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Abstract: This study presents a design approach for a uniform porous surface to control
laminar-to-turbulent transition in hypersonic boundary layers. The focus is on suppressing
the Mack second mode, which is a dominant instability in hypersonic boundary layers.
The Mack second mode is acoustic-wave-like in the ultrasonic frequency range and can be
effectively attenuated by porous surfaces. Previous studies have explored porous surfaces,
either by targeting a specific frequency or by adopting geometrically complex configura-
tions for various frequencies. In contrast, the present study proposes a porous surface
design that effectively stabilizes the Mack second mode over a wide frequency range,
while maintaining structural simplicity. In addition, this porous surface design incorpo-
rates constraints associated with practical fabrication to enhance manufacturability. The
absorption characteristics of porous surfaces are evaluated with an acoustic impedance
model, and the stabilization performance is assessed with linear stability theory. The pro-
posed porous surface design is compared with a conventional design method that focuses
on the Mack second mode with a single frequency. Consequently, the proposed design
methodology demonstrates robust and consistent suppression of the Mack second mode
in a broad frequency range. This approach improves both stabilization performance and
manufacturability with a uniform porous surface, contributing to its practical application
in high-speed vehicles.

Keywords: hypersonic boundary layer; laminar-to-turbulent transition; transition control;
porous surface; linear stability theory

1. Introduction

Laminar-to-turbulent transition control is a crucial technology for the development of
hypersonic vehicles. Turbulent transition presents a significant challenge, as it substantially
increases surface heat transfer and aerodynamic drag. Turbulent transition occurs primarily
due to the amplification of unstable modes in boundary layers under low-disturbance
environments typically encountered in flight conditions [1-6]. It has been discovered that
the Mack second mode is a dominant instability in high-speed boundary layers [2,3,7].
Consequently, the manipulation of the Mack second mode has been a prominent research
area in turbulent transition control for hypersonic boundary layers [8-11].

Transition control techniques are generally classified as either passive or active. Pas-
sive techniques are designed to operate continuously with minimum interference to the
surrounding flow. Two noticeable examples of passive transition control are porous sur-
faces [12-17] and surface roughness [18-20]. Such passive control methods need to be
designed effectively for the suppression of the Mack second mode, which is pursued
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in this study. In contrast to the passive approach, active control techniques are applied
prudently when transition control is required. Local surface heating and cooling [21-23],
gas injection [24,25], plasma actuator [26,27], and synthetic jets [28,29] are representative
active control methods. Among these transition control techniques, porous surfaces are
particularly promising due to their inherent passiveness, which enables continuous and
reliable suppression of the Mack second mode without requiring an external energy input.
Furthermore, the porous nature of thermal protection material provides an opportunity for
this control approach to be practically applicable for high-speed vehicles [30].

This study focuses on passive transition control with porous surfaces to damp the
acoustic-wave-like Mack second mode, which is trapped within the boundary layer. Mal-
muth et al. [31] proposed that an ultrasonically absorptive porous surface can stabilize
the Mack second mode, which was examined in a theoretical study with inviscid stability
analysis. Subsequently, Fedorov et al. [32] explored viscous linear stability analysis (LST)
and identified that porous surfaces effectively stabilize the Mack second mode in the hy-
personic laminar boundary layer. Rasheed et al. [12] verified the theoretical concept for the
transition control experimentally in a hypersonic shock tunnel.

It has been recognized that several geometric parameters, including pore size and
porosity, determine the effectiveness of porous surfaces for transition control [32-35]. An
effective pore diameter is about D = O(10-100 pm), which is about one-order-of-magnitude
smaller than the thickness of the hypersonic boundary layer, J. Distinct scale separation is
required for the passive control approach. Note that the wavelength of the Mack second
mode is comparable to the boundary layer thickness (A ~ 24). It has been identified via a
parametric study that a pore depth of about H ~ 2D — 5D can suppress the Mack second
mode significantly for a given frequency [32]. Numerical studies [34,36] have indicated that
pore size parameters (i.e., diameter and depth) are more important than pore shape in stabiliz-
ing the hypersonic flow. For non-circular pores, the hydraulic diameter is associated with the
absorption of the Mack second mode [13,34,36]. In addition to pore geometric parameters,
the location of porous surfaces is also crucial for effective stabilization [37-39]. Wang and
Zhong [37] found that the porous surface is effective downstream of the synchronization
point of modes S and F. Modes S and F originate from slow and fast acoustic waves near
the leading edge.

Previous studies on porous surfaces for transition control have been primarily focused
on the most unstable frequency of the Mack second mode [15,16,32,36]. For a given
frequency and a flow condition, a theoretical approach with an impedance model provides
effective pore parameters, including size and location. Such an optimal pore is, however,
"optimal" for only one frequency. A broad range of frequencies should be incorporated
in designing porous surface because (1) the most unstable frequency varies in developing
boundary layer, (2) realistic disturbances include a broad frequency spectrum, and the
(3) porous surface may destabilize other frequencies. It should be noted that non-uniform
pores have been explored to account for a broad frequency range. Bres et al. [40,41]
suggested spatially varying pore depth in accordance with the varying unstable frequency
of the Mack second mode in the main flow direction. Tian et al. [42] designed non-uniform
slits to avoid unexpected destabilization of the first mode, whose frequency is significantly
lower than the second mode frequency. Zhao et al. [43] demonstrated that a non-uniform
slit achieves more effective stabilization across a wide frequency range compared to a
uniform slit optimized for a single frequency. Although a non-uniform porous surface
stabilizes flow instabilities of various frequencies, the spatial variation of micro-scale pores
imposes a significant challenge for practical fabrication methods. If a uniform and effective
porous surface is designed, then manufacturability is drastically improved for a porous
surface with millions of pores. In the current study, a uniform and effective porous surface
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is designed for a broad range of Mack second mode frequencies. The absorption capability
of the porous surface will be compared to a conventional porous surface designed for a
single target frequency.

Acoustic impedance models have been developed for porous surfaces that can absorb
the acoustic-wave-like Mack second mode [16,32-35,44-48]. The impedance model allows
for converting the pressure fluctuation coming into the surface into the velocity fluctuation
(normal component) on the surface [32,36], so numerical analysis can be performed without
resolving numerous pores physically. The impedance of a porous surface depends on
surface properties, such as pore size and porosity, and flow properties, such as flow speed
and the disturbance frequency. The acoustic impedance model of Zhao et al. [47] is used in
the current study. The implementation of the impedance model into LST was validated for
the hypersonic boundary layer [16,49].

This study aims to design a uniform porous surface that is effective in a broad frequency
range of the Mack second mode. A hypersonic boundary layer on a cone is investigated
to suppress the Mack second mode with the optimal porous surface. The optimal porous
surface is selected by analyzing the absorption characteristics of porous surfaces over a
broad frequency range. Additionally, the design constraints of a practical manufacturing
process are considered to ensure the realistic fabrication of a porous cone for expected tests in
hypersonic facilities. Electrochemical etching is chosen for a practically feasible fabrication to
puncture millions of pores simultaneously. Two porous surfaces are systematically designed
and compared: one for a given frequency and the other for a broad frequency range. The
performance of the porous surfaces is evaluated through LST analysis with an acoustic
impedance model. Ultimately, this study will provide practical guidelines for designing the
optimal uniform porous surface for the control of hypersonic turbulent transition.

This paper is organized as follows. Section 2 describes the current computation approach
(Section 2.1) and design methods for porous surfaces (Section 2.2), including the impedance
model and the stability analysis. The designed porous surfaces and the results of stability
analysis are presented in Section 3. Finally, concluding remarks are included in Section 4.

2. Methods

The stability analysis of a hypersonic boundary layer over a cone is conducted using
linear stability theory (LST). Figure 1 presents a schematic diagram of the current flow
condition. The flow conditions are based on relevant experiments [50,51] with a freestream
Mach number of M« = 6.8. The boundary-layer edge conditions are computed using the
Taylor-Maccoll equation and used for the stability analysis. The details of flow properties
are summarized in Table 1.

S\\oc\(

Flow
M, = 6.8

Figure 1. Flow condition of the current study for the hypersonic flow over a sharp 7-degree
half-angle cone.
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Table 1. Flow conditions and air properties used in the current study.
Properties Freestream Boundary-Layer Edge

Mach number Me 6.8 M, 5.9

Reynolds number [/m] Reoo1m 7.1 x 10° Ree1m 9.9 x 10°
Total enthalpy [M]/Kg] ho,c0 1.7 ho e 1.7
Pressure [kPa] Poo 2.12 Pe 4.67
Temperature [K] Teo 163 T, 206

2.1. Linear Stability Theory

In linear stability theory (LST), an instantaneous variable 1 is decomposed into the
undisturbed mean ¥ and the disturbance ¢’'.

y=9+y. 1)

The undisturbed mean ¢ is obtained from the Blasius similarity solution with the
Mangler transformation [52] for the cone surface. The disturbance ¢ is represented as

Y (x,y,t) = ¢/ (y)e! 2, )

where ¢/ is the shape function, a is the streamwise wavenumber, f is the frequency, and
t is the time. Because the Mack second mode is a dominant two-dimensional instability
in hypersonic boundary layers, no azimuthal wavenumber is considered in the current
LST analysis. Spatial growth of instability matters; thus, f is real, while « is complex. The
spatial growth rate is given by —a;, the imaginary part of & with the negative sign.

The decomposition (Equation (1)) is applied to the compressible Navier—Stokes equa-
tions written in terms of ¢ = [p u v w T]". Then, linearized disturbance equations are
obtained as outlined in Malik [53]. These disturbance equations can be formulated as an
eigenvalue problem [15,53,54] by employing the normal-mode assumption (Equation (2))
and assuming locally parallel flow (¢ = 0).

The thermophysical properties are modeled under the assumption of a perfect gas
with a specific heat ratio of v = 1.4 and a constant Prandtl number of Pr = 0.72. The

dynamic viscosity y is computed using Sutherland’s law,

T\ Ty + Ts
”_”O(To> T+T5’ ©

where pg = 1.717 x 107° kg/(ms), Ty =273.15K, and Ts = 111 K.
The boundary conditions for solving the system of stability equations are given

as follows:

"y=0)=T'(y=0)=0, v(y=0)=Ap'(y=0),

" . ) . )
Py =o0) = (y = c0) = 0y = 00) = T'(y = 00) =0,

where A is the acoustic admittance of a porous surface. Notably, for a smooth surface, A = 0.
The admittance A is determined using the acoustic impedance model of Zhao et al. [36].
The acoustic impedance Z and the reflection coefficient R at the frequency of the Mack
second mode are computed with Equations (5) and (6).
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where py, is the air density at the wall, ¢, is the speed of sound at the wall, H is the pore
depth, ¢ is the porosity, and S is the unit cell size. The isothermal wall condition is used
with Ty, = 300 K. The pore parameters of a porous surface are depicted in Figure 2. This
study considers uniformly distributed circular pores with a pore diameter D, so that the
porosity is ¢ = tD?/45?. Refer to [36] for a detailed description of the impedance model,
including the definition of other parameters in Equation (6).

Figure 2. Schematic diagram of porous surface with uniformly distributed circular pores.

For a given frequency f and streamwise location x, the system of disturbance equations
is solved using the Chebyshev collocation method with 151 collocation points distributed
across the wall-normal direction within the domain 0 < y < 6699, where Jdg9 denotes
the boundary layer thickness. In addition, the QR algorithm is employed to solve the
eigenvalue problem over the entire computational domain. Local LST analysis is conducted
for frequencies ranging from 100 kHz < f < 1100 kHz at 112 uniformly distributed
streamwise locations within the interval 0.05 m < x < 0.6 m. The most downstream
location x = 0.6 m is chosen based on the practical cone sizes available in hypersonic
ground facilities [50,51].

The Mack second mode originates from the synchronization of two discrete modes,
S (slow mode) and F (fast mode) [55]. After synchronization, either mode S or F abruptly
becomes unstable (normally S), which is then identified as the Mack second mode. In
this study, the Mack second mode is determined by tracking the S and F modes in the
eigenmode spectra obtained from stability analysis at multiple streamwise locations.

The LST solver developed by Lim et al. [15] is employed in this study. This solver has
been previously validated for hypersonic boundary layers on smooth [15,16,56-58] and
porous [16,49] surfaces. Additional LST analysis is conducted in this study for the sharp
cone case from reference [59] to further validate the current LST solver. Figure 3 shows
that the current LST identifies the Mack second mode accurately. Reference [59] showed a
good agreement between its own LST and direct numerical simulation. This cone case of
reference [59] validates the current LST solver for stability analysis on a cone geometry at
hypersonic speeds.
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Figure 3. Comparison of the Mack second mode between the current LST and reference [59] for the
hypersonic boundary layer on the sharp cone at Mach 6.

2.2. Design of Porous Surfaces

Porous surfaces are designed to maximize the absorption of the Mack second mode,
considering a practical fabrication process for a specified coverage (x = 0.15 to 0.6 m)
on the cone surface. By minimizing the magnitude of the reflection |R| of an incident
wave, a notable improvement in the absorption performance of porous surfaces can be
achieved for the Mack second mode instability [16,40,47,60]. In this study, two different
approaches to minimizing |R| are explored in designing porous surfaces. The first design
approach follows the method from previous studies [16,47], targeting a specific frequency
destabilizing the Mack second mode the most. The second approach aims to minimize |R|
in a broad range of frequencies where the Mack second mode is unstable, which is a unique
approach distinct from those in the literature. The second approach takes into account
other frequencies, which could be unstable due to the application of a porous surface. The
first and second approaches yield Porous Surfaces 1 and 2, respectively, in this study.

The porous parameters of Porous Surface 1 are determined through the following
optimization problem:

min|R(D, H, §)|¢ (7)
subjectto D > 80 um (8)
50 < H < 600 pm )
S > D+ 50 um (10)

A

< =
s < 10 (11)

where f is the frequency of the most unstable Mack second mode and A is the wave-
length, all of which are determined for the flow condition listed in Table 1. An electro-
chemical etching process [61,62] is taken into consideration for the fabrication constraints
(Constraints (8)—(10)) of a porous metal plate, following the ongoing experimental ap-
proach [63,64]. This method is planned to be applied in porous surface fabrication for
ground tests in hypersonic facilities [50,51]. The etching process requires that the pore
diameter should be sufficiently large (Constraint (8)) and the height should be limited
as Constraint (9). The pore wall needs to be at least 50 pum thick, i.e., Constraint (10), to
maintain a straight pore up to H = 600 pm in the etching process. Furthermore, since
the acoustic impedance model is valid under the condition S < A [36], Constraint (11) is
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imposed to ensure sufficiently small cells and pores. Such tiny pores help to absorb the
acoustics-like Mack second mode disturbance. Here, f = 620 kHz.

To design Porous Surface 2, an objective function is formulated as given in Equation (12),
and the porous parameters are determined with the optimization problem of Equation (13)
for the frequency range fmin < f < fmax-

J(D,H,S) = o R(D., wellich (12)
fmax = fmin
minJ(D, H, S) (13)
subjectto D > 80 um
50 < H < 600 pm
S > D+ 50 um

A(fmax)
S < 0

Here, the same fabrication constraints (Constraints (8)—(11)) as those in the design
of Porous Surface 1 are imposed. For Constraint (11), the wavelength A is calculated at
the maximum frequency fmax, which corresponds to the shortest wavelength within the
frequency range of interest in the design of Porous Surface 2. Here, finin = 430 kHz and
fmax = 700 kHz.

The optimization process is conducted using a parametric sweep with the following
parameter intervals: AD = 10 um, AS = 10 pm, and AH = 50 pm. The interval for the
pore depth AH is selected based on the minimum thickness, 50 pm, of a metal plate in the
ongoing manufacturing process with electrochemical etching [61-64]. Multiple plates can
be combined to deepen the pore with 50 pm increments up to 600 pm.

3. Results and Discussion

The spatial growth rate of the Mack second mode is determined through the stability
analysis using LST to identify the frequency range of the unstable Mack 2nd mode. Figure 4
illustrates the growth rate —aj and the amplification factor N for the cone with a smooth
surface over the frequency range 100 < f < 1100 kHz. The integration of —a; over a
streamwise distance gives N, as expressed in Equation (14).

X

N(x, f) = / —uagdx, (14)
X0

where x is the initial point at the onset of instability (i.e., branch I of the stability curve). The
transition onset location x; and the corresponding factor N depend on the disturbance
level in the freestream; various flight conditions and hypersonic ground facilities yield
a wide range of Ny [65,66]. In this study, the transition onset factor Ny, is obtained from
hypersonic ground experiments conducted in both quiet and conventional (relatively noisy)
facilities [67-70]. The frequency of the most unstable Mack second mode is f = 620 kHz
with the transition factor Ny, = 6, which falls within the typical N factor range for a noisy
hypersonic tunnel. Porous Surface 1 is obtained with the specific frequency f = 620 kHz to
stabilize the target-frequency Mack second mode. A wide range of 5 < Ny < 10 is used
for Porous Surface 2 with the intention of stabilizing the disturbances in the frequency
range 430 < f < 700 kHz. The range 5 < N < 10 is related to the flow condition
of 2 x 10% < Rewoim < 107 and 6 < Ms < 10 in conventional and quiet hypersonic
tunnels [65,68].
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Figure 4. LST analysis of hypersonic boundary layer on the sharp cone with the frequency range
100 < f < 1100 kHz.

The Mack second mode corresponds to an instability that occurs when either mode S
(slow mode) or F (fast mode) becomes unstable due to synchronization, which arises when
their phase speeds become very similar [55,71]. To effectively stabilize the Mack second
mode, porous surfaces are installed downstream of the synchronization point between
modes S and F [37]. Since synchronization at higher frequencies occurs more upstream [71],
f =700kHz (i.e.,, the maximum of the target range 430 < f < 700 kHz) is chosen to
identify the synchronization point. Figure 5 illustrates the spatial growth rate a; and the
phase speed ¢, of modes S and F of f = 700 kHz. The growth rate of mode S rapidly
increases after x = 0.13 m (this instability is related to the Mack second mode), where the
phase speeds of modes S and F are very close to each other. The synchronization between
modes S and F of f = 620 kHz occurs in a similar streamwise region. This frequency
corresponds to the most unstable Mack second mode in this study. Therefore, Porous
Surfaces 1 and 2 are applied from x = 0.15 m to the cone base at x = 0.6 m to effectively
suppress the Mack second mode.

1.4

—e—m(;de F
——mode S||

: : . 0.6 : ' :
0.1 0.2 0.3 0 0.1 0.2 0.3
 [m] z [m]
(a) Growth rate (b) Phase speed

Figure 5. Spatial growth rate ; and phase speed c; of modes S and F of f = 700 kHz.

Porous Surface 1 is designed to minimize the reflection coefficient |R| at the target
frequency f = 620 kHz of the Mack second mode. Figure 6 illustrates the parameter
map for all the pore depths H considered in the current design. The upper and lower
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< 0.3

bounds in the parameter map (indicated by dashed lines) correspond to the design con-
straints (Constraints (10) and (11)). Within the current parametric domain, |R| exhibits a
non-monotonic trend with respect to H. The minimum absorption |R| is expected to be
IR|min = 0.07 with the relatively shallow depth H = 100 pm , indicated with the white dot
in Figure 6. For deeper pores, |R| can be comparable, such as |R|min = 0.14 for H = 350 pm.
Shallower pores are more convenient in the electrochemical etching process [61-64]. Therefore,
Porous Surface 1 is chosen for the minimum |R| point with H = 100 um. Interestingly, for the
H = 100 pm case, the low reflection coefficient |R| is associated with slightly low porosity
¢ = 0.20, in contrast to other H cases where higher porosity tends to yield lower |R|. Low |R|
at small ¢ could be attributed to the acoustic phase cancellation effect [60]. Zhao et al. [72] also
noticed low |R| ~ 0.1 with small ¢ ~ 0.2. Note that extremely shallow depth, H = 50 um,
yields almost no significant change in |R|. Deeper depth, H > 450 pm, yields a similar |R|
distribution, which is qualitatively similar to the previous studies [32,34,35,60], where the
stabilization performance of the porous surface is less sensitive to H if H is sufficiently larger
than a critical value (here, the critical H is H ~ 250 pm [35]). It should be emphasized that
the current manufacturing constraints limit the available porosity ¢ < 0.5.

80 100 120 140 160 180 200 80 100 120 140 160 180 200 80 100 120 140 160 180 200 80 100 120 140 160 180 200

(a) H =50 pm

D [pm] D [pm] D [pm)]
(b) H = 100 pm (c) H =150 pm (d) H = 200 pm

80 100 120 140 160 180 200 80 100 120 140 160 180 200 80 100 120 140 160 180 200 80 100 120 140 160 180 200

(e) H = 250 pm

D [pm] D [pm] D [um]
(f) H = 300 pm (g) H = 350 pm (h) H = 400 pm

0.4

© 0.3

0.2

0.1

0.4

© 0.3

0.2

0.1
80 100 120 140 160 180 200 80 100 120 140 160 180 200 80 100 120 140 160 180 200 80 100 120 140 160 180 200
D [um] D [ym] D [um]
(j) H = 500 pm (k) H = 550 pm (1) H = 600 pm

(i) H = 450 pm

[ e—
0 02 04 06 08 1
R

Figure 6. Parameter map to determine Porous Surface 1 with the reflection magnitude |R|, over
a pore depth range of 50 < H < 600 pm with an interval of AH = 50 um. Upper and lower
bounds indicate the design constraints 71(D/2)2/(A/10)> < ¢ < 7(D/2)?/(D + 50 um)? with
¢ = nD?/4S? (Constraints (10) and (11)) where A = A(f = 620 kHz) ~ 2500 pm.
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0.5

0.4

© 0.3

0.2

0.1

80

Porous Surface 2 is designed to suppress the Mack second mode over a wide frequency
range of f = 430-700 kHz, by minimizing the objective function | (Equation (12)). Figure 7
shows the design point for Porous Surface 2 in the parameter maps with the variation of
H. Since the highest frequency, f = 700 kHz, yields the smallest A, the lower bound in the
design process for Porous Surface 2 is determined based on this frequency. The minimum
J = 0.363 for Porous Surface 2 is obtained with the pore depth H = 150 pm and ¢ = 0.35,
as indicated with the white dot. Slightly larger | is obtained in other pore depth cases:
J = 0.364 with H = 100 pm and ¢ = 0.30, and | = 0.371 with H = 400 pm and ¢ = 0.46.
Interestingly, the average absorption property | of the porous surface is less sensitive to H
if H > 350 pm. This is consistent with minimizing sensitivity in H reported in previous
studies on a specific frequency [32,34,35,60] for sufficiently deep pores.

100 120 140 160 180 200 80 100 120 140 160 180 200 80 100 120 140 160 180 200 80 100 120 140 160 180 200
D [pm] D [pm] D [pm] D [pm]

(a) H =50 pm (b) H = 100 pm (c) H =150 pm (d) H = 200 pm

80

100 120 140 160 180 200 80 100 120 140 160 180 200 80 100 120 140 160 180 200 80 100 120 140 160 180 200
D [pm)] D [pm] D [pm)] D [pm]

(e) H = 250 pm (f) H = 300 pm (g) H =350 pm (h) H = 400 pm

80

100 120 140 160 180 200 80 100 120 140 160 180 200 80 100 120 140 160 180 200 80 100 120 140 160 180 200
D [pm] D [pm] D [pm] D [pm]
(i) H = 450 pm (j) H = 500 pm (k) H = 550 pm () H = 600 pm
BT .

0 02 04 06 08 1
J
Figure 7. Parameter map to determine Porous Surface 2 with the objective function J (Equation (12)),
over a pore depth range of 50 < H < 600 pm with an interval of AH = 50 um. Upper and lower
bounds indicate the design constraints 77(D/2)%/(A/10)? < ¢ < 71(D/2)?>/(D + 50 um)? with
¢ = D2 /452 (Constraints (10) and (11)) where A = A(f =700 kHz) ~ 2200 pm.

It should be emphasized that the current two design points (Porous Surfaces 1 and 2)
are not the global minimum of the optimization process. Realistic design constraints with
the valid criterion of the impedance model determine the optimal porous surface. The
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current study indicates that porous surface design needs to take into account a practical
fabrication process for porous surfaces.

The geometric parameters of Porous Surfaces 1 and 2 are listed in Table 2. The two porous
surfaces have similar diameters D with only a difference of 20 pm. Porous Surface 2 contains
deeper pores (higher H) with higher ¢ (i.e., denser distribution with shorter S), compared
to Porous Surface 1. The depth-to-diameter ratio (A, = H/D) is A, = 0.83 for Porous
Surface 1 and A; = 1.5 for Porous Surface 2, both of which fall within the range typically
considered as shallow pores. Such shallow pores have been analyzed and recommended
due to their advantage in fabrication [2,34,73]. The total number of pores within the porous
wall coverage (x = 0.15 to 0.6 m) on the cone is approximately 2.2 million for Porous
Surface 1 and 5.7 million for Porous Surface 2. The reflection coefficients |R| of Porous
Surfaces 1 and 2 are compared in Figure 8 for the frequency range of interest. The reflection
|R| for Porous Surface 1 is the smallest near the target frequency f = 620 kHz. In contrast,
Porous Surface 2 exhibits the lowest |R| around f = 460 kHz and higher |R| than Porous
Surface 1 for the range of 560 < f < 810 kHz. The averaged |R| in the frequency range
430 < f <700 kHz is |R|avg = 0.36 for Porous Surface 2, which is lower than |R|avg = 0.44
for Porous Surface 1.

Table 2. Porous surfaces designed for the specific frequency f = 620 kHz (Porous Surface 1) and the
frequency range 430 < f < 700 kHz (Porous Surface 2).

Porous Surface Depth Diameter Unit Cell Size Porosity
H [pm] D [pm] S [um] ¢

Porous Surface 1 100 120 240 0.20

Porous Surface 2 150 100 150 0.35

Porous Surface 2
Target frequency range

—Porous Surface 1
—Porous Surface 2
0.8} |
0.6
=
0.4}
0.2F

0 | ! !
100 300 500 700 900 1100
f [kHz]

Figure 8. Reflection coefficient |R| (magnitude) of Porous Surfaces 1 and 2.

Linear stability analysis is pursued to investigate how the Mack 2nd mode with
various frequencies grows on these two porous surfaces. Note that the phase of the complex
reflection coefficient R can also affect the stabilization effect of the porous surface [60]. Since
the current porous surfaces are designed with the magnitude |R|, LST analysis with the
impedance model (Equations (5) and (6)) is needed to incorporate the effect of the R phase.

Figure 9 illustrates the spatial growth rate, —aj, obtained from the LST analysis for
the cone with the two porous surfaces over the frequency range f = 100-1100 kHz. For
effective suppression performance, both 1 and Porous Surface 2 start at x = 0.15 m, which
is near the synchronization point (Figure 5). Porous Surface 1 stabilizes instabilities within
the range 560 < f < 740 kHz. Even within the remaining unstable region, the growth
rate —aj is suppressed compared to that of the smooth surface, as shown in Figure 4a.
Porous Surface 2 exhibits even stronger stabilization performance. Instabilities in the range
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430 $ f < 630 kHz are stabilized, and the growth rate —a; in the unstable region is
significantly lower than that of both the smooth surface and Porous Surface 1. Overall,
Porous Surface 2 demonstrates superior stabilization performance compared to Porous

Surface 1.
1100 ' ' — , 100
| |
900 1 1 80
~ 700 1 F 1 60 g
E:: 1 1 l
24 . ' ~
S s
awof | e
|P f :
100 'Porous surface b | 0
0 0.2 0.4 0.6 0 0.2 0.4 0.66

z [m] z [m]

(a) Porous Surface 1 (b) Porous Surface 2

Figure 9. Stability curve with the spatial growth rate a; of the Mack second mode for the cone with
porous surfaces.

The spatial growth rate of the unstable Mack second mode is further examined,
as shown in Figure 10. The growth rate a; is plotted over the frequency range of
f =100-1100 kHz with a frequency interval of Af = 50 kHz. Porous Surface 2 effec-
tively suppresses the growth of the unstable mode across the frequency, maintaining a
minimum absorption performance of approximately 70%. In contrast, Porous Surface 1
exhibits highly frequency-dependent performance, with suppression as low as 25% in the
least effective case. Porous Surface 2 demonstrates consistent absorption performance over
the broad frequency range.

—Srhooth Surface ||
—Porous Surface 1

I
= 1100 kH >
100 L[ = 1100 2 iPorous surface
1

—Porous Surface 2|/

—ay [/m]

Figure 10. Spatial growth rate a; of the unstable Mack second mode for the cone with smooth and
porous surfaces.

The amplification factor N is calculated from the growth rates over the two porous
surfaces and compared with that of the smooth surface, as shown in Figure 11. The envelope
of the N factor corresponding to each surface is plotted with the relevant frequency variation
over each data curve. The N envelope represents the maximum N at each streamwise
location. The N envelope for the smooth surface increases as the Mack 2nd mode convects
downstream. The corresponding frequency for the maximum N (i.e., the most amplified
mode frequency) shifts to a lower frequency around f ~ 400 kHz downstream. On Porous
Surfaces 1 and 2, the maximum N is reduced from the starting point of the porous surface
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(x = 0.15 m) and grows again in a relatively low frequency region. The amplification factor
N exceeds 6 after x = 0.5 m on Porous Surface 1. Therefore, it is expected that the turbulent
transition still occurs on the current cone surface, even with the expected delay of the
transition. In contrast, Porous Surface 2 effectively suppresses the Mack 2nd mode all the
way to the cone base at x = 0.6 m. The amplification factor remains sufficiently low with
N < 4 throughout the cone surface, suggesting that the transition may not occur, even in a
conventional hypersonic facility.

10 - T T T T
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Figure 11. Amplification factor N envelopes on smooth and two porous surfaces.

4. Conclusions

An optimal design approach for a uniform porous surface is proposed to suppress
the Mack second mode over a broad frequency range. This approach incorporates the
requirements of a practical fabrication process as design constraints for porous surfaces.
Electrochemical etching is chosen here as the fabrication method because it can puncture
millions of pores simultaneously and efficiently. This method is planned to be applied
in ground tests conducted in hypersonic facilities [50,51]. In addition, a cone geometry
available for these facilities is adopted for analyzing the hypersonic boundary layer. The
absorption performance of porous surfaces with respect to the dominant instability, i.e., the
Mack second mode, is evaluated using the acoustic impedance model, and its effectiveness
is examined in a wide frequency range. The approach is compared with a conventional
method focused on a single target frequency of the Mack second mode. Stabilization
performance is assessed through linear stability theory with the impedance model.

The effect of pore size and porosity on the absorption performance is estimated
with the acoustic impedance model to design porous surfaces. Interestingly, the global
minimum identified in the conventional design approach lies outside the current parameter
domain due to the fabrication constraints. Therefore, practical manufacturability must be
considered in order to design an effective porous surface that can be fabricated.

The current study demonstrates that a uniform porous surface can effectively suppress
the Mack second mode over a broad frequency range. Two porous surfaces are designed
and compared: Porous Surface 1, designed for the most unstable frequency (f = 620 kHz),
and Porous Surface 2, designed for the broad frequency range (430 < f < 700 kHz).
Porous Surface 2 exhibits more effective and consistent stabilization across the frequency,
suggesting the potential to maintain laminar flow on the current cone without turbulent
transition under the present flow condition.

Overall, this study proposes an efficient and practical methodology for designing
porous surfaces. In particular, it considers two critical factors: manufacturing constraints
imposed by realistic fabrication processes and the absorption capability of porous sur-
faces over a wide frequency range associated with the dominant instability, i.e., the Mack
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second mode. These considerations enhance both the stabilization performance and the
manufacturability of the designed porous surfaces. As the present study is based on LST
analysis, further investigations are necessary to assess nonlinear interactions among multi-
ple instabilities, including thew potential destabilization of other instabilities. Nonlinear
stability analysis or direct numerical simulation could incorporate the nonlinear effect,
which remains for a future study. The effect of the first mode on transition also remains to
be seen because porous surfaces may destabilize the first mode. In addition, it is important
to validate the expected transition delay of the designed porous surfaces in an experiment.
A hypersonic ground test is currently planned [50,51], and test data will be analyzed with
the current numerical approach. Future extensions of the current design methodology are
expected by considering variations in flow conditions (e.g., Mach number, wall tempera-
ture, and cone geometry). Taken together, the proposed design approach is expected to
aid in selecting optimal porous parameters for effective transition control in hypersonic
applications.
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