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Executive summary
This report summarizes results of theoretical, numerical and experimental studies related to

ultrasonically absorptive coatings (UAC) for laminarization of hypersonic boundary layer flow.

Laminar flow control (LFC) technologies reduce heat-transfer rates as well as the weight and

complexity of thermal protection system (TPS). The project was focused on maturing of the

UAC-LFC methodology. Key components of the effort included theoretical analysis, direct

numerical simulation, wind-tunnel experiments as well as fabrication and testing of ceramic

materials that integrate UAC and TPS functions. To aid in the design of UAC with regular

microstructure to be tested the CUBRC LENS I tunnel, extensive parametric studies of the UAC

laminar flow control performance were conducted for Mach=7 and Mach=10 free-stream

conditions. The UAC parameters providing significant (more than twice) increase of the laminar

run were predicted. Results of these studies can be used for design and manufacturing of large-

scale models with UAC of regular microstructures that could be tested under free-stream

conditions relevant to hypersonic flight. First steps have been made in mathematical (from first

principles) modeling of the acoustic processes in UAC of random structure. Namely, we derived

governing equations, formulated a unit problem for propagation of acoustic wave in highly

porous layered fibrous materials, and outlined its solution in terms of a Fourier series. Direct

numerical simulation (DNS) of the second mode evolution in the boundary layer on a flat plate at

Mach6 free stream was carried out using the theoretical boundary conditions on the UAC

surface. It was shown that stability characteristics predicted by DNS agree well with linear

stability theory. The UAC boundary effect associated with the juncture between solid and porous

walls was simulated. It was shown that this effect is local and can be neglected in prediction of

the integral laminar-flow-control performance of UAC coatings. To clarify pore-end effects we

have conducted a series of DNS calculations for the reflection of acoustic pulses by UAC

comprising 2-D blind micro-cavities (without external flow). These numerical simulations

provided details of the disturbance field inside cavities and near the cavity edges as well as the

reflection coefficient associated with the acoustic far field. It was shown that the reflection

coefficients predicted by DNS agree well with our theoretical model. A cone of length 1 m with

felt-metal coating (UAC of random micro-structure) was tested in the ITAM AT-303 wind

tunnel at Mach8.8 free stream. Transition measurements were carried out on coated and uncoated

cone surfaces at various nose-tip radii. The cone configuration is similar to the FRESH FX-I

fore-cone shape. It was shown that the felt-metal UAC causes 1.3-1.85 times increase of the

laminar run. First samples of ceramic UAC integrated with TPS tile were fabricated. It was

demonstrated that using a stamping technique it is feasible to make equally spaced blind holes of

100 -200 p.m diameter and 500-600 p.m depth. Parameters of these pores fit to laminar flow

control requirements predicted theoretically. Apparatus for benchmark (no flow) measurements

of ultrasonic absorption by porous coatings was assembled. Its robustness was demonstrated at

low ambient pressures relevant to high-altitude flight conditions. The reflection coefficients

measured in this facility agree well with our theoretical prediction. This facility can be used for

measurements of acoustic characteristics of UAC-TPS articles. The results reported herein

provide a solid foundation for large-scale demonstration of the UAC-LFC performance in the

CUBRC LENS I tunnel as well as for fabrication of ceramic UAC integrated into TPS. This, in

turn, provides basis for design of UAC-TPS test articles that could be flight tested within the

framework of the HIFiRE (Hypersonic International Flight Research and Experimentation)
program that includes transition measurements on cones and other configurations.
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1. Background
Laminar-turbulent transition during hypersonic flight represents a severe restriction to vehicle
performance [1], since early transition causes a significant increase (by a factor of 3-8) in heat
transfer, which translates to higher cost and weight of thermal protection system (TPS) [2,3].
For hypersonic air-breathers, premature transition may be mission-critical because it reduces

propulsion system efficiency, increases viscous drag (that can be more than 30% of the total
drag), as well as degrading aerodynamic control surfaces and reaction control system
performance. Because of these issues, strategies for achieving economically viable aerospace
systems require laminar flow control (LFC) concepts that substantially delay transition [4]. State-
of-the-art active and reactive LFC methods seem to be impractical under the severe conditions of
hypersonic flight. Accordingly, passive LFC methods are promising to solve this problem.

In contrast to blunt configurations (e.g., Viking, Apollo type capsules) and moderately blunt
lifting type configurations (e.g., Space Shuttle, the X-37 reusable launch vehicle), air-breathing
hypersonic vehicles (e.g., NASP, Hyper-X) with relatively sharp leading edges can achieve high
lift-to-drag ratio and fly at low angles of attack. This significantly increases local Mach numbers
on the vehicle surfaces and leads to favorable changes in laminar-turbulent transition, namely:

* Roughness-induced transition becomes less important compared to other transition
mechanisms since the critical roughness height quickly increases with the local Mach number
[5]

" Relatively small leading-edge radii associated with hypersonic airbreathing cruise vehicles
prevent transition due to nose-tip roughness and leading-edge contamination [6]

* The first mode (associated with Tollmien-Schlichting waves) does not amplify because of
low wall temperature ratios [7]

Furthermore, shaping of hypersonic air-breathers is designed to achieve massive reduction of
cross-flow and G6rtler vortices. Under such conditions the second mode may become a dominant
instability. This suggests that the laminar run can be substantially increased by stabilization of
the second mode.

Because the second mode represents high-frequency (ultrasonic) trapped acoustic waves,
Malmuth et al. [8] assumed that a passive ultrasonically absorptive coating (UAC) may stabilize
the second mode and, at the same time, be aerodynamically smooth. This hypothesis was
confirmed by the theoretical study [9] based on the linear stability theory. The transition
experiments of Rasheed et al. [10], which were performed on a sharp cone in the GALCIT T5
high-enthalpy shock tunnel, qualitatively agree with the theoretical predictions. The stability
experiments [11, 12] were conducted on sharp cones with porous coatings of random and regular
microstructures in the T-326 wind tunnel of the Institute of Theoretical and Applied Mechanics
(ITAM, Novosibirsk). Hot wire measurements and linear stability theory (LST) showed that the
UAC of fibrous absorbent material (felt metal) effectively stabilizes the second mode and
slightly destabilizes the first mode [11]. The UAC of regular microstructure (a perforated thin
sheet which is analogous to that used in the experiments [10]) also leads to massive reduction of
the second-mode growth rate, while it weakly affects the first mode [12]. Nonlinear aspects of
the second mode stabilization by UAC of regular microstructure were studied using bi-spectral
analysis [13]. It was shown that the harmonic resonance, which is quite pronounced in the latter
stages of the disturbance evolution on solid surfaces, is completely suppressed on the porous
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surface. Furthermore, the experiments [14], which were carried out in the ITAM AT-303 high-

enthalpy wind tunnel at Mach=12, showed that the felt-metal coating significantly (up to 100%

of the model length) delayed transition on a sharp cone.

These studies confirmed robustness of the UAC stabilization concept and motivated further

experimental, DNS and theoretical efforts to mature the UAC-LFC methodology and provide a

basis for design of UAC-TPS test articles that could be manufactured and deployed on a flight

vehicle. Such articles could be flight tested within the framework of the HIFiRE (Hypersonic

International Flight Research and Experimentation) project [ 15].

The aforementioned stability and transition experiments have been carried out on relatively small

models. It is important to demonstrate robustness of the UAC-LFC method on large-scale

configurations. In this connection, it is planned to carry out transition experiments in the CUBRC

LENS facilities on a 3 m length cone model instrumented with the UAC surface. To aid in the

design of the porous coating to be tested in these experiments, we have conduced parametric

studies of the UAC-LFC performance for the free-stream conditions of the CUBRC LENS I

shock tunnel. Results of this analysis are discussed in Section 2.1.

In previous works stability calculations were carried out using LST of the local-parallel or

weakly nonparallel approximation. The mean flow was approximated by self-similar

(compressible Blasius) solutions for a flat plate or sharp cone; i.e., the viscous-inviscid

interaction was neglected. Nonuniformity of the boundary conditions due to UAC end effects

associated with the upstream and downstream junctures between coated and uncoated surfaces

was not considered. Interaction of free-stream disturbances with the porous surface was not

analyzed. These aspects are addressed in Section 2.2 using direct numerical simulation (DNS) of

boundary-layer disturbances on solid and porous walls. Results of this study are published in

Ref. [16].

Since the second mode represents trapped acoustic waves of high (ultrasonic) frequency band

[17], it is assumed that basic features of its interaction with a porous coating can be captured by

considering reflection of ultrasonic disturbances from the UAC surface without external

boundary-layer flow. In Section 2.3, we have analyzed reflection of ultrasonic waves from a

plane surface covered by UAC of regular micro-structure comprising equally spaced cylindrical

blind holes. The theoretical prediction of the reflection coefficient is compared with the

benchmark (no flow) measurements at various ambient pressures with special emphasis on low

pressures relevant to high-altitude hypersonic flights.

To validate our porous-wall boundary-condition models, we conduct DNS of unsteady processes

within 2-D micro cavities that constitute UAC. This helps to examine end-effects at the mouths

and bottoms of cavities, clarify dependencies of the UAC performance on the cavity spacing and

depth, propose improvements of existing models to extend their range of validity, and generalize

their use as a tool for design and implementation of UAC in applications. In Section 2.4, we

consider the interaction of incident acoustic waves with groups of equally-spaced 2-D micro-

cavities on the flat plate surface without flow. Although the external boundary layer flow is an

important component of the UAC modeling, this unit problem is of particular interest, since

mechanisms of reflection and absorption of incoming boundary-layer disturbances occur near the

cavity edges and inside cavities where the external flow is relatively slow and seems to play a

minor role. Furthermore, the acoustic properties of UAC samples should be estimated in an

economical way before their testing in hypersonic wind tunnels. This can be done using the
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aforementioned benchmark measurements of the reflection of acoustic waves from the porous
coating.

UAC of random porosity could be more symbiotic with thermal protection systems (TPS) of
actual hypersonic vehicles since the majority of TPS materials have random microstructures.

This motivated us to conduct transition measurements on blunted cones with the felt-metal

coating in the ITAM AT-303 hypersonic wind tunnel at free stream Mach number M,=8.8. The

experimental results, which are presented in Section 2.5, help to estimate the nose bluntness

effect on the UAC-LFC performance.

The first-cut model of acoustic absorption by UAC of random structure was developed in Ref.

[Il] and used for formulation of the boundary conditions on the felt-metal coating [11,14]. In

Section 2.6, we continue our previous theoretical studies of a randomly porous UAC. Namely,
we suggest new approach for modeling of slow gas motions (including acoustic disturbances) in
highly porous fibrous materials. The differential equations governing this problem are derived

from first principles using rigorous mathematical methods. The problem of sound propagation in

highly porous layered fibrous materials is formulated. Its analytical solution is expressed in terms

of Fourier series. These studies will help to refine our previous model [II] and formulate more
accurate boundary conditions on UAC of random porosity.

In Section 2.7, we discuss results on development and demonstration of a suitable method for

fabrication of UAC-TPS samples of relatively small (6" x 6") dimension. The choice of

materials and processing methods are constrained to those that could be reasonably scaled up in a

follow-on program to manufacture large panels for wind-tunnel or flight testing (10' x 3' ).
Several approaches have been assessed for producing porosity of the required size range (- 100-

200 im diameter by - 500-600 p.m depth), either in a periodic pattern or random array. In the

reporting period, we have concentrated on coatings with porosity resembling an ideal geometry
of regularly spaced blind holes, formed by adding a layer containing the holes to an existing rigid

fibrous TPS tile with a smooth dense surface layer (i.e., reaction-cured glass as in space shuttle

tiles). First samples of ceramic UAC integrated into the TPS tile are presented. It is shown that using
the stamping technique it is feasible to make equally spaced blind cylindrical holes of the
aforementioned diameter and depth. Parameters of these pores fit to laminar flow control
requirements predicted by our theory.

2. Major accomplishments

2.1. Parametric studies of hypersonic laminar-flow control using UAC of regular
microstructure

2. 1. 1. Theoretical model

Herein we briefly discuss the theoretical model used for parametric estimates of the UAC-LFC
performance. Details are given in Ref. [18]. Consider the laminar boundary-layer flow past a

sharp cone at zero angle of attack. The fluid is treated as a perfect gas of specific heat ratio
- = 1.4 and Prandtl number Pr =0.72. The mean flow in the laminar boundary layer is

calculated using a self-similar solution of boundary-layer equations (compressible Blasius

solution). It is assumed that the mean flows on both porous and solid surfaces are identical. The

dynamic viscosity pi is calculated using the Sutherland formula. For stability calculations, the

second viscosity is approximated as p, = 0.8pi, where p is dynamic viscosity. The coordinates
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x. y. z are nondimensionalized using the boundary-layer length scale A* Fx; /U , where

x " 3 according to the Mangler transformation. Three-dimensional disturbances are

represented in the traveling-wave form

4 = Real{q(y)exp[i(ax + 3z-wt)]}, 4 = (i2,i,i',,), (1.1)

where ii, , fv are velocity components; P is pressure referenced to p*UL*', 0 is temperature;

aL = c*A* and /3 O *A* are wavenumber components; w = w*A* / U* is angular frequency;

asterisks denote dimensional quantities . The linear stability problem is formulated for locally

parallel mean flow [17]. Since the boundary-layer modes exponentially decay as y -- oc, the

outer boundary conditions are

u(00) = v(00) = w(c) = 0(o) = 0. (1.2)

On the solid wall, the boundary conditions are

u(0) = v(0) = w(0) = 0(0) = 0. (1.3)

Solutions of the eigenvalue problem give the dispersion relationship F(a, 3, W; A,, R)= 0,

where M, is Mach number at the upper boundary-layer edge, R - VU,xp / V1* is local Reynolds

number, v* is kinematic viscosity. For spatial instability in 2-D or conical boundary layers, the

frequency w and the transverse wavenumber /3 are real, whereas a is complex eigenvalue. If

Im(a) < 0, then the disturbance amplifies with the spatial growth rate ,, = - Im(a).

Consider a porous coating with equally spaced vertical cylindrical blind micro-holes (Fig. 1.1).

This coating has a regular microstructure that is characterized by the pore radius r, spacing .s

and depth h. On the porous wall, the boundary conditions for the vertical velocity and

temperature disturbances are expressed as [9]

v(O) = Ap(O), (1.4)

0(0) = Bp(O), (1.5)

where A (porous-layer admittance) and B (thermal admittance) are complex quantities that

depend on the porous layer characteristics, mean-flow parameters at y 0 as well as the

disturbance frequency and wavelength. The admittance A is calculated as [9]

A = -.- tanh(mh), (1.6)
ZO

where h = h* / A* - nondimensional thickness of the porous layer, 0 =7rr2 / s' - porosity. The

characteristic impedance Z,) and the propagation constant m are expressed in terms of the

nondimensional complex dynamic density 5 */p and the complex compressibility

C' = *p, as

Z",- e VW A p (1.7)
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where T, = T, / 7 is nondimensional wall temperature. The values of P5 and C are calculated

using analytical solutions for acoustic disturbances propagating within a long tube as reported in

Ref. [ 19]. Note that these solutions account for gas rarefaction effect for small but finite Knudsen

numbers based on the pore radius. As shown in Ref. [9] the thermal admittance produces

negligible effect on the second-mode stability that allows us to put B 0.

h
S

-pIerl'orated sheet]

Sop view h

Side vew "Jsolid backin

Fig. 1.1 Porous coating of regular microstructure.

To formulate the wall boundary conditions for u and w, one should solve the problem near the

pore opening, average the local solution over the UAC surface and establish relationships

between u(0),w(0) and other disturbance components. This complicated procedure can be

avoided using the following arguments. The second mode is inviscidly unstable and has

maximum increments for 2-D waves (3 = 0) [17]. Using 2-D stability equations for inviscid

disturbances (in the limit R -- oc) we obtain on the wall surface (y = 0)

v(O) = p'(0), (1.8)

u(O) -[iU, v(0) + aT.'p(O)]/w , (1.9)

where the subscript "s" denotes the mean-flow quantities, "w" denotes quantities on the wall, and

prime denotes the derivative d / dy. The boundary condition (1.8) can be written in the form

(1.4).

The viscous effects are essential in the near-wall Stokes layer (where the longitudinal velocity is

quickly adjusted to the boundary condition u(0) = 0) and in the critical layer located near the

critical point y, : U,(yJ)= c, where c = (/ar is phase speed. To illustrate this feature we

consider the compressible Blasius profiles for a flat plate at M, = 6.21 and T,,, = 1. These

parameters typifies local flow over a 7-degree half angle sharp cone at zero angle of attack in the

CUBRC LENS I shock tunnel at freestream Mach=7.14 (see Section 2.1.3) The temperature

eigenfunction 10(y)I of 2-D second-mode wave of frequency F =.< iU) 6 x 10 ' is

8



shown in Fig. 1.2 at R = 3452.54, where y = y* / i4x / Ue . The corresponding eigenvalue is

o = (2.27157E-1. -8.17745E-3). The vertical line shows the Stokes layer edge that is calculated

as

•6 /* / i /* = - 2'R ' v-/ . (1.10)

In the case considered herein, the wall temperature is T§1 = T* that gives v/ v: - 1. The

nondimensional thickness of Stokes layer is 5 0.22. The ratio of 6. to the disturbance

wavelength A -27 / ar is approximately 0.008; i.e., the Stokes layer is very thin. The phase

speed c - 0.91 gives the critical point y, 6.54 that correlates with the disturbance

temperature maximum. The critical layer thickness is of the order of half-width of this

maximum, 6, 2, that is about 10 times larger than the Stokes-layer thickness.

50-
Stokes-layer thickness=0.22

40-

30

C.
E 20

0)

10

0 2 4 6 8 10 12

y

Fig. 1.2 Eigenfunction 10(y)l of 2-D second-mode wave, F - 6 x 10 5',

a = (2.27157E-1, -8.17745E-3), solid wall.

These findings suggest that the viscous effect on second-mode instability is predominately due to

the critical layer, while the Stokes layer plays a minor role. To verify this assumption we conduct

calculations of the second-mode wave by solving the stability equations (including all viscous

terms in order to capture viscous effects in the critical layer) with the inviscid boundary

condition (1.9) for u(0) and v(0)= 0(0) =0. Figure 1.3 shows comparisons of the

eigenfunctions calculated with viscous and inviscid boundary conditions at the aforementioned

parameters. As expected, these eigenfunctions are almost identical. The eigenvalues are also very

close:

Ohid,=(2.272E-1, -8.177E-3), a Q,11(invi,v=(2.271E-1, -8.200E-3). (1.11)
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0

* Discrepancy between Ju(y)l is appreciable in the Stokes layer only as shown in the left top panel

* of Fig. 1.3.

10
inviscd B.C. 6- Bicu BCBviscous B.C.

6- 4

4-

* 2

2

S0 .1 0 __ __

0 2 4 8 8 10 12 0 2 4 6 8 10 12

10- inviscid B.C. 40. flCo BcJ- viscous B.C.

008- 30-

06-

* 20

04-

10.

02-

00-. 0
0 264 8 8 10 12 0 2 4 6 8 10

y Y

Fig. 1.3 Eigenfunctions of 2-D second-mode wave of frequency F 6 x 10 '; black lines -
inviscid boundary conditions, red lines - viscous boundary conditions; solid wall.

Similar calculations were conducted for the porous wall of r* = 25 im, s* = 100 .tm and
h = 300 im using:

* Inviscid boundary condition (1.9), and v(0) = Ap(O), 0(0) = 0 (1.12)

* Simplified viscous boundary conditions u(0) = 0, v(0) = Ap(O), 0(0) = 0 (1.13)

The boundary conditions (1.9) correspond to the case of maximum slip on the porous surface,
while the boundary condition u(0)= 0 in (1.13) - to the case of no slip. In reality, the

disturbance amplitude u(0) lies somewhere in between. Comparing these extreme cases we can

estimate sensitivity of the UAC performance to uncertainty of the boundary condition for u. As
in the solid wall case, the eigenvalues for the plate with UAC are close to each other:

arp,orous,vis =(2.283E-1, -2.689E-3), aporous,invis=(2.283E-1, -2.671E-3)

00



The corresponding eigenfunctions Iu(y)l are shown in Fig. 1.4. The discrepancy between Ju(y)l

is appreciable in the Stokes layer only.

*-,10-inviscid B.C. nvsi B C.
10 S ic B c

6 4

4.

* 2.

2-

0'0 . . . 1 0 1 2
2 4 6 8 10 12

Y

Fig. 1.4 Eigenfunctions of 2-D second-mode wave of frequency F= 6 x 10 ; black lines -

inviscid boundary conditions (1.12), red lines - simplified viscous boundary conditions

(1.13); porous wall.

The aforementioned analysis leads to the assumption that N-factors on porous and solid walls can

be calculated with sufficient accuracy using the inviscid boundary conditions (1.12) or the

simplified viscous boundary conditions (1.13). To validate this assumption we carried out

calculations of N-factors for a 7' half-angle sharp cone at zero angle of attack at the free-stream

parameters corresponding to the CUBRC LENS I shock tunnel: M, = 7.14, T, = 231.8 K

[20]. N-factors on the solid surface and on the porous surface with UAC of r* = 25 tIm,

s* = 100 Pim and h* = 300 pm, are shown in Fig. 1.5. The solid lines correspond to the

solution obtained with the boundary conditions (1.12), symbols - with the boundary conditions

(1.13). As expected, the difference between N(x) is negligible. These findings allow us to

conduct further parametric studies of the UAC laminar-flow-control performance using the

simplified boundary conditions (1.13) on the porous wall.

S15-
14 wVSCOs b.0. for . sod -al]

_-invis d b,c. for u, solid wl
13 F -scos b.c. for u, porous "0l

11-
10"
97

Z8

6
5-

00 0.2 0.4 0.6 08 1 0 1.2 1.4

S (M)

Fig. 1.5 Eigenfunctions of 2-D second-mode wave of frequency F - 6 X 10 ' lines - boundary
conditions (1.12), symbols - (1.13), S - longitudinal coordinate measured along the

cone surface.
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2.1.2. Transition on solid wall and comparison with STABL

To calibrate our stability and transition prediction tools, we analyze transition data of Ref. [20].

Namely, we consider the laminar boundary-layer flow past a sharp 7' half-angle cone at zero

angle of attack. The free-stream parameters correspond to Run 22 reported in Table 2 of Ref.

[20]: Mach number M,0 = 10.04, unit Reynolds number Re,,; = 1.92 x 106 m-, temperature

T* = 198.62 K. The cone length measured along the cone surface is E = 2.2 m, and the wall

temperature is T = 297.28 K. The local flow parameters (at the upper boundary-layer edge) are

determined from the Navier-Stokes solution for laminar flow: R,, 3.2 x 10' m,

T, / T = 1.03, T, = 297.93 K and M, = 8.1. At these parameters the compressible Blasius

solution agrees well with that predicted by the Navier-Stokes solver (Figs. 1.6 and 1.7); i.e., the

viscous-inviscid interaction weakly affects the boundary-layer mean flow.

R Mn 22 ke=8 , Re =3.2r6 m,, TwrT=1.03, To=297.93K, s=0.5m Run 22. M-8. 1, Rem 3.2E+6 m'
, 

Tw/Te+03, Te=297 93K.s'=0.5m

0u2 1. .0e-Soe

1.0- ,SNavio 3Stoke

'. 
3 .5 B la2. 

0r

02.5.

m 
'.

008 -1.0-

0000 0+0005 0.0010 0010 0,0020 0.0000 0005 0.0010 00015 0020

0

Fig. 1.6 Flow velocity (left) and temperature (right) profiles at the station S = 0.5 in, here ' -

longitudinal coordinate measured along the cone surface, n n* /LU - coordinate

normal to the cone surface.

0 Run 22, Me=8.1, Rele=3.2E+6, Tw/Te=1.03, Te=297,93
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Fig. 1.7 Boundary-layer displacement thickness versus the longitudinal coordinate S* measured
along the cone surface.
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Figure 1.8 shows the data scanned from Fig. 7 of Ref. [20]. Symbols correspond to the heat flux

measurements on the sharp cone model tested in the CUBRC LENS I shock tunnel (Run 22).

The thin black line represents the laminar heat flux distribution predicted by the Navier-Stokes

solver of STABL. The green dashed line shows an envelope of N-factors predicted by the PSE

solver of STABL. The family of solid black lines shows the amplification factors predicted by

our reduced-order computational package that includes the compressible Blasius mean flow and

the local-parallel linear stability solver. Strikingly, an envelope of these amplification curves is

very close to that predicted by STABL. This opens up an opportunity to conduct quick turn-

around parametric computations of the transition onset points and search for optimal UAC

parameters appropriate for further experimental and DNS studies.

The critical amplification Nt r 5.5 was suggested in Ref. [20] for the CUBRC LENS I shock

tunnel (see dashed black line in Fig. 1.9). This value has been used for assessments of the

transition locus on porous and solid surfaces.

100 A GOVOWE

STAKL

16- Fa

C4 8 $ .0 141 N-7

673

4 220

0 0 0' 04 0.' 0O1V

S (M)

Fig. 1.8 Comparison of N-factors predicted by STABL (dashed green line) with our calculations
(family of solid black lines) for Run 22 (sharp cone); symbols - experimental
measurements of the wall heat flux, thin black line - laminar heat flux predicted by
STABL; S - longitudinal coordinate measured along the cone surface.

2.1.3. Assessments of UAC performance

Parametric calculations of the UAC-LFC performance are carried out for the free-stream

conditions of Run 5 (see Table 1 of Ref. [20]): M, = 7.14, Re,_ =9.76x106 M -
1,

_--* =-231.8 K, the wall temperature is T* = 299.3 K. The cone length (measured along the

cone generator) is E = 2.2 m. The Navier-Stokes solution gives the local parameters:

Re1, 14.2 x 106 M-, = 299.02 K, M, = 6.21, and the wall temperature ratio T / T, = 1.

It is assumed that Me, T, / T, and T* do not change in the range of unit Reynolds number

considered hereafter. For a certain value of Re, I, stability calculations are conducted for the

second-mode 2-D waves.

0
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Preliminary estimates indicated that the UAC of r* =25 jm, s* =100 ltm and
h*= 10r*= 250 jtm (porosity 4 = 0.196) are appropriate for the aforementioned flow

conditions. Figures 1.9 and 1.10 show the amplification factors N(X*,W*) for different

disturbance frequencies w* as well as the ratio of the disturbance wavelength to the pore spacing

A* / s*. The latter characterizes fineness of the UAC structure. Hereafter, X* is the longitudinal

coordinate measured from the cone tip along the cone surface. The horizontal line in the left plot
corresponds to the critical value of N,, 5.5.

Me*6.21, Re,=7E+6 n
f
, TwtTe=l, Te=299.02K 9O6.21, Re,.=7E6 m", Twre=l. Te=29902K
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Fig. 1.9 N-factors for solid and porous walls (left) and the coating fineness distributions A' / s*
(right) along the cone surface, Re,, 7 x 106 M - , M, = 7.14.
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Fig. 1.10 N-factors for solid and porous walls (left) and the coating fineness distributions A* / s'

(right) along the cone surface, Re,, = 14.2 x 106 M', M. = 7.14.

0Similar calculations were conducted in the range of local unit Reynolds numbers

* 2 x 106 < Rel, < 20 x 106m 1. Results are summarized in Fig. 1.11, where the transition onset

point is shown as a function of Re,, for the solid (black line) and porous (red line) wall. The

theory predicts that the UAC strongly stabilizes the second mode and can lead to dramatic (on

the order of magnitude) increase of laminar run (see data close to Re,, 10' m-). The UAC

perfbrmance is not monotonic versus Rek. Namely, the transition onset point on the porous wall
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*has a jump at Re, - 11.7 x 106 m-.This effect is associated with a finite depth h of pores.

The disturbances penetrating into a blind hole are reflected by the hole bottom that affects the

UAC admittance. As a result, the envelope of amplification curves has modulations (see left plot

in Figure 1.10). As the unit Reynolds number increases crossing the value Re,e 11.7 x 106 m - ,

the envelope first maximum attains the critical level N = 5.5, and the predicted transition onset

point jumps toward the cone tip. This trend is illustrated in Figure 1.12, where the amplification

curves are shown in the vicinity of this jump.
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Fig. 1.11 The transition onset point X,a a function of Re,, for solid (black line with symbols)

and porous (red line with symbols) walls, M a 7.14.
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Fig. 1.12 N-factors for porous wall at Re,, 11.5 x 10' m-1 (left) and ReL,, =12 x 10" m-1

(right).

The foregoing stability analysis lies in the expectation that the porous surface is aerodynamically

~smooth in order for the proposed mechanism to effectively delay transition. If this were not the

~case, then the holes would act as distributed surface roughness and prematurely trip the boundary

- layer. Unfortunately, data relevant to roughness- induced transition on surfaces with distributed
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blind holes are very limited. There is only one set of experimental data obtained by Rasheed et

al. [10] in the GALCIT T5 shock tunnel on a 5-degree half-angle sharp cone at zero angle of

attack. In these experiments the cone model had a smooth surface over its half and the

aforementioned coating over the other half beginning at 148 mm from the cone tip. The UAC

- had 60 pim diameter holes spaced 100 tm apart in a rectangular grid arrangement resulting in a

_* porosity of 28%. In Ref. [10], the coating roughness is characterized by the Reynolds number

ReD = p*(T* )U*D, (1.14)

where D* = 2r* is hole diameter, the density p* and viscosity Pi* are calculated at the reference

temperature, T*,* determined as

Tre f = 0.5 + 0.039M,2+0.5 T: . (1.15)

T* T*

* Assuming that the viscosity coefficient is approximated as (T .) I,T)(T. /T,' ' ' and

* the density p*(T,f) = p*(T*)T* / T*,f the Reynolds number Re* is

Re = Re D* (1.16)

The experiment [10] showed that the coating becomes less effective at Re* 130 and

prematurely trips the boundary layer at ReD > 300.

Me=6.21, Tw/Te=l, Te=299.02K
220,

200- D=50 mcm
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140- Re* 130

0120

W 100-

o ,o,.80.

* 60

40

20-

2 8 10 12 14 16 18 20

Rel.xl0a, m'

Fig. 1.13 The Reynolds number Re* versus Re,,. The criterion Re* = 130 indicates that UAC

can be treated as aerodynamically smooth for Re,, < 13 x 106 m- and M_ = 7.14.

Since the UAC characteristics [10] are close to those considered herein, we assume that the

criterion Re,, = 130 can be used for estimates of the UAC roughness effect if the coating begins

at a distance X* > 148 mm from the cone tip. Figure 1.13 shows ReD as a function of Re, for

the UAC considered herein. The criterion Re') = 130 indicates that the UAC can be treated as

aerodynamically smooth for Re,, < 13 x 106 M.
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The same porous coating (r* = 25 Rim, s* = 100 gim, h* = 10r* = 250 Rm, 4 0.196) was

analyzed for the freestream conditions: M. = 10.04, T = 198.62 K, and T, = 297.28 K

relevant to Run 22 of Ref. [20]. The local flow parameters, which were predicted by the Navier-

Stokes solver at Re" =1.92 x 106 m-, are: Me =8.1, T* = 297.93 K, T/T= 1.03,

Re, = 3.2 x 106 m-1. It is assumed that M,, T. / T and T, do not change in the range of unit

Reynolds number considered hereafter. Figure 1.14 shows the amplification factors N(X*, w*)

for different disturbance frequencies w* as well as the ratio of the disturbance wavelength to the

pore spacing A* / s* at Re, = 12 x 106 m -1.Similar calculations were carried out at various

Rel, and summarized in Fig. 1.15.

Me=8 1 Re =12E6 n, TwfTe=l 03, Te=297 93K Me=8 1, Re, =12E4.6 m Tw(TPe=l 03, Te=297 93K
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*- Fig. 1.14 N-factors for solid and porous walls (left) and the coating fineness distributions A* / s

(right) along the cone surface, Re, = 12 x 106 m -1, M+ 10.04.
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Fig. 1.15 Transition onset point X,,, as a function of Re,, for solid (black line with symbols) and

porous (red line with symbols) walls, M, = 10.04.
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Comparing this figure with Fig. 1.11, we conclude that the UAC is less effective than in the

Mach=7 case. However, the laminar run increase is still significant. The transition onset point is

more than doubled in the range of 8 x 106 < Re, < 20 x 106 m'. For Re < 8 x 10 M- , the

relative pore radius r* / A* becomes small that leads to decreasing of the UAC performance.

The Reynolds number Re* is shown as a function of Re,, in Fig. 1.16. It is seen that R1e* does

not reach the critical value in the range of 2 X 106 < Re, < 20 x 106 m-; i.e., the coating is

aerodynamically smooth in the case of M. = 10.04.

Me=8.1, TVTe=1.03, Te=297.93K
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160-
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Fig. 1.16 The Reynolds number Re* versus Re,,. The criterion Re* 130 indicates that the

UAC can be treated as aerodynamically smooth in the considered range of Re,1 ,

M = 10.04.

The foregoing calculations indicate that the porous coating of r* = 25 jtm, s* = 100 pim and

h* ,- 10r* is appropriate for testing on a 7-degree half-angle sharp cone in the CUBRC LENS I

shock tunnel at free-streams Mach numbers 7 and 10. Because of manufacturing constraints, the

UAC thickness is specified as h* = 300 jim (h* = 12r*). The UAC upstream boundary is

placed at the station X0 - 200 mm. This configuration has been chosen for further

consideration.

The transition onset points were calculated at M,, = 7.14 (Fig. 1.17). For the coating of

h* = 300 jtm, disturbance reflections from the pore bottoms are weaker than in the case of

h' = 250 [tm, and the transition onset point varies smoother versus Re,, (compare blue and red

curves). At Re,, 14 x 106 M- , transition occurs near the coating beginning, X* = 0.2 m, the

transition onset point jumps toward the cone tip and corresponds to the solid wall case. Similar

calculations were conducted for M = 10.04 (Fig. 1.18).

18



00
0.
0.
0.

* 0.73_

><0.4

*0 2 8_0_2 141

Re .x1O-6 mn'

*Fig. 1.17 Transition onset point as a function of Re,, for solid and porous walls, M, 7.14.

0 The foregoing assessments indicate that for experiments at Mach=7 the cone length should be at

0 least 3 m to capture transition on the coated surface in the unit Reynolds number range of

*2 x 106 < R,e < 12 X 106 M-1 (this range corresponds to 4.5 x 106 < Re , < 27 x 10" ft-'). For

experiments at Mach=10, the cone length should be larger than 2 m to capture transition on the

*coated surface in the range of 4 x 106 <Re,, < 20 x 10'm-1 (7.9 x 10
6 < e, < 3.9 x 10'ft-').

In accord with data shown in Fig. 1.19, these ranges of Re,_ are achievable in the CUBRC

LENS I shock tunnel.

Me=8.1, TwfTe=1.03, Te=297.93K

2 . porous 25 um, h=250 vrn
-upomus, "25 pm. h=300 am

08
0 __6

* 0.7 - _

0.

0.--

0.
2 3 4 56 7 89 20 30

Rei.xlO~ mn'

*Fig. 1.18 Transition onset point as a function of Re,, for solid and porous walls, NM,, 10.04 .
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Fig. 1.19 Free-stream parameters of the CUBRC LENS I shock tunnel (scanned from [20]).

2.1.5. Porosity effect

Apparently the UAC-LFC performance increases with porosity 0. Figure 1.20 illustrates this

trend for the coating of r* = 25 jim and h* 300 gm. With decreasing the pore spacing from

s*= 100 jtm (0 = 0.196) to s* = 75m (gni 0.35), the predicted transition onset point

increases from 1.25 m to 1.97 m.

For the UAC configuration shown in Fig. 1.1, the theoretical maximum r /4 = 0.785

corresponds to the minimal spacing s* = 2r*. More promising are configurations schematically

shown in Fig. 1.21. For the square-rectangular or honeycomb patterns, it is feasible to fabricate

coatings with porosity 70-90%.

In the theoretical model applied herein, the interaction between holes is neglected. Apparently,
this interaction needs to be modeled especially for UAC of high porosity which comprises

closely spaced holes depicted in Fig. 1.21. The structural constraints to these coatings should be

formulated and verified experimentally.
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Fig. 1.20 Porosity effect on the UAC-LFC performance, Re,, = 6.4 x 10' in-', M, 10.04.
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Fig. 1.21 Porosity of different UAC patterns, pore cross-sections are grey.

2.2. Numerical simulation of UAC stabilization effect

In Section 2.1, stability calculations were carried out using LST of the local-parallel or weakly

nonparallel approximation. The mean flow was approximated by self-similar (compressible

Blasius) solutions for a flat plate or sharp cone; i.e., the viscous-inviscid interaction was

neglected. Nonuniformity of the boundary conditions due to UAC end effects associated with the

upstream and downstream junctures between coated and uncoated surfaces was not considered.

Interaction of external disturbances (acoustic, vorticity and entropy waves) with the porous

surface was not analyzed. These aspects are addressed hereafter using direct numerical

simulation (DNS).

2.2.1. Flat plate

2-D DNS is carried out for hypersonic flow over a flat plate with sharp leading edge at the free-

stream Mach number M_ = 6 and the Reynolds number Re, = p*U*L' / I p = 2 x 10 . Here

p* - free-stream density, U - free-stream velocity, f - plate length, asterisks denote

dimensional variables. Flow variables are made nondimensional using undisturbed freestream

parameters: (u, v) = (u*, v*) / U1 - velocity components, p = p* / (p*u*) - pressure, p = p I p*

- density, T = T*/T - temperature. Dimensionless coordinates and time are

(x,y) = (x*,y*)/E, t = tU ,/L. The fluid is a perfect gas with specific heat ratio - = 1.4

and Prandtl number Pr = 0.72. The viscosity-temperature dependence is approximated by the

power law p* / p (T* / Tj)o , the second viscosity is assumed to be zero.

The computational domain is a rectangle (Fig. 2.1) with its bottom side being on the plate

surface. For the solid wall case, the no-slip boundary conditions (u, v) = 0 are imposed on the

plate surface. The wall temperature corresponds to the adiabatic condition 0 T"' / On = 0 for the

steady-state solution. On the outflow boundary, unknown variables u, v, p, T are extrapolated

using the linear approximation to minimize upstream effects of this boundary on the disturbance

field. On the inflow and upper boundaries, the boundary conditions correspond to the free

stream. Details on the problem formulation and governing equations are discussed in Ref. [21 ].

The problem is solved in two steps. Firstly, the steady-state solution is calculated to provide the

mean flow field. Then, unsteady disturbances are activated on some boundaries of the
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computational domain at the initial time instance and the unsteady problem is integrated.

Numerical solutions are obtained using the fully implicit second-order finite-volume method

described in Ref. [21]. Two-dimensional Navier-Stokes equations are approximated by the

conservative TVD shock-capturing scheme. This is of particular importance for simulation of

receptivity processes in which free-stream disturbances pass through the shock and induce its

oscillations. Moreover, the shock-capturing scheme allows for simulation of the disturbance

dynamics in the leading-edge vicinity, where receptivity to free-stream disturbances is most

pronounced. The computational grid has 1501 x 201 nodes. The grid nodes are clustered in the

boundary layer and in the leading-edge region.

The steady pressure field (Fig. 2.1) indicates that the viscous-inviscid interaction between the

boundary layer and the free stream causes a shock wave emanating from the plate leading edge.

However, comparison of the mean-flow solution with the self-similar (compressible Blasius)

solution demonstrated a good agreement between them besides small nose region where viscous-

inviscid interaction is appreciable [21].
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Fig. 2.1 Pressure contours of the mean flow over the flat plate, M, = 6, Re, 2 x 10i.

For modeling of the boundary-layer instability, initial disturbances are induced by local periodic

suction-blowing in the leading-edge vicinity. The mass flow on the plate surface is specified as

p .t)- Esin 27rX - X__sin (wt), x 1 <x<x2, t>0, (2.1)

where E is forcing amplitude; x, = 0.0358, x2 = 0.0495 are boundaries of the local suction-

blowing region; w = w*E /U* = 260 is angular frequency that corresponds to the frequency

parameter F = w / Re = 1.3 x 10 ". The amplitude E = 6 x 10 " was chosen small enough to

ensure validity of the linear approximation and compare DNS results with linear stability theory

(LST). In the unsteady problem, the wall temperature corresponds to the undisturbed adiabatic

temperature, T. (X, t) = Td (X) ; i.e., the temperature disturbances on the wall are zero.

For modeling of the UAC effect, the boundary condition on the porous wall is formulated using

the analytical relation (1.4) that couples the vertical velocity disturbance with the pressure

disturbance. In terms of real variables, this relation is written as

il (x.t) = p' (x, t)Real(A) - I-(p' (x,t)) Imag (A), (2.2)

where p (.r t) p, (.r. t) - p, (x.0) is pressure disturbance on the plate surface. The boundary

conditions for disturbances of streamwise velocity and temperature are u'(x, 0) = T'(x, 0) = 0. For
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* numerical integration, the time derivative of pressure disturbance in (2.2) is approximated with

the second order. The porous coating admittance A is calculated using (1.6) and (1.7).

The porous coating has a regular microstructure (Figure 1.1) with the nondimensional pore

radius r - 0.333 X 10 3, and the porous layer thickness h = 5.5 x 10 2. The UAC boundary

condition (2.2) is imposed in the region x > 0.3. Calculations are carried out for porosities

0 = 7"/9, 7r / 16, which correspond to the pore spacing s = 3r and 4r, respectively. The

UAC parameters are chosen so that the number of pores per the disturbance wavelength is

approximately 20 in the case of s = 3r and 15 in the case of s = 4ro. Note that the second-

mode disturbance wavelength is A - 0.02 at the frequency w = 260. It is assumed that the

porous surface is aerodynamically smooth and the pore end effects are negligible.

In the case of 0 = 7r /16, the pressure-disturbance distributions along the solid (Fig. 2.2a) and

porous (Fig. 2.2b) walls agree satisfactory with LST in the region where the second mode

dominates. The porous coating leads to significant decreasing of the disturbance amplification. In

Fig. 2.3, the pressure-disturbance amplitude on the solid wall (curve 1) is compared with that on

the porous wall with = 7r /16 (curve 2) and = 7r / 9 (curve 4). Apparently, the UAC

stabilization effect increases with porosity. In the region x < 0.45, which is upstream from the

instability onset point, the UAC weakly affects the boundary-layer disturbances. The maximum

effect is observed in the unstable region; i.e., the porous coating reduces the second-mode
growth rate.
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Fig. 2.2 Pressure disturbances on solid (a) and porous (b) wall: I - DNS, 2 - LST.

To estimate the UAC end effects associated with the upstream and downstream junctures
between the solid and porous surfaces, we carried out calculations for a piecewise coating. The

boundary condition (2.2) corresponding to the porous wall of 0 = 7r / 16 is imposed in the strips:

*0.3 < x < 0.4, 0.5 < x < 0.6, 0.7 < x < 0.8 and 0.9 < x < 1, while the remaining surface

0part is considered to be solid (except for the narrow suction-blowing region). In this case, the
pressure disturbance amplitude (curve 3 in Fig. 2.3) oscillates between the curves I and 2

corresponding to the solid and porous walls respectively. In the intervals Ax Zt 0.1, the
amplitude increases to the solid-wall level and decreases to the porous-wall level with
approximately the same rate. The relaxation length in both directions is approximately
Ax , . 0.05 that is 2-3 wavelength of the second mode. These numerical data indicate that the

considered end effects are quite local and can be neglected in calculations of the integral UAC
performance.
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Fig. 2.3 Pressure disturbance amplitudes on the wall: I - solid 2 - porous wall with 7r = r16,
3 - porous wall with 4--7r /9, 4 - piecewise porous wall with 7)= r / 16.

Incident@ >0acoustic waves Shock

S......
M>1

Fig. 2.4 Schematics of receptivity to free-stream acoustic waves interacting with supersonic flow

over the flat plate.

For modeling of receptivity to acoustic disturbances, a plain monochromatic acoustic wave is

imposed on the steady-state free stream (Fig. 2.4)
* p'row i / = (ju,jv,jpwier,) w exp[it(khx + kyy - /t)l. (2.3)

Here 10, Iv'j, Ip'l, IT11 are dimensionless amplitudes

_0 =E--, lu'l--+±M'." p'lCosO0,(24
_i )' = ::FM,, p'l sin 0, ITI = (_y _ 1) M2 MP1,

0 is angle of incidence that is positive (negative) if the acoustic wave radiates the plate from
above (below); is pressure amplitude of the incident acoustic wave;
k: = k, cos 0, k = -k, sin 0 are wavenumber components expressed as
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k, = /M, (M,, cos 0 + 1). In (2.4), the upper (lower) sign corresponds to the fast (slow)

acoustic wave. If the angle of incidence is zero, 0 = 00, then
0,lu'l+M p'I, Iv'I--O, jP'.= l,l T'j = =- 1)M0, p (2.5)

For positive angles of incidence (radiation from above), the relations (2.4) are imposed on the

inflow and upper boundaries. For negative angles (radiation from below), the acoustic wave is

specified on the inflow boundary whereas soft boundary conditions are imposed on the upper
boundary.

Herein we consider acoustic waves of small amplitude E = x 10 5 at which the receptivity
process is linear. The disturbance angular frequency is w 260. In the solid wall case, the
foregoing receptivity problem was considered in Ref. [22] for fast and slow acoustic waves of
various angles of incidence. Herein we study the UAC effect on the receptivity process with
imposing the boundary condition (2.2) in the region x > 0.1. Calculations have been performed
for porosity 0 = 7r / 16. The following cases have been considered: fast and slow acoustic waves

of 0 = 0, and fast acoustic wave of 0 = +450.
1,3

4 - - ______ _ _ _ _ _C 

1

2 Fast acoustic wave..... ....... 4 ................... ...................... • .....................

Mode F
* 1.1

- N

Mode S

-~ 60 . .... ... .. ...... ... ............

3 Slow acoustic wave
08 t

0 025 0.5 0.75 x 1

Fig. 2.5 Phase speeds diagram: I - fast acoustic wave of 0 = 450, 2 - fast acoustic wave of
S0 00, 3 - slow acoustic wave of 0 = 00, 4 - disturbances induced by fast acoustic

wave of 0 = 450, 5 - disturbances induced by fast acoustic wave of 0 = 0' (DNS), 6
- disturbances induced by slow acoustic wave of 0 00 (DNS), 7 - disturbances

*induced by fast acoustic wave of 0 00 (LST), 8 - disturbances induced by slow
acoustic wave of 0 = 00 (LST).

The phase speed diagram c(x) for different types of disturbances is presented in Fig. 2.5.

Curves 2 and 3 show the lower bound (c. = 1 + 1 / M, ) for fast acoustic waves and the upper

bound (c, = 1 - 1 / M, ) for slow acoustic waves, respectively. These bounds correspond to zero

angle of incidence 0 = 00. Curves 7 and 8 show phase speeds of the modes F and S predicted by
LST. This terminology was proposed by Fedorov [23] in connection with asymptotic behavior of
the mode phase speed in the leading-edge vicinity. Namely, the phase speed of the mode F (fast
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mode) tends to the phase speed c. = 1 + 1 / M of fast acoustic wave whereas the phase speed

* of the mode S (slow mode) tends to c,, 1- 1/M of slow acoustic wave as x - 0. As

contrasted to the terminology of Mack [17], the terminology [23] allows for unambiguous
definition of the boundary-layer modes at hypersonic speeds. This issue is also discussed by

- Forgoston and Tumin [24]. In the considered boundary layer, the mode S corresponds to the
Mack first mode upstream from the synchronization point (x - 0.7 where the two modes have
equal phase speeds), and to the Mack second mode downstream from this point.

0.0002 -

S!

00

-0.0002 .. .. .. ..

0 0 x

Fig. 2.6 Wall-pressure disturbances in the case of fast acoustic wave of 0 00: 1 - solid, 2 -
porous wall with = 7r /16.

0 .00 15 ..... ............ ,_

p;.I I I

*, j
0 II

-0.0015
00.5

Fig. 2.7 Wall pressure disturbances in the case of slow acoustic wave of 0 = 00: 1 - solid wall,
2 - porous wall with 0 = r / 16.

Note that LST results shown in Fig. 2.5 were obtained using the self-similar (compressible
Blasius) solution for the mean flow. This solution was calculated with mean-flow parameters at
the upper boundary-layer edge taken from the Navier-Stokes steady-state solution. The phase
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speeds of disturbances predicted by DNS are approximately calculated using the wall pressure

disturbance distribution p W(x). Namely, the phase speed is cx(x) , wAx / 7r, where Ax -

distance between zeros of the function p. (x).

The wall pressure disturbances are shown in the Fig. 2.6 for the case of fast acoustic wave of

0 = 00. Curve I corresponds to the solid wall, curve 2 - to the porous wall. The disturbance

phase speed is shown in Fig. 2.5 (curve 5). The porous coating leads to decreasing of the mode F

amplitude in the leading edge region 0 < x < 0.4. As a result, the disturbance amplitude in the

synchronization region (0.6 < x < 0.7) is noticeably lower than in the solid wall case. In the

region where the mode S dominates (x > 0.7), disturbances on the porous wall virtually do not

amplify due to the UAC stabilization effect. Note that UAC slightly affects the disturbance phase

speeds and does not change the synchronization conditions. Comparison of the disturbance field

patterns (not shown here) indicates that the UAC weakly affects acoustic fields.

Figure 2.7 shows the wall pressure disturbances for the case of slow acoustic wave with 0 = 00

(curve 6 in Fig. 2.5 shows the corresponding phase speed). Curves 1 and 2 in Fig. 2.7 are

relevant to the solid and porous walls, respectively. The LST and experiments [11, 12] revealed

that UAC stabilizes the second mode and slightly destabilizes the first mode. Hence, the mode S

should be less stable in the region x < 0.6 and more stable in the region x > 0.7. Exactly the

same behavior is predicted by DNS.

To illuminate the UAC effect on acoustic disturbances, calculations were performed for the fast

acoustic wave of 0 = +450. Since this wave does not synchronized with the modes F and S,

there is no appreciable excitation of unstable disturbances in the boundary layer. The phase

speed predicted by DNS (curve 4 in Fig. 2.5) remains approximately equal to the phase speed of

incident acoustic wave (curves I in Fig. 2.5). Comparing the disturbance distributions on the

solid and porous walls (Fig. 2.8, curves 1 and 2) we conclude, that the UAC weakly affects the

interaction of considered acoustic wave with the boundary layer flow.

0.0002

N -2

0

-0.0002
0 0.5

Fig. 2.8 The wall-pressure disturbances in the case of fast acoustic wave of 0 =+45°: 1 - solid,

2-porous wall with (1 = 7r / 16.
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2.2.2. Sharp cone

DNS of disturbances in the boundary layer flow over a sharp cone of apex half-angle 7' has

been carried out for the flow parameters corresponding to the experiments [11,12], which were

performed in the ITAM T-326 wind tunnel at the free-stream Mach number M, = 5.95,

stagnation temperature To = 385 + 400 K, wall temperature T.* = (0.80 + 0.84) T, and angle

of attack 0 ± 0.050. In these experiments, besides propagation of natural disturbances,

artificially excited wave-packets of frequency f" - 275 kHz (relevant to the second mode) were

studied. In all cases the maximum amplitude was observed at the transversal wave number

S/3= 0. This indicates that 2-D (axisymmetric) waves of second mode were dominant. To

investigate the UAC effect, a half of cone surface was covered by a perforated sheet

schematically shown in Fig. 1.1. The sheet thickness was 450 Pm, pores were slightly conical

with the diameter 50 ± 6 pm on the front side and 64 ± 6 pm on the back side. Spacing

between pores, s = 100 + 4 pm, corresponds to the porosity 0.2. The UAC was placed

downstream from the station x = 182 mm.

The computational domain is a rectangle (Fig. 2.9) with its bottom side being on the cone

surface. For the solid wall case, no-slip boundary conditions are imposed on the cone surface.

The computational grid has 4001 x 151 nodes with clustering in the boundary-layer and nose-tip

regions.

0r
000

* 70
0 020 040 060 080 X

Fig. 2.9 Density contours of mean flow over a sharp cone, M, = 5.95, Re, = 4.2 x 10'.

The steady-state flow field was calculated for the free-stream parameters: M, = 5.95,

Re, = 4.2 x 10', the cone length is E = 350mm, T. = 6.626 (To = 390 K, T = 0.82Tk),

T = 48.26 K, y = 1.4, Pr=0.72. The density contours, shown in Fig. 2.9, visualize the

0boundary-layer region and the shock wave forming near the cone tip. The boundary layer

characteristics agree well with the experimental data and the self-similar solution (Figs. 2.10 and

* 2.11) in the considered x -stations.
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0 Fig. 2.10 Velocity profile in the boundary layer at x = 0.41: 1 - DNS, 2 - experiment, 3 - self-

*similar solution; y is normalized to the boundary-layer thickness 6 determined as

* u(6)/U, 0. 99.
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Fig. 2.11 Boundary layer thickness 6(x) determined as u(b)/u,=0.99: I -DNS, 2 -

experiment, 3 - self-similar solution.

A local periodic suction-blowing was introduced into the flow using the boundary condition

(2. 1), where E 5 x 10-- is small enough to meet the LST restriction, x, 0. 1971,

0 2 = 0.2108, w = 727.75 corresponds to the frequency f *=275 kHz actuated in the

0 experiments [11, 12]. Disturbances of this frequency are associated with the second-mode
* instability.

* For x > 0.55, the boundary-layer mode starts to grow downstream. This is illustrated by the
wall pressure disturbance shown in Fig. 2.12 at a fixed time moment. Detailed snapshots of
unstable disturbances are presented in Fig. 2.13 (pressure) and Fig. 2.14 (density) in the region

* 0.87 < x < 0.9675. Two-cell structures in the boundary layer (Fig. 2.13) typify the second

* mode wave [21]J. Their longitudinal wavelength is approximately 26 in accord with the

* experimental observations [25-27]. Near the upper boundary-layer edge (in the critical layer
where the disturbance phase speed is close to the mean-flow velocity), the density disturbances
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resemble rope-like waves (see Fig. 2.14). These features are similar to the flat plate case treated

in Ref. [21 ].

0.0006 .

Pw

0.0003

-0.0003 -

0i

-0.0006 .

0 0.25 0.5 0.75 1

Fig. 2.12 The wall-pressure disturbances on a sharp cone.

012

090 095

Fig. 2.13 Pressure disturbance field on a sharp cone, 0.87 < x < 0.9675.

0r

012

090 095 X

Fig. 2.14 Density disturbance field on a sharp cone, 0.87 < x < 0.9675.

To evaluate the UAC effect on the disturbance field, the porous wall boundary condition (2.2)
has been imposed in the region x > 0.52 (corresponding to x > 182 mm in the experiment
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S

[12]). Calculations have been performed for the UAC parameters relevant to the experimental

conditions: r =7.14x10 5 , h= 1.286x10', s= 4 ro, ¢=7rrjr2 /s 2 = 7r/16. Figure 2.15

shows that the pressure disturbance amplitude on the porous wall is essentially smaller than that

on the solid wall (Fig. 2.12). The UAC weakly affects the second mode phase speed in accord

*with the flat-plate case treated in Section 2.2.1.

In order to compare the disturbance growth rates c determined in the experiment [12] with those

predicted by DNS, we calculate a(x) along the line of maximum mass-flow oscillations using

the relation o = d-[in(p(w)u(x))]. Figure 2.16 shows o(x) for the solid-wall case: curve I

dx
corresponds to DNS, curve 3 - LST, and curve 2 - experiments [ 12]. Similar comparison for the

porous-wall case is presented in Fig. 2.17. The growth rates predicted by DNS are higher than

those observed in experiment. This discrepancy is presumably due to nonlinear effects, because

the amplitude of fundamental harmonic saturates under the experimental conditions. Similar

trend was numerically observed in Ref. [211.

Fig. 2.15 Pressure disturbances on the cone surface with UAC.
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Fig. 2.16 Growth rates for the solid wall case: I - DNS, 2 - experiment, 3 - LST.
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Fig. 2.17 Growth rates for the porous wall case: 1 - DNS, 2 - experiment, 3 - LST.

2.3. Reflection of acoustic disturbances from a porous coating of regular microstructure

Since the second mode represents trapped acoustic waves of ultrasonic frequency band, it is

assumed that basic features of its interaction with a porous coating can be captured by

Sconsidering reflection of ultrasonic disturbances from the UAC surface without external

*boundary-layer flow. This will help to examine end-effects associated with scattering of

incoming acoustic disturbances by the pore openings, and evaluate robustness of our theoretical

models describing propagation of acoustic disturbances within a porous layer.

In this connection we have analyzed reflection of ultrasonic waves from a plane surface covered

by UAC of regular micro-structure (see Fig. 1.1). Theoretical predictions of the reflection

coefficient are compared with the benchmark (no flow) measurements at various ambient

pressures with special emphasis on low pressures relevant to high-altitude hypersonic flights.

Details of this study will be presented in Ref. [28]

*2.3.1. Theoretical model

SConsider reflection of a plane monochromatic acoustic wave of an ultrasonic frequency band

from a lane surface covered by UAC of regular microstructure (Fig. 3.1). It is assumed that the

UAC frame is absolutely rigid and its temperature is uniform and constant.

~Y

H

* - 9 AcoustIc may

Fig. 3.1 Reflection of acoustic wave from a solid wall covered by a porous layer.
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Small disturbances of density p', pressure p', temperature T' and velocity v are governed by

the linearized Navier-Stokes equations
O9p___ + Po (V. -v) = O, (3.1)

at
P0- &V + Vp' =pAV + I P+( ¢V(V.v), (3.2)

-OCP Op 1 + hZ T', (3.3)

at at
where A - Laplacian, p - dymanic viscosity, -bulk viscosity, the subscript "zero" denotes

unperturbed quantities.

The interaction of acoustic wave with the solid wall leads to formation of the Stokes layer on the
wall surface. Its thickness is estimated as 6,,i, = 4]2itIpow , where w is angular frequency. For

disturbances of frequency f = 200 kHz relevant to the benchmark experiment, , varies from

4.9 pm at the normal atmospheric pressure to 69.6 pm at p0 = 5 mbar. The acoustic wave has
the wave length A -_ 1720 pzm at the room temperature TO =-295K. Since 65 ... < A, the Stokes

layer and details of the UAC microstructure (holes of 100 pm diameter with spacing of 200 pin )

can be ignored. Then the boundary condition on the UAC surface are formulated in the inviscid
approximation

p'(x, 0) = -Z, (v(x, 0)), (3.4)

where () - averaging over the UAC surface area. Furthermore, the gas motion can be treated as
irrotational, rotv = 0. The system of equations (3.1)-(3.3) is implemented by the gas state

*equation in the form of Ref. [29]

P = p j exp (S-So], (3.5)
P0 POCV

and the energy law

TdS = cVdT + pd(p 1) (3.6)

where S is entropy. Using (3.5) we obtain

P' / POCO P' / P. + S'/ c. (3.7)

*Equation (3.6) gives

T a = (T2 SI + S') (3.8)

where c,, -p, / PO - speed of sound, -Y - specific heat ratio. Using (3.8) we can express the

linearized energy equation in the form (see, for example, Ref. [29])
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*S' -- AT'- nlAS+ 2T (3.9)

*at P02'0  pOq, PO

Since rotv = 0, we introduce the velocity potential V as v = VV. Integrating the linearized

momentum equation (3.2) once, we obtain

PO_+ _p -I, +(JV=0 (3.10)
at 3

Thus, the system of governing equations reads

aP + poAV = 0, (3.11)
at

1+4 A V -CP _PoS c =.10, (3.12)
at Po1

as' AsC + PO A P l = 0, (3.13)

with the boundary condition (3.4) on the wall surface. Introduce the unknown quantities

F' P'/ po, j= V1c,,. F, S'/c, and express them in the traveling wave form

F=6j exp{iwt- i(K.r)}, j= 1, 2, 3, (3.14)

where K is complex wave vector, and bi are dimensionless complex amplitudes. Substitution of

(3.14) into the system (3.11)-(3.13) leads to the homogeneous linear algebraic system

*1 ifK2 0 )

1 i+bK 2  1 62 =0, (3.15)

(_y - 1)b2R 2  0 i + _yb2R 63

where ' = (K. K)/ k2 z(K: +K ' + K )/k k, q/C is the wave-vectormoduleinnon-

0T 
Y

absorbing gas, b, = (4p /3 + () w / p0c2, b2 = KW / pC2C = PW / P C2 Pr. The solvability

condition for the system (3.15) gives the dispersion relation

* ib2 (1 + i_yb)(K2)2 -[1 + i(bl + _b2)]R 2 + 1= 0, (3.16)

*with the roots

S(R2) 1 + i(b, + Yb2) T j[l+i(b12i + yb2)]2 -4ib 2 (liyb)) (3.17)

kh,2 2ib2 (1 + i-ybj)

* If the coefficients b, and b2 are small (b, - b2 < 1), then the roots (3.17) are approximated as

(R2) 1 - i[b, + (,y - 1)b2], (3,18)
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(*2 )2 -i/b2. (3.19)

i The root (K2)2 is relevant to the thin Stokes layer that is ignored in the approximation

considered herein. Then the pressure disturbance near the wall surface is expressed as a sum of

incident and reflected waves

Sp'= poc Aexp[iwt - ikRx sinO][exp(ikokycosO) + Rexp(-ik.ky cosO)], (3.20)

where R - complex reflection coefficient, A = const, K z 1 - 0.5i[bi + ('-y - 1)b2], 0 - the

angle of incidence (Fig. 3.1). The velocity potential 7p is expressed in terms of the density

pulsations using the linearized continuity equation (3.11)

iC2 p/
0 2 (3.21)

-wK p0

In accord with (3.7), density pulsations are coupled with pressure and entropy pulsations as

P 2- - * (3.22)
PO /C 0  CP

The linearized energy equation (3.13) gives

S/ i (y - 1)b2R
2 p(

R2 P= (3.23)
CP 1 - i'yb2  po

Substituting (3.23) into (3.22) we obtain

0 -2 Ip. 1 - ijb 2K p (3.24)

and substituting (3.24) into (3.21) we express the velocity potential as

VwK 1-ib 2  ". (3.25)

Using these relations we satisfy the boundary condition (3.4) and obtain the reflection coefficient

R = 13Z. cos 0 - 1 (3.26)OZ2 Cos 0 + 1'
S1 1- ivyb9K2

[ i _b2R 2  1 + 0.5i [b - (-y - 1)b2], (3.27)
K i-b2 2

Z, - -coth(mh). (3.28)
Po(" 7

1 lere Z' is normalized characteristic impedance and m is propagation constant, h - porous

layer thickness, o - porosity. The dynamic density , dynamic compressibility C and

propagation constant m of an isolated cylindrical long pore are calculated using the analytical
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_* solutions of Ref. [19]. Note that the foregoing solution gives well known formula for the

absorption coefficient ap of viscous heat-conducting gas

a z, 0.5[b, + (-y - 1)b2]w/cO = 0.5[4/3 + /p + ( -1)/Pr](I2/picl). (3.29)

The coefficient ap is relatively large at low ambient pressures and high frequencies considered

hereafter. However, as will be shown below, this absorption weakly affects the reflection

process; i.e., in many practical cases we can use the approximation /1 1 and calculate the

reflection coefficient using the formula
~~Zo cos6- 1

R = _. (3.30)
Z cos 0 + 1

2.3.2. Benchmark setup and UAC sample

Reflection of an ultrasonic beam from a solid plate and from a plate covered by UAC of regular

microstructure have been measured by Robert Addison (Teledyne) at various ambient pressures.

The experimental setup is shown in Fig. 3.2, and its scheme is presented in Fig. 3.3. An ultran

transducer generates acoustic beam of frequency f = 200 kHz, diameter ,, 50 mm and the angle

of incidence 0 = 32.4'. Another transducer measures the reflected beam. The apparatus and test

plate are covered by a bell jar of 10" diameter. A vacuum pump allows for changing of the

ambient pressure from approximately 1000 mbar down to 5 mbar. Test articles are metallic

plates with the solid surface and with the surface covered by UAC. The porous coating is a

perforated stainless steel sheet of thickness H = 560 tm with equally spaced cylindrical holes of

diameter d 100 pm. The hole spacing is s , 200 .im that gives porosity

0 = 7r(d / 2s)2  20%. Preliminary theoretical estimates show the foregoing signal frequency

and UAC parameters correspond to the conditions typical for hypersonic laminar flow control

applications.

0

Fig. 3.2 Experimental setup for measurements of ultrasonic beam reflection.
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07.0

Fig. 3.3 Schematic of experimental setup for measurements of ultrasonic beam reflection.

Imaging and measurements of the UAC microstructure have been performed by Sergio Lucato

and Michael Calabrese (Teledyne). Electronic images of the face (a) and back (b) UAC surfaces

are shown in Fig. 3.4. Their analysis gives the average parameters: hole diameter d = 100.5 tIm,

hole depth h = 560 jim, porosity = 20.56 %.

(a) (b)

Fig. 3.4 E-images of perforated plate, (a) - face surface (polished), (b) - back surface.

Measurements of the peak-to-peak pressure amplitude of the reflected beam were performed for

the solid plate (A,sol,d) and for the plate covered by UAC (Apporo,). With the assumption that the

reflection from the solid plate is perfect (ROid = 1 ), the reflection coefficient for the porous wall

is R,,,,,.. A= . / Ap',1,j . In dB units, this relation is written as 20 log,,, Rpo.u, = E, where

E = 201og,(A, / Ap,,),,,) is the attenuation excess. The ratio of RP,, ,(p) at a certain

ambient pressure p to its value H,,.... (p,) at the reference ambient pressure p,, is
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The value AE = E(p,) - E(p) (with p0 = 800 mbar) has been tabulated in the range of p

from 5 mbar to 800 mbar.

2.3.3. Experimental results and comparison with theory

Comparison of four data sets (symbols) with the theoretical solutions (3.26) (thin red line) and

(3.30) (thick black line) is shown in Fig. 3.5. Calculations of the ratio Rp,.... (p) / Rp,r..... (P,,)

were performed for air (Pr = 0.72 and -y = 1.4) at the room temperature T -295 K. The

viscosity coefficient is approximated by the Sutherland law

p = 1.458 x 10-6 [kg/(mxs)]. (3.32)
T + 110.4

Calculations of the propagation constant m and impedance , . in (3.28) have been conducted

with accounting for the Knudsen effect as reported in Ref. [19]. The pore wall accommodation

coefficients were specified as a. = a E = 0.85. In the ambient pressure range from 20 mbar to

1000 mbar, the theoretical solutions agree well with the experimental data. The acoustic

absorption in air produces negligible effect on the reflection coefficient at the ambient pressure

larger than 4 mbar (compare black and red lines). For p < 20 mbar, experimental data have

large scatter. In this low-pressure range, measured acoustic signals have very small amplitude

due to strong attenuation of the reflected signal in air and due to significant mismatch between

the acoustic resistances of the ultran transducer and ambient gas medium. Additional measures

should be taken to increase accuracy in this low-pressure range.

f=200 kHz, d=100.5 1tm, 0=20.56%, H=560 pm, ct=32.40

S1.05-
I

1.00-

0.95-

OM 090

1g_ • Ref6-Perf4
0.85- 0 Ref6-Per5

*"A Ref7-Perf4

0 Reff-Perf5
.- theory (31)

theory (27)

0.75-

1 10 100 1000

Pressure (mBar)

Fig. 3.5 The reflection coefficient ratio as a function of ambient pressure, black solid line -

solution (3.30), red thin line - solution (3.26), symbols - experiment.
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2.4. Interaction of acoustic disturbances with UAC micro-cavities

Design and robust implementation of UAC on hypersonic vehicles hinge on the development of

accurate and efficient low-order models providing boundary conditions on the UAC surface to be
used by traditional computational fluid dynamic (CFD) and instability codes. The research thus
seeks to validate and improve existing porous-wall boundary-condition models. This motivates
us to conduct direct numerical simulations for the boundary layer disturbances including
unsteady processes within the micro cavities that constitute the UAC. DNS helps to examine
end-effects at the mouths and bottoms of cavities, clarify dependencies of the UAC performance
on the cavity spacing and depth, propose improvements of existing models to extend their range
of validity, and generalize their use as a tool for design and implementation of UAC in
applications.

Herein we use DNS to investigate in detail the interaction of incident acoustic waves with groups
of equally-spaced micro-cavities on the at plate surface without flow. Although the external
boundary-layer flow is an important component of the UAC modeling, this unit problem is of
particular interest, since mechanisms of reflection and absorption of incoming boundary-layer
disturbances occur near the cavity edges and inside cavities where the external flow is relatively
slow and seems to play a minor role. Furthermore, the acoustic properties of UAC samples
should be estimated in economical way before their testing in hypersonic wind tunnels. This can
be done using benchmark (no-flow) measurements discussed in Section 2.3.

Consider the reflection of plane monochromatic acoustic waves of an ultrasonic frequency band
from a plane surface covered by a porous coating (Fig. 4.1). The coating has a regular structure
comprising equally-spaced slots (2-D cavities). It is assumed that the UAC frame is absolutely
rigid and its temperature is uniform and constant.

atcouttic' rav+

K

rigidI frame
,?~b /

* H

'avil(A R b s >ld ta ckin o,

Fig. 4.1 Schematic of the reflection of acoustic wave from equally spaced 2-D cavities.
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2.4.1. Numerical method

Colonius and Br s [30-32] developed a DNS code to solve the full compressible Navier-Stokes

(NS) equations and study the flow over three-dimensional open cavities. The equations are

solved directly, meaning that no turbulence model is used and all the scales of the flow are

resolved. The code was modified to model the flow in individual and groups of equally-spaced

micro-holes (i.e., cavities) in a rigid surface under a transitional boundary layer. We assume

shock-free flow and use high-order accurate compact finite difference schemes for streamwise

and normal directions, and Fourier-spectral differentiation for homogeneous directions (when

present). The usual compressible formulation is used to nondimensionalize the NS equations,
where the superscript d refers to the dimensional quantity, and the subscript 0 denotes the

ambient undisturbed property:
P. dI/I(P.Cl)T TdC/ 2 d/COIXt =dCp--- ~ ~ ~ ~ /C pi /=o p /(oC) = TXc/'o I/c ,= H,t= 1oH. (4.1)

The fluid is a perfect gas with specific heat at constant pressure cp , Pr = 0.72 and -y= 1.4. The

temperature at the walls is assumed uniform and constant (T = T). The code can handle any

type of block geometry (including the porous surface configuration shown in Fig. 4.1) and is

fully parallelized using Message-Passing Interface (MPI).

The current study focuses on the acoustic scattering by groups of equally-spaced 2-D micro-

cavities without external flow. An incoming planar acoustic pulse of gaussian shape at angle of

incidence 0 is initialized in the computational domain. The pressure fields created by this

acoustic pulse and its reflection on a solid wall (without cavities) and on a porous wall (with

cavities) are computed, and can be decomposed as:

P od(xY, Yt) = Pine(x, y,t) + Pre,soi (X,Y, t) Pporous (X,Y1 t) = pi., (Xy,t) + Pref ..... (Xy,t) . (4.2)

Assuming that the interaction is linear, and there is no overlapping of the incident and reflected

waves, we can identify the reflected signals at any fixed point (x0 , y0), and expand the signals

Pref,sold(t) and Pref,porous (t) into Fourier integrals

Pr.f,.soh (t) I f Pref,solid (w)e- p e,poro (t)- p o. ( )e a'tdw . (4.4

Since the reflection from a solid wall has a reflection coefficient R = 1, we can calculate the

complex reflection coefficient for the porous wall as

RDvs (W) = Pre,porous (W) / ref,solid (w), (4.5)

and compare it to the theoretical value R(w) given by (3.30).

2.4.2. Parametric study

The first configuration considered corresponds to 2-D micro-cavities of constant length to depth

ratio 2b/ H = 0.12, and an acoustic pulse at normal incidence

pl,,,, (. y) = p, exp[-(!I - y) 2 / ( . (4.6)
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The reflected signal is measured at (xo, y0) = (0,2) above the surface, for different Reynolds

numbers: Re = pocob / p = 1000, 100, and 10. For validation purposes, different measurement

locations, computational grid spacings and widths o, of the incoming acoustic pulse were

considered, and lead to identical results for the reflection coefficient, up to dimensionless

frequency f = fdH/co - 2. For typical UAC parameters (e.g., H 500 tm in Ref. [10]), this

range of frequencies correspond to the ultrasonic frequency band, and is sufficient to capture the

frequency of the most amplified second-mode instability waves observed in experiments [12]

and predicted in theory [9, 18].

Figure 4.2(a) shows the time-history of the reflected signal p,, normalized by the initial pulse

amplitude pi, for a flat plate and a porous surface of porosity 0 = 0.48, at different Reynolds

numbers. A sequence of compression and expansion waves from the solid surface, and the

bottom of the cavity can be identified. The corresponding reflection coefficient is shown in Fig.

4.2(b). At higher Reynolds numbers (Re = 1000 and 100), reflections from the bottom of the

cavities lead to destructive/constructive reinforcement at some specific frequencies. In contrast,

there is no additional reflection for Re = 10 because of the increase in viscous dissipation inside

the cavities and the reflection coefficient decreases with increasing frequency.

To investigate the influence of porosity, additional simulations are performed for p 0.2 and

= 0.8, keeping the same cavity aspect ratio. The pressure time-history and reflection

coefficient for Re = 100 are shown in Figs. 4.3(a) and (b), respectively. As expected, the

amplitude of the reflection from the bottom of the cavity (i.e., the second peak in Fig. 4.3(a))

increases with porosity. Overall, the reflection coefficient increase as porosity decrease, which is

consistent with the limit value JR11 1 for 4 0.

0
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0 Fig. 4.2 Reflection of acoustic wave from a porous surface of porosity = 0.48 at Re = 1000

0 (blue line), Re = 100 (black line), and Re = 10 (red line). (a) - pressure time-history; (b) -

0 reflection coefficient amplitude. For comparison, the reflected signal from a flat plate at Re =

01000 is also presented (dashed green line).
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Fig. 4.3 Reflection of acoustic wave at Re = 100 for porous surfaces of porosity 0=0.2 (black

line with circles), 0 = 0.48 (black line), and 0 = 0.8 (black line with crosses). (a) -

pressure time-history; (b) - reflection coefficient amplitude. For comparison, the

reflected signal from a at plate is also presented (dashed green line).

2.4.3. Comparison of DNS with theory

The comparisons between the reflection coefficients obtained from DNS and from theory (Eq.

(3.30) of Section 2.3.1), for porosity 0 = 0.8, 0 = 0.48, and 0 = 0.2, are presented in Figs.

4.4 (a), (b), and (c), respectively. Overall, there is very good agreement between the DNS results

and the theoretical predictions. Discrepancy increases with frequency because the theory

assumes that the acoustic wavelength A is much larger than the cavity half-width b. For

instance, for frequency f = 2, the ratio of these quantities is only b /A = 0. 12. Similarly, the

assumption that the cavity spacing s is of the order of the cavity half-width b leads to additional

discrepancies at low porosity (i.e., b / s = 0. 125 for 05 = 0.2 ). In these cases, the presence of the

Stockes layer, which is not accounted for in the theoretical model, may affect the reflection

coefficient. However, coatings of small porosity are of less interest for laminar-flow-control

applications.

Details on parametric study of the geometrical factors (cavity aspect ratio, porosity) and flow

conditions effects (Re, angle of incidence) will be presented in Ref. [33].

IL0.6

Fi 4.3Relecinu f aos 1ic waveeat Re = 100 or p u s Re of porosity 0

FiThe co4 mpionsdetwee the reflection coefficientsoie from DNS (oi ie and o theory (eq.ie)a

of 0.8, (b)- 0p t -- - 0.48, d2.
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2.5. Transition measurements on blunted cone with the felt-metal coating

UAC of random porosity could be more symbiotic with thermal protection systems (TPS) of

actual hypersonic vehicles since the majority of TPS materials have random microstructures. In

this connection, stability [11] and transition [14] measurements were performed on a sharp cone

with a felt-metal coating in hypersonic wind tunnels of ITAM (Novosibirsk). Experiments [14]

- in the ITAM AT-303 high-enthalpy wind tunnel at Mach= 12, showed that the felt-metal coating

*significantly (up to 100% of the model length) delayed transition. The major objective of present

experiments is to conduct similar transition measurements at M. z: 8.8 and investigate the nose

bluntness effect on the UAC-LFC performance.

*" 2.5.1 Model and experimental setup

The cone model, which was tested in the ITAM AT-303 tunnel at free-stream Mach=12 [14]

(Fig. 5.1), has been modified to study the UAC effect on transition at different radii of blunted

nose. The original model is a 70 half-angle sharp cone. Its longitudinal half surface is solid, and

the other half surface is covered by a porous coating. The total model length is of 1039 mm. The

porous coating starts from the station X = 70 mm, where X is measured from the sharp nosetip

along the cone axis. The felt-metal coating is composed of stainless steel fibers of 30 uRm

diameter. The fibers were hard sintered on a solid stainless steel sheet of 0.245 mm thickness.

Then, they were rolled to the porosity 0 = 0.75. The porous layer has the thickness 0.75 mm so

that the total thickness of the felt metal sheet is 1±0.1. The magnified image of the UAC surface

is shown in Fig. 5.2. To treat bluntness effects, the exchangeable noses with spherical bluntness

of radii R = 0, 1, 2, 4, 8 mm have been fabricated (Fig. 5.3). Hereafter these noses are denoted as

RO, R I, R2, R4, R8, respectively.

~(a)

~(b)

---- Fig. 5.1 Schematic view (a) and photo (b) of a sharp cone model with felt-metal coating tested at

~~the fT'ee-stream Mach = 12 [ 14].
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Fig. 5.2 Magnified image of the felt-metal coating.

Fig. 5.3 Exchangeable noses with spherical bluntness of radii R -- 0, 1, 2, 4, and 8 mm.

Transition measurements have been conducted in the ITAM AT-303 high-enthalpy wind tunnel

(Fig. 5.4). Basic parameters of this facility are given in Table 1. Experiments are carried out at

the ftee-stream Mach number M,, = 8.8. Typical Mach number profiles at the nozzle exit are

shown in Fig. 5.5. Flow parameters for all runs are specified in Table 2.

Table 1. Basic parameters of wind tunnel AT - 303

Nozzle diameter D, mm 300 1600

Settling chamber volume, din3  6.4

Stagnation pressure P0, bar 3000

Stagnation temperature To, K 2500

Mach number M 8 - 13 14 -20

Reynolds number ReD 6 10 ' - 1.510' 2.107 - 2.510 6

Run duration t, s 0.04 -0.2

Test gases air, nitrogen, C02, etc.

44



Fig. 5.4 General view of the AT-303 tunnel.
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Fig. 5.5 Mach number profiles at the nozzle exit.

The model is installed so that its axis coincides with the nozzle axis. However, the model
position is inspected using sizing tools only; i.e., small deviations of the angle of attack from
zero are possible. To estimate this effect every run is repeated twice (with nominally identical
flow parameters) at two orientations of the porous surface (up and down). For this purpose the
model is turned around its axis to an angle 0 = 180': 0 = 0' corresponds to the UAC surface
oriented up, and 0 = 180' - oriented down. Positions of porous surface are indicated in Table 2.

4
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Table 2. Parameters of runs

Run Nose 0,° PO, bar T0, K M, Re, 106, m 1

1 RO 0 73.7 - - -

2 RO 0 72.6 1314. 8.795 4.11

3 RO 180 73.5 1313. 8.796 4.17

4 R1 180 74.2 1323. 8.796 4.15

5 R1 0 72.2 1318. 8.794 4.07

6 R2 0 74.8 1319. 8.797 4.22

7 R2 180 75.4 1319. 8.798 4.24

8 R4 180 76.0 1326. 8.798 4.24

9 R4 0 76.3 1321. 8.798 4.28

10 R4 0 76.3 1317. 8.799 4.30

11 R8 0 73.8 1316. 8.796 4.17

12 R8 180 73.5 1314. 8.796 4.16

13 R8 180 39.6 1081. -

14 R8 180 119.9 1495. 8.818 5.25

15 R8 0 117.6 1491. 8.817 5.17

16 R4 0 118.4 1492. 8.817 5.20

17 R4 180 118.4 1489. 8.818 5.22

18 R2 180 118.3 1487. 8.818 5.23

19 R2 0 117.1 1483. 8.817 5.19

20 R1 0 121.6 1493. 8.82 5.34

21 R1 180 116.7 1489. 8.816 5.14

22 RO 180 116.7 1485. 8.817 5.18

23 RO 0 117.0 1485. 8.817 5.18

24 RO 180 88.1 1572. 8.781 3.46

25 RO 180 81.5 1539. 8.778 3.31

26 R4 180 89.3 1575. 8.782 3.50

27 R4 0 88.8 1579. 8.782 3.47

28 RO 0 88.5 1574. 8.782 3.47

29 R1 0 87.9 1573. 8.781 3.45

30 R1 0 88.2 1575. 8.781 3.46

31 R2 0 87.6 1575. 8.781 3.43

32 R8 0 88.3 1572. 8.782 3.47

33 R8 180 90.0 1576. 8.783 3.52

34 R2 180 88.9 1571. 8.782 3.50

35 R1 180 89.2 1574. 8.782 3.50

Time-histories of stagnation pressure, stagnation temperature and free-stream unit Reynolds
number for nine runs are shown in Figs. 5.6 and 5.7. It is seen that during each run there is a time
window of about 30-55 ms with almost constant flow parameters. Heat flux measurements have

been conducted in this time interval. Examples of the calorimeter-sensor signal on solid and
porous surface are shown in Fig. 5.8 for Run 3. Vertical lines indicate the time window for
acquisition of the heat flux data.
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2.5.2 Transition measurements

Transition loci are determined from distributions of heat flux, which are measured using 55

calorimeter sensors. The sensors are located on both solid and porous surfaces. The data

acquisition system consists of 55 independent ADC converters with pre-amplifiers and filters.

Data are acquired with the sampling rate of 5 kHz and processed as follows:
• Signal is smoothed using standard MATLAB 6.5 filter functions (ellip and filtfilt)

* The signal part corresponding to the data acquisition time window is extracted from the

- total signal
* Data are approximated by linear function using the least-squares method and a slope of this

- function is determined
* . Heat flux is calculated as a product of the slope and the calibration sensitivity coefficient

The heat-flux distributions on solid and porous surfaces for noses RO, RI, R2, R4, and R8 are

shown in Fig. 5.9. For transitional flow, the heat flux is decreased with X in the laminar flow

region, rapidly grows during transition, and decreases again in the turbulent flow region. In the

considered unit Reynolds number range, transition is not observed for large nose radii: R4 and

R8 for porous surface, and R8 for solid surface.

There is good agreement between the heat flux distributions mastered at different orientations of

the porous surface; i.e., the angle of attack is close to zero, and the free stream is sufficiently

uniform. This allows us to calculate the transition loci by averaging the transition points for each

pare of runs with 0 = 00 and 0 = 1800. The transition onset point is determined as a point of

minimum heat flux, and the transition end point - as a point of maximum heat flux. To identify

these points the heat-flux distributions are filtered as shown in Fig. 5.10.
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- Dependences of the transition onset point (Xtr b ) and the transition end point ( X,,, ) on the free-

* stream unit Reynolds number (Re,,) are shown in Figs. 5.11 and 5.12, respectively. As

expected, the transition loci decrease with increasing of Re,. and increase with the bluntness
radius. The transition Reynolds number Retrb = Xt ReIO and Ret, = Xt,e]IRec are shown in

Figs. 5.13 and 5.14 as functions of Re,.. The Reynolds number Relb is approximately constant

*for small bluntness radii (R = 0 and R = 1 mm), while it increases with Re,, for larger R.

To evaluate the UAC-LFC performance, the ratio of transition end points, Xtr,p,..... / Xtre,sol i, is

- shown in Fig. 5.15 for different nose bluntness radii. Despite some uncertainty of experimental

*data it is clear that the felt-metal coating causes significant (by a factor of 1.3-1.85) increase of

the laminar run in the transitional cases.
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- Fig. 5.11 Transition onset point (Xrb) as a function of unit Reynolds number Re,,; I - RO,
porous surface; 2 - RI, porous surface; 3 - R2, porous surface; 4 - RO, solid
surface ; 5 - RI, solid surface ; 6 - R2, solid surface ; 7 - R4, solid surface; 8 - R4,
porous surface ; points with arrows - flow is laminar to the cone end.
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Fig. 5.12 Transition end point (X,,.) as a function of unit Reynolds number Re,,; I - RO, porous
surface ; 2 - RI, porous surface ; 3 - R2, porous surface ; 4 - RO, solid surface ; 5 -
R I, solid surface ; 6 - R2, solid surface; points with arrows - flow is laminar to the
cone end.
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2.6. Mathematical modeling of acoustic properties of fibrous materials

In this section new approach is suggested for modeling of gas slow motions and propagation of

acoustic disturbances in highly porous fibrous materials. The perturbations of gas parameters are

assumed to consist of two components:
0 The first is an exact solution of proper hydrodynamics problem averaged over the elementary

0cell volume. This macroscopic component varies on relatively large scales. Equations

governing the average parameters are derived.
& The second is responsible for local perturbations nearby each fiber. Equations governing

these perturbations are derived from first principles using rigorous mathematical methods.

These results are used for analysis of sound absorption by layered fibrous materials of high

porosity. Corresponding mathematical problem is formulated, and its solution is expressed in

terms of Fourier series.

2.6.1. Derivation of macroscopic equations for gas motion in a fibrous material

The problem of fluid motion in porous media is addressed in many papers and monographs.

Review of basic and recent results obtained in the macroscopic porous media theory is given, for

0example, in Ref. [34]. More general cases of the heterogeneous media motion were discussed in

"* Ref. [35]. Our analysis is based on the assumptions that widely used in the heterogeneous media

*theory (see Refs. [34, 35]):
1) Each constituent has sizes much larger than molecule-kinetic scales (in particular, the

molecular mean free path)

2) The characteristic macroscopic size of a porous sample substantially exceeds the

characteristic size of constituents

3) An independent state motion is assigned to each constituent. Hereafter it is assumed that the

fibrous skeleton is rigid and fixed

4) Constituents are, on average, uniformly distributed over the sample volume

5) Each elementary volume within a porous sample is simultaneously occupied by each phase

with corresponding probability

Up to day, semi-empirical dependencies are used for approximate description of acoustic

properties of porous materials. Many of them are based on the analytical solution [36, 37] for an

infinitely long round pipe. In this solution, the perturbations of velocity and temperature are

decoupled. However, in the case of fibrous materials this approach is not valid. This motivates us

to develop a mathematical model adequate to materials of this kind.

Gas motion within pores of a fibrous material with rigid skeleton is described by the fundamental

equations of continuum mechanics written in the divergence form

a- t a (puj) =O,

Opui +_± ( p _ O, i = 1, 2, 3, (6.1)

at (pu u1 -ax,)- i9x-

01)(It /2 + CV-T) a
S )+/2 + C T)u, + q. - 'j 0,

Ot ax]
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where p, p and T - gas density, pressure and temperature; u is vector of macroscopic gas

velocity and ui (i =1,2,3) are its components in the Cartesian system of coordinates

(xI, x2, x ); cV and cp - specific heat at constant volume and constant pressure, respectively;

a = 2p(eij- 1/3 6jdivu) + (6 3divu is viscous stress tensor (hereafter the term with bulk

viscosity is omitted), 6,, is Kronecker symbol, e , = 2 [ -L+ x, is the tensor of deformation

rates, qj is the heat flux vector. The summation convention is understood everywhere. The

* system (6.1) is supplemented with the state equation

p = pRgT ,  (6.2)

where R is gas constant per unit mass.

In accord with the aforementioned assumptions, the solid phase (fibers) is directly involved into
the heat transfer only. The latter is governed by the heat conduction equation

PC 02T (6.3)P a t ax,

where T is local temperature of the solid phase, p,, cI and r, is solid density, specific heat and

heat-conductivity coefficient, respectively.

A porous sample is mentally subdivided into equal parallelepiped cells Ax, x Ax, x Ax,, so that
a << Axi Ax 2 - Ax << L.. n , where a is the average fiber radius and L n is the smallest

characteristic size of the porous sample. Equations (6.1) are integrated over the cell porous
volume that is a multi-connected domain. Accounting for no-slip condition on the fiber surfaces,

*we obtain

V - nJ _,dS ,,(6.4)
at u d

OKlat -PU = -- 1PUiUj + p6,j - oj, } njdS,,, -

-Ef fi,, - a,,} nJkdSjb'k , i = 1,2,3, (6.5)

a a (U2/2 T) = ,PUj (U2/2 +cpT)qlndS1 1
Ov11 atP\ + ICV J"'. I + j ndS,, +

+f ujo,jjnjdS, - E fd ,.qjnj,kd (6.6)

0k

where q - porosity averaged over the porous material volume, fs. .. ndS,,, - integral over

the solid-free parts of the cell lateral surfaces, i, - j1h component of the external normal to the

cell surface, ti n -j'h component of the external normal to the surface of kth fiber sections falling
into the cell, the overbar denotes averaging over the cell volume ,.,, = Ax, x Ax, x Ax,. The

53



f5 n,,dSfb,k are taken over all surfaces of the fiber sections falling into the cell,

integralsf jk b.

the sums Ef s {pv - O,} nj,kdSfb,k and E ,, qjnj,dSfib,k represent the resultant force
k ibA k b.k

acting on viscous gas on the fiber surfaces and the heat flux absorbed or emitted through surfaces
of fiber sections falling into the cell, respectively.

The surface integrals are expressed via the surface averages

f B,njdSei , a, (Bj ) n S,el. (6.7)

where the dimensionless coefficient a, represents the average fraction of area of the solid-free

* part to the total area ASc,,, of the cell facet with the normal n,, ( ) - averaging over the solid-

free lateral surfaces of the cell. As shown in Ref. [35] (pp. 65-66), a surface average can be

approximately replaced by corresponding volume average as

f B, n,dS,,11 , B (6.8)

Since the cell sizes are much smaller than the characteristic macroscopic scale L1 ,,, the sum in

the right-hand side of (6.8) can be approximated as

BJ3n. S 11  O V -(A)I' + 0 L , (6.9)

where L.,n is maximal characteristic length scale of pores. The sum of integrals

*Ef {p1, - 01 } n.kdSflb.k in the right-hand side of (6.5) is responsible for the resultant

Sresistance force produced by all fiber sections in the cell. For internal flows of small velocity,
this sum is approximated as

E s3 {p6f , - o } n,kdSf,b.k (A V, 1,R,'T, (6.10)

where R' are components of the hydrodynamic resistance tensor of porous media, "u

is mass-averagej th component of the velocity vector (such averaging is denoted hereafter by the

doubled overbar). In general, both gas-flow deflections from a straight-line motion in pores and

viscous-friction forces acting on fiber surfaces affect the magnitude of (6.10).

The aforementioned results allow us to formulate approximate differential laws of mass and

momentum conservation. The energy equation should account for the heat transfer by gas and

fibers including the energy interchange between these phases. To derive this equation one should

additionally perform integration over the volume of all fiber sections falling into the cell

(1- O)p' ., cell--T -Z--/1 f, a nkdSr,k + Emd J, (6.11)

atc%S""' ax) S.fi b )
5
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where the normal nk is directed outward the integration domain (it is the same as in (6.5)-(6.6))

and the sum - E 0 T MdS,m accounts for the heat interchange between neighboring

cells through the imaginary solid boundaries (imaginary cross-sections) inside common fibers.

The normal component of the heat flux on the solid surfaces should be continuous

f j,kdSrb k =- r,, O (6.12)

Sk fl. kax

Accounting for (6.12) we summate term by term the equations (6.6) and (6.11) and obtain

*111 _V U/ + c)+ (1 - O)SC JP (U/ + cp)+ q, i ,S,,,+0 (J cvT) (1 P U¢)2,cT--±

+ ,- Ud7 + ,(,, , -K )p,c,V,,,,, T . (6.13)

The averaged temperatures of gas T and solids T, and their gradients within the cell can be

functions of time with different temporal rates. In general, these temperatures are different.

However, our qualitative analysis shows that the last term in the right-hand side of (6.13) can be

omitted in the problem relevant to acoustic disturbances in fibrous materials.

The terms in the right-hand side of (6.13), which are responsible for the heat transfer between

neighboring cells, can be approximated as

f q1njdScej + '  nT,njdS,,, - Ve q (6.14)
E '

where q, -jth component of the heat flux vector averaged over the cell volume. We assume that

=- the average heat flux is expressed via the gradient of average cell temperature V T as

q =K _-, (6.15)
0i '

where K,, are components of the effective thermal conductivity tensor. This tensor should

account for the heat transfer through gas and solid phases and the thermal interaction between

cells (see Ref. [38]).

The foregoing approximations lead to the system of equations for the gas characteristics

- averaged over the cell volume (overbars denoting this averaging are omitted)

Op _ Oqpu, (6.16)
pat Op a 3

6 - -Dit, 9 R'u + J i 1. 2.3. (6.17)
IN)1 x Ox"
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*DT +(-) ac Tot - p Oj ^ I,
pca.T al + (1. U + 4 + , (6.18)

OV,Dt +( t9PC t OP xi ,f x x

where _ -p- + U is the substantial derivative, pf is effective viscosity, 4) is
Dt at ' au x

dissipative function.

Note that the tensors R, and lk, as well as the effective viscosity coefficient p,,f cannot be

determined in the considered framework. This could be done using experimental measurements

or additional theoretical analyses.

2.6.2. Mathematical model for highly porous fibrous materials

The tensors R, K, and the effective viscosity coefficient p,f can be evaluated in the case of

highly porous media (0 ---+ 1) as follows.

Consider a fibrous material that is formed by randomly placed rigid fibers of circular cross

section. The fibers are stacked in mutually parallel planes. We assume that a plane

monochromatic acoustic wave propagates perpendicular to these planes. A fibrous material is

characterized by its structural geometry, average density p,,, fiber mass density p, and average

fiber radius a. Using these parameters we can determine:

average fiber length per unit volume 1- , , (6.19)
7ra p,

porosity 6=1- ra2l =- Pi , (6.20)
P*

specific area of fiber surface (without taking into consideration the area of butt-ends)

sf , 27ral = 2p, = 2(1-0), (6.21)
ap, a

average distance between axes of neighboring parallel fibers stacked in one plane

h ra (6.22)
* 2(1-)

Now we can estimate terms in the system (6.16)-(6.18). In the vicinity of fibers submerged into

uniform cross flow, the viscous terms in the momentum equation are - pu* /a 2 
, where u* -

characteristic velocity of gas inside porous material. Far from a fiber (at a distance h from its

axis) these terms are- p u*/h 2  ,u (1- ¢)2 /a2. The terms Ru in the averaged momentum

equation (6.17) are estimated as
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, Uj ,U S s -PU ) (6.23)

They are responsible for an effective force that is continuously distributed over the volume of

gas filling pores. This volumetric (dumping) force is directly related to the viscous friction on the

surfaces of solid elements and to the local gas-flow deflections from a straight-line motion in

pores. In accord with (6.23), the characteristic length scale Ld = a/.fi-_O represents a distance

from the fiber axis at which the volume dumping force and the viscous force are of the same

order of magnitude. Thus, to solve the problem we need the differential equations valid on the

length-scales from a to Ld. To derive these equations we decompose the flow parameters in the

vicinity of a fiber as

F =F+ F', (6.24)

---_ where F denotes an unknown function in the equations (6.16)-(6.18), F' is local perturbation of

0 F. We also assume that F substantially vary only on the "macroscopic" scale L, which is

* much larger than Ld

L > Ld > a. (6.25)

In this case, we have OF/Oxj << OF'/Ox, . Substituting the decompositions (6.24) into the exact

Navier-Stockes equations, using approximate equations (6.16)-(6.18) for simplification and

omitting terms - OF/Ox we obtain

Op' _ _Ou' - Op' Op, (6.26)
a 0tx, Ox Ox, 

41 au / p,I a _ Oa'+
0+ P') +U, + O + Op,

+¢R uI+OJ^f i= 1,2,3, (6.27)

O 'f 1-0 aT aOT'
* __ 1-¢p"c* T(±p )c ± ~-  C C -- (p + u,)-

2 at 1O Ox,
1-_ O2T Op' ,) Op' of,-, ___T'

* p,c,T + - + (, -)0 - 0 zi+ 1, )' + ax-I , j, (6.28)
atax, at x ax, ax,

where the approximation i-(T - ) -A 2T is used, A, are components of a constant

*t OtOx1

0 ector.

0
0
0
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Note that the term 0- R, in the momentum equation (6.27) and the term 4 in the

energy equation (6.28) are associated with Darcy law. However, they have opposite sign

compared with the similar term in Darcy law: Ap = -kiLu, where k is permeability. Brinkman

[39] was the first who has included the term -kpu into Newton's law of viscous friction

relevant to flow through a porous medium. His phenomenological model has been used by many

authors. Our analysis rigorously substantiates the Brinkman's term and clarifies conditions at

which the Brinkman's model is valid.

2.6.3. Acoustic problem for highly porous layered fibrous materials and its general solution

Consider propagation of sound through highly porous media. In this case the system of equations

(6.26)-(6.28) can be linearized as

at + Po x =0, (6.29)

Ou' Op' _ , 0- '
P0- R,u +p au,i1, 2,3, (6.30)

aTt ap' aX2 T

C T' a-p' + , a (6.31)
Ot at OX

p- + , (6.32)

P0 P0 To

where the subscript 0 stands for unperturbed quantities.

For layered fibrous materials of highly porosity, in the leading order approximation it is

sufficient to consider flow past an isolated fiber (an infinitely long cylinder of radius a ) placed

perpendicular to uniform flux with effective parameters that correspond to the averaged

quantities F in (6.24). Using the equations (6.29)-(6.32) and assuming that the dissipative

effects are important, we obtain the length scale associated with the thickness of viscous Stokes

layer

v = - o a, (6.33)

where w is angular frequency of acoustic wave. Comparing terms of the linearized momentum

equation (6.30) we obtain

p I , Pu' "P jCou  (koa) Pocou (6.34)

a PoCoa [ Powa

where k-, w / q) is wave number, POCO is the acoustic impedance. Using (6.33) and the

definition of compressibility C we get

f) -0()f -- P (6.35)
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The energy equation (6.31) gives

Op' / 0 2 T' Pr p0wa2 p'/T' 1) (6.36)
aX2

Comparison of the dominant terms in (6.35) leads to

1 ap' /Ou (U) I (koa) < 1. (6.37)
PO otI Oxj p0wa

Thus, the continuity equation (6.29) on scales -a is reduced to the incompressible form

a--- = 0, (6.38)
Oxi

while Equations (6.30)-(6.32) remain the same.

To find a general solution of the foregoing problem, we consider velocity perturbation u' in the

form u' exp(iw) and express the amplitude u' as

u = grady" + rotA', (6.39)

where the velocity potential amplitude y' satisfies the continuity equation of incompressible

fluid

A(P = 0, (6.40)

and the vector potential amplitude A' satisfies the Helmholtz equation

(A + k2)A' = 0, (6.41)

k- iwpo/lt is squared complex wave number, and A is Laplacian.

Introduce the polar coordinate system (r I' + X2, ),where r is measured from the fiber

axis. The equation (6.30) leads to the relation

p' = ik 2y", + 0-R'J Il rcos0, (6.42)

where R' denotes flow resistance in the direction perpendicular to the fiber layers.

Since the flow disturbance past an isolated fiber should be symmetric with respect to the
direction of uniform flow, solutions of the equations (6.40) and (6.41) can be expressed in terms
of Fourier series

-P a0 + (ar +b,,r-")cosnO, (6.43)
n=1

A3' EZ[c,J.n(kr) + d.H."2)(kr)]sin nO, (6.44)
n=1

59



where a,,, b,, c,,, d, - constants, J,(kr)- Bessel functions of nth order and first kind, H,(kr)

- Henkel functions of nth order and second kind. Note that the vector potential A' has only one

non-zero component A, in the case of two dimensional flow.

The solutions (6.43) and (6.44) should satisfy to the no-slip condition on the cylinder surface

U + u'(a,0) = 0. (6.45)

Instead of non-reflection conditions at the infinity, we should impose additional restrictions

associated with the decomposition (6.24). Namely, perturbations of all unknowns F' should not
contribute to the corresponding averages

27 RA

0= f F'dV f f Frddr, (6.46)
Vc V 0 a

where R,.,., is radius of an equivalent coaxial cylindrical domain with the cell volume

Vio -i 2ah 2 = 7rRR,-, h.

Equations (6.31), (6.39) and (6.42) indicate that the temperature perturbations T' are coupled

with the velocity perturbation u'. Note that this coupling was not taken into account in the
analysis of Ref. [40].

Substitution of (6.43)-(6.44) into (6.39) gives
+r ao +Sn (arn-b,r + c,,J1 (kr) + d,, H",)(kr)) cos nO , (6.47)

t n=1

= - f{nr '(a,,' + bj f) + k[Cnjn (kr) + d,, n (kT)]l sin nO, (6.48)
n=l

where the dot over symbol denotes the differentiation over the function argument.

The boundary condition (6.45) leads to the system of linear algebraic equations for the unknown
coefficients

a. = 0, (6.49)

anan - ba + c,Jrl(A) + d,,HJ2)(A) = -61,an -1, (6.50)

a,a' + ba " + n 'A(c,,J'(A) + d,H (2)(A)) = -61,n 'alij, (6.51)

where 61,, is Kronecker symbol, A = ka. Note that the expressions for u', u' and p' satisfy the

condition (6.46).

Equation (6.31) is non-uniform. Its solution consists of the solution of corresponding uniform

equation and a partial solution. Besides (6.46), it should satisfy to the condition of normal heat

flux continuity across the cylinder surface. The proper expressions will be derived in future.
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2.7. Development of ceramic UAC

One of the objectives of this program was to develop and demonstrate a method for fabricating

UACs on test panels of a ceramic thermal protection material with dimensions -6 in. x 6 in., as

well as to perform benchmark measurements of ultrasonic absorption and other relevant

mechanical properties of these panels. This provides a direct link to the UAC modeling and the

wind-tunnel testing of metallic UAC.

The choice of materials and processing methods was constrained to those that could be

reasonably scaled up in a follow-on program to manufacture large panels, or arrays of panels, for

testing in wind-tunnels and in flight. Space-shuttle tiles were selected as substrates (Fig. 7.1).

These tiles consist of rigid fibrous silica insulation covered with a smooth dense surface layer of

reaction-cured glass. The UAC was formed on top of the dense surface layer by a stamping

process, using a reaction cured glass with composition similar to the surface layer of the tile.

This approach ensured matching thermal expansion properties in the UAC and substrate, thus

avoiding potential difficulties with cracking due to thermal expansion mismatch.

We note that the effectiveness of UAC coatings on tiles is not diminished by the presence of

steps and gaps between adjacent tiles when scaling up to arrays of tiles in a vehicle TPS system.

As discussed in section 1, roughness-induced transition at steps and gaps between tiles is

suppressed under hypersonic flight conditions with high local Mach numbers on the vehicle

surface, while second mode instabilities, which are reduced by the UAC, become dominant.

The development effort was focused on coatings with porosity resembling an ideal geometry of

regularly spaced blind cylindrical holes in the pattern of Fig. 1.1, with diameter -100 - 200 m,

depth -500 [tm, and spacing -300 tm.

IN"

Fig. 7.1 Shuttle tiles for use as substrates for UAC.
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The major steps of the fabrication process are shown in Figs. 7.2 and 7.3. Laser-drilled stainless

steel plates (Fig. 3.4) were used as masters to fabricate molds for stamping the desired hole

patterns on the tile surface. The plates are approximately 0.5 mm thick and the holes were

tapered through the thickness, with diameter approximately 200 Rtm on one side and 100 gtm on

the other. The plates were covered with mold release agent (Miller-Stephenson MS-122/22) and

a liquid polymer film was spread over the side of the plate with the larger hole diameter (Fig.

7.2a). Several types of polymer were investigated, including epoxy, thermal plastics and silicone

rubber. The sample was then placed between sheets of Teflon release film and a roller was used

to force the polymer through the holes and flatten the excess polymer on both sides of the plate.

After curing (or thermally setting), the polymer that had extruded through the holes was removed

using a razor blade (Fig. 7.2b) and the remaining polymer sheet on the other side of the plate was

peeled from the surface of the plate yielding a "negative" structure with protruding posts, as

shown in Fig. 7.4. In some cases a woven nylon monofilament fabric was embedded in the

polymer sheet after it was spread on the surface of the plate to reinforce the polymer and increase

its elastic stiffliess, which aided in the removal of the posts from the holes without tearing.

The UAC was then formed by spreading a RCC slurry on the tile surface and stamping with the

polymer mold (Fig. 7.3). The slurry was supplied by the Boeing Company. In the as-received

state, the RCG slurry had a viscosity similar to water, which was too low for use in a stamping

process. Therefore, the slurry was reformulated with a binder. This involved first drying the

slurry then mixing with a polysiloxane resin in an acetone carrier. As the acetone evaporated, the

mixture became semi-rigid. However, with slight heating (to -75'C) the flow stress was reduced

sufficiently to allow compression molding. To form the UAC coating, the slurry was spread over

the tile surface and the acetone was evaporated. The tile was then covered with Teflon release

film and placed in a heated platen press. The press was used to flatten the coating and ensure it

was of uniform thickness. The release film was then removed and replaced with the polymer

master stamp to produce holes in the coating (see Fig. 7.3b). Once the part cooled completely,
the stamp was removed from the surface cleanly (Fig. 7.3c) leaving the green coating with the

required cylindrical holes.

The coated tiles were then heat treated for densification and curing. Initially, trials were

conducted to establish suitable sintering temperatures and times that would permit sufficient flow

for densification without cracking and for adherence to the substrate, while allowing the shape of

the cylindrical holes to be retained. For these trials, fugitive organic particles of diameter 50 gim

were added to the slurry, which was then spread on the tile surface and heat treated for various

temperature/time cycles. From the initial trials, a heat treatment temperature of 1250'C was

needed to achieve flow of the coating and sintering times shorter than two hours were needed to

maintain the holes. Stamped coatings after sintering under these conditions are shown in Fig 7.5.
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1. Cast polymer 2. Cure polymerlremove excess 3. Do-mold polymer sheet

Nylon Mesh Fabric PV mer resin.,As!lwn~n, . ... ..... Im& iiI

BIImma I Ai- ll I im
11 A

Perforated Metal

Fig. 7.2 Steps of the polymer stamp fabrication.

1. Slurry cast onto tile surf.ce 2. Coating stamped 3. Coating cured and fired

Fig. 7.3 Steps of ceramic UAC fabrication.

(a) (b)

Fig. 7.4 (a) Polymer stamp. (b) Stamped RCG slurry coating

The array of holes in Fig. 7.5 closely approximate the ideal configuration discussed in Sect. 2.1.

Minor departures include slight rounding around the tops of the holes, some distributed surface

roughness (with amplitude smaller than the hole diameter and much smaller than the hole depth)
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and a shape of truncated cone rather a uniform cylinder. Refinement of the processing conditions
could reduce the surface roughness and rounding of the edges. However, from experience with
felt metal coatings, which have larger surface roughness, and other considerations, we expect
that the effects of surface roughness at this level and rounding of the edges of the holes on UAC
performance will be minor. Likewise, the sensitivity to the tapered hole shape is expected to be
secondary (analysis of the sensitivity to taper angle was initiated at Cal Tech). These expectations
need to be confirmed by future benchmark (no-flow) and wind-tunnel experiments.

Fig. 7.5 Ceramic UAC formed in a layer of reaction-cured glass (RCG) on space shuttle tile. Hole
diameter 100-200 pim, spacing 300 pim, depth 560 gim.

3. Summary and impact of effort
The foregoing theoretical, numerical and experimental studies of ultrasonically absorptive
coatings for laminarization of hypersonic boundary-layer flows are summarized as follows:

1) To aid in the design of the porous coating to be tested on a 7-degree half-angle sharp cone in
the CUBRC LENS I shock tunnel, parametric studies of the UAC-LFC performance were
conducted for the Mach=7 and Mach=10 free-stream conditions.

a) To calibrate and verify our stability and transition prediction tools we analyzed the
transition onset data measured in the LENS I tunnel. Using our reduced-order
computational package that includes the compressible Blasius mean flow and the local-
parallel linear stability solver, we calculated N-factors for the second mode and compared
them with the predictions of STABL at Mach=10 free-stream conditions. Strikingly, our
results agree very well with those of STABL. This opened up an opportunity to conduct
quick turn-around parametric computations of the transition onset point and search for
optimal UAC parameters.

b) Parametric stability calculations were carried out for the uncoated (solid) and coated
(porous) wall. The UAC of regular microstructure comprises equally spaced vertical
cylindrical blind micro-holes of fixed radius r*, depth h* and spacing s*. It was shown
that the coating of r* - 25 ptm, s* = 100 prm and h* - 10r* massively suppresses the
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second-mode instability and can lead to significant (more than twice) increase of the
laminar run under Mach=7 and Mach= 10 free-stream conditions.

c) Estimates of the UAC roughness effect showed that this coating can be treated as

aerodynamically smooth in the unit Reynolds number range required for transition

experiments. The coating with the aforementioned r*, s* and depth h* = 300 tm is

recommended for testing in the CUBRC LENS I shock tunnel.

d) It was shown that the UAC-LFC performance strongly increases with porosity. In this

connection, it is suggested to investigate a rectangular or honeycomb patterns, which

allow for coatings of substantially higher porosity compared with cylindrical pores of

circular cross-sections.

2) Two-dimensional DNS of hypersonic boundary layer stability was carried out for a flat plate

and sharp cone at zero angle of attack. Both solid and porous walls were treated. The

boundary conditions on UAC surface are formulated using the theoretical model.

For a flat-plate in Mach=6 free stream:

a) A porous coating of regular porosity effectively diminishes the second-mode growth rate.

Namely, the second-mode amplitude decreases twice on the surface covered by the UAC

of 20% porosity. The DNS results agree satisfactory with predictions of linear stability

theory (LST) for the second mode disturbances.

b) The UAC end effects, associated with junctures between solid and porous surfaces, were

simulated for the case of piecewise porous coating. It was found that these effects are

localized over - 2-3 disturbance wavelength and can be neglected in calculations of the
integral UAC performance.

c) DNS modeling of the UAC effect on the boundary-layer disturbances generated by free-

stream acoustic waves was carried out. The porous coating essentially diminishes

amplitudes of the boundary-layer modes F and S, when the fast acoustic wave radiates

the flat plate at the angle of incidence 0 = 00. A slow acoustic wave of 0 = 0
predominantly excites the mode S. The UAC slightly destabilizes this mode in the

upstream region (where the mode S corresponds to the Mack first mode) and stabilizes it

in the downstream region (where the mode S corresponds to the Mack second mode).

This behavior is consistent with LST. A fast acoustic wave of 0 = +450 weakly excites

the boundary-layer modes since this wave does not meet the synchronization condition.

In this case, the acoustic field dominates in the boundary layer. The porous coating
weakly affects these acoustic disturbances.

DNS of disturbances generated by a local periodic suction-blowing on a sharp cone at zero

angle of attack was carried out for the cases with and without UAC. The disturbance

dynamics is similar to the flat plate case. However, the second-mode growth rates resulted

from DNS are higher than that observed in the wind-tunnel experiments. This discrepancy is

presumably due to nonlinear effects.

The aforementioned DNS studies confirm the UAC stabilization concept for hypersonic flows

over a flat plate and a sharp cone at zero angle of attack. It was shown that the linear stability

theory can be used for estimates of UAC stabilization effects. Three-dimensional DNS is

needed to treat nonlinear phases of transition.
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3) Analytical expressions of the UAC reflection coefficient were derived for a wide range of
ambient pressures p with emphasis on low pressures relevant to high-altitude flight.

Apparatus for benchmark (no flow) measurements of ultrasonic absorption by porous coatings

was assembled. Its robustness was demonstrated in the range of ambient pressure from 10 to

1000 mbar. The reflection coefficients predicted with the theoretical model agree well with

the benchmark measurements conducted at ultrasonic frequency 200 kHz for UAC of regular

microstructure (comprising equally spaced blind cylindrical holes of diameter 100 tm, depth

560 [im and spacing 200 [im) in the range of p from 20 to 800 mbar. For ambient pressures

less than 20 mbar, additional measures should be taken to increase accuracy of experimental

data.

4) The interaction of incident acoustic waves with groups of equally-spaced micro-cavities on

the plate surface without external flow was investigated using theoretical modeling and DNS.

Numerical simulations are performed for a porous coating consisting of 2-D cavities of

length to depth ratio 0.12, with an incoming planar acoustic pulse at normal incidence. The

reflection coefficient is computed for coatings of different porosity at various Reynolds

numbers. Comparisons with theoretical prediction show excellent agreement with the DNS

results in the range of parameters relevant to laminar-flow control applications. Parametric

study of the geometrical factors (cavity aspect ratio, porosity) and flow conditions effects

(Reynolds number, angle of incidence) should be continued in future.

5) New approach for solving the problem of slow gas motions in porous fibrous materials has

been developed. The gas parameters were decomposed into two components. The first is the
exact solution averaged over a cell volume, and the second is responsible for local

perturbations caused by solid fibrous. The differential equations governing this problem were

derived from first principles. It was shown that these equations contain terms of the

phenomenological model of Brinkman that is widely used for practice. In this framework, the

problem of sound absorption by layered fibrous materials of high porosity was formulated.

Its general solution was expressed in terms of Fourier series. This study provides a solid
foundation for further developments of mathematical models predicting acoustic processes in
UAC of random microstructure. This, in turn, will help to refine the boundary conditions on the
UAC surface for the boundary-layer stability problem.

6) A 1-m length cone with the felt-metal coating was tested in the ITAM AT-303 wind tunnel at
Mach=8.8. Transition measurements were carried out on coated and uncoated cone surfaces at

different bluntness radii (R = 0, 1, 2, 4, 8 mm) of the cone tip. The cone configuration is

similar to the FRESH FX-I fore-cone shape. Transition loci were determined from

measurements of heat flux distributions. It was shown that the felt-metal coating causes 1.3-

1.85 time increase of the laminar run. These experimental data need to be analyzed using our
theoretical and computational tools.

7) First samples of ceramic UAC integrated into the shuttle TPS tile were fabricated. It was shown
that by using a stamping technique it is feasible to make large arrays of uniformly spaced blind

holes of 100-200 pm diameter and of 500-600 ptm depth. The parameters of these pores fit the
laminar flow control requirements predicted by our theory. The aforementioned UAC samples
havc slightly conical holes, which may be preferable in practice. In this connection, we
recommend an investigation (theoretical, numerical and experimental) of the UAC-LFC
performance in the case of conical pores.
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This project produces enabling technology and design tools for the UAC-LFC methodology. The

results reported herein provide a solid foundation for large-scale demonstration of the UAC-LFC

performance in the CUBRC LENS I tunnel as well as fabrication of ceramic UAC samples integrated

into TPS. This, in turn, provides basis for design of UAC-TPS test articles that could be

manufactured and deployed on a flight vehicle.

Important that UAC is passive rather than active system, and thus it is more robust under high

temperatures in hypervelocity flows. Thin porous coatings can be naturally integrated into TPS and

provides more than doubling of laminar run with virtually no penalties. In this connection, the project

directly links to the FRESH program. Namely, the UAC-TPS articles could be flight tested within

the framework of the HIFiRE (Hypersonic International Flight Research and Experimentation)

program that includes transition measurements on cones and other hypersonic configurations.
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