were
obtained at various cross sections of the cone.

Measurements of mean profiles and rms pulsations of the mass
flow showed that the boundary layer was laminar on the solid and
porous sides, that is, the coating roughness did not cause premature
transition.

Under natural conditions, the first (low frequency) and second
(high frequency) modes were observed in the boundary layer. Anal-
ysis of natural-disturbance spectra showed that the second mode
was dominant on the solid side. The porous coating stabilizes the
second mode and weakly affects the first mode. This observation is
consistent with the theoretical predictions.11,12

To evaluate the UAC stabilization effect, the wave packets were
artificially excited at a frequency relevant to the second-mode in-
stability. It was found that the two-dimensional wave is a dominant
component of the wave packets. The amplification of this compo-
nent nearly coincides with the amplification of natural disturbances
of the same frequency. This indicates that natural disturbances in
the high-frequency band are predominantly two-dimensional waves
of the second mode. It was shown that the UAC leads to substantial
decrease of the wave-packet growth. Namely, the maximum ampli-
tude on the porous side is approximately three times lower than that
on the solid side.

Stability calculations were conducted for the second mode and
compared with the experimental data. The theoretical amplification
curve agrees well with the experiment on the solid side. In the case
of the porous wall, the theory underestimates the UAC stabilization
effect. With a correction accounting for the conical shape of actual
pores, the agreement is satisfactory.

In summary, the present theoretical and experimental results con-
firm the concept of hypersonic boundary-layer stabilization by pas-
sive porous coatings. The following issues remain to be addressed
in the future:

1) The wall temperatures of actual hypersonic vehicles are
substantially lower than the adiabatic wall temperature. Stability
calculations9,11,12 show that UAC performance dramatically in-
creases as the wall temperature ratio decreases. These theoretical
predictions need to be verified by stability experiments on a model
with a cooled wall.

2) Roughness of the porous coating can lead to premature tripping
of the boundary layer. Detailed studies of this detrimental effect will
help to formulate criteria for the pore size and spacing.

3) It needs to be shown that the second-mode stabilization leads
to an increase of laminar run. At present, we have only indirect
experimental evidence in favor of this connection. Namely, the
experiments10 in the GALCIT T-5 shock tunnel showed significant
increase of the transition Reynolds number on the porous surface.
Further experimental studies are needed to clarify this issue.

4) Refinements of the theoretical model are also needed to address
pore end effects, pore-to-pore interaction, and disturbance absorp-
tion by coatings of complex microstructures.
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