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IN THIS PAPER we investigate the effects of three-dimensional disturbance waves on
the stability of a two-dimensional channel flow with one compliant surface. The study
exploits the multideck structure of the flow in the limit of large Reynolds numbers to
make an asymptotic analysis of the flow and to derive linear neutral stability results.
The study shows that for a flow over flexible surfaces, three-dimensional disturbances
may be more unstable than two-dimensional modes for a given set of wall properties.
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1. Introduction

RELATIVELY FEW studies of the effects of three-dimensional disturbances on
compliant wall stability have been conducted. The early studies, for example [1]
and others (with a few exceptions such as [9]), were primarily concerned with
the study of two-dimensional disturbances.

In [16], YEO offers two explanations for the apparent preoccupation with
the study of two-dimensional disturbances in most of the investigations into the
stability of boundary layer flow over compliant surfaces. He reasons that the
relative simplicity in the formulation and analysis of two-dimensional distur-
bances may be a contributing factor but more importantly, according to the
inviscid theory, the most unstable modes for a prescribed wavenumber are two-
dimensional flow induced surface instabilities (see [3]). However, there is as yet
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no evidence to suggest that the same is true for viscous flows over compliant
surfaces. Recent studies, see [14], [15] and [5] have, in fact, suggested that com-
pliant walls are much more susceptible to three-dimensional instabilities than
rigid walls. In [5] it was shown that for compliant walls with good transition de-
laying properties, obliquely propagating three-dimensional waves are likely to be
more unstable than the two-dimensional waves. Indeed YEO, [16], showed that
the stability of two-dimensional boundary layers is characterized by a strong
degree of three-dimensionality and there are no a priori grounds to assume that
the most unstable modes will be two-dimensional.

Studies on two- and three-dimensional disturbances in a two-dimensional
boundary layer have also been carried out in [4]. In this study, the triple-deck
theory is used to investigate the evolution of the disturbances over isotropic and
anisotropic compliant walls. The study showed that viscous effects have a much
more profound influence on disturbances in the boundary layers over anisotropic
compliant walls in comparison with isotropic compliant walls. However, the study
does not give any indication of how the compliance parameters (such as mass
density, visco-elastic damping, etc.) affect the behaviour of the disturbances over
each class of compliant walls. The study by JOSLIN and others, [8], suggested that
properly designed compliant walls can stabilize three-dimensional wave modes
despite the fact that these modes may be growing faster than two-dimensional
modes.

Detailed studies of three-dimensional wave modes in flows over compliant
walls have also been made in [14] and [16]. The study in [16] provides a summary
of the three-dimensional results in [14] with additional new results. Comparisons
with two-dimensional wave modes are made for the flow over a two-dimensional
boundary layer. The effects of wall stiffness and material damping on each class
of waves is carefully analyzed. It is found that for sufficiently compliant walls,
increasing wall stiffness tends to promote the dominance of three-dimensional
TSI modes over two-dimensional modes. Material damping was also shown to
play an important role in determining the relative dominance of the two- and
three-dimensional modes.

In [12] the effect of thermal buoyancy on the linear stability of three-dimensio-
nal waves was considered. It was found that the effect of three-dimensional modes
is more significant than that of two-dimensional modes when the wavenumber is
varied against the tension parameter, the spring stiffness and the flexural rigidity
of the flexible surface. In this paper the effects of three-dimensional disturbances
on the stability of two-dimensional channel flow with one compliant surface in
the absence of thermal buoyancy are studied. The study extends the analysis
made in [6] to three-dimensional disturbances.
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2. Mathematical formulation

2.1. The equations of motion

Consider the flow of an incompressible fluid in a channel of infinite extent
and with one compliant surface. The equations governing the motion of three-
dimensional disturbances spreading within the channel can be expressed in non-
dimensional form as:

(2.1) gz+gZ+§j:0,

(2.2) ﬁé:—g§+;<g:;+g?;+$),
(2.3) %=—§§+;(g?;+g;’+gz>,
= e ]

where p is the pressure, R is the Reynolds number, z, y and z are respectively, the
streamwise, the normal and spanwise coordinates, u is the velocity component in
the streamwise direction with v and w being respectively the velocity components
in the y and z directions and ¢ is time. Equations (2.1)—(2.4) have been non-
dimensionalised by setting

(x,7 y/7zl) = L(;U? y7 Z)? (ul7v/7 w/) = UB(u7 U’ w) and R: UBL/I/*7

where the primes denote dimensional quantities, L is the undisturbed channel
width, Up is the channel centreline speed and v, is the coefficient of kinematic
viscosity of the fluid.

2.2. The flexible wall equations

In this study we restrict the motion of the compliant surface to only vertical
displacements. At the upper rigid channel wall, the fluid motion satisfies the
no-slip constraint

u=v=w=0, at y=1,

while at the lower flexible surface the fluid motion is governed by

0
u=w =0, v:a—z at y=mn(x,z1).
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The surface displacement 7(x, z,t) satisfies the dynamic condition (see for ex-
ample, [11])

2 2 2
(25) vp_T<577+377)_M8’7_d077

COR2\ 022 022 ot2 ROt
B (0% o*n o*n K
TR <ax4 a2 T a4> TR

The non-dimensional physical parameters M, d, B,T and k are respectively
the mass density per unit length, the damping, the flexural rigidity of the plate,
the tension and the spring stiffness while Vp is the change in the mechanical fluid
pressure. Equation (2.5) has been non-dimensionalised using the fluid density p,
the density of the plate material p,,, the channel width L, the centre-line velocity
Up and the viscosity ps. where

/ vp/ T/p L
.CL',Z,t = - :LJ’Z,’UBt, 5 :Qa Vp = 5 T = - 3
( ) ( ) =T b= Uz 12
'3 b d'L
=" =Pl =22 B= B L.
1 p«L Pos

The asymptotic structure for the upper branch stability of channel flows is now
well-known, see for example [13]. This enables us, for large Reynolds number, to
define a small parameter e = R~/1! and introduce scaled flow variables &, X, Z
and T defined by:

X = éx, Z=éz, T = et ¢ = e(apz + foz — apcot),

where ag and Gy are respectively the scaled real wavenumbers in the streamwise
and spanwise directions and ¢y is the scaled phase velocity of the waves. The
frequency of the disturbances wy and the oblique wavenumber g are defined by
wo = apcp and 43 = a3 + 32 respectively. In terms of the slow variables, the
derivatives in Egs. (2.1)—(2.4) become

QH*EZSOZC —+e5i

26 ot 070 5¢ T’
| 2—>60¢£+63i ﬁ—wﬁg—i-egi
ox 09¢ " ax’ 0z Y9¢ " oz’

so that Egs. (2.1)—(2.4) can now be written in the form:
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In this study we consider a three-dimensional disturbance wave of amplitude
O(9) where this § < 1 and depends on the Reynolds number. This study focuses
only on linear disturbances and from [7], it is well known that the first significant
departure from linear theory occurs only when § ~ O(R™~14/33).

2.3. The flow regions

The flow region is a multi-deck asymptotic structure identical to that in [6]
which consists of seven distinct regions for each of the lower and upper halves
of the channel including the shared main inviscid region R1 in Fig. 1. Our focus
is on the upper-branch stability so that the viscous wall layer (Stokes layer) and
the critical layer are distinct. Following [10, 12] and other earlier authors, our
solution technique consists of deriving asymptotic expansions of the solution in
various regions followed by appropriate matching at the subdomain boundaries.
We first consider the solution in the core region R1. Let (Up,0,0,pp) be the
steady state laminar flow and superimpose a small perturbation so that the
perturbed total flow takes the form

(u7 v, ’LU) = (UB7O7O> + 5(’[1’07 6607 62@0) + 562(1]’17 6617 62@1) +- )
(2.8)
p2p3+(562ﬁ0+564ﬁ1+~" ,
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Fia. 1. Schematic diagram of the channel cross-section illustrating the multi-deck fluid flow
structure. The lower flexible surface can be modelled by an elastic plate or a continuous
springy elastic foundation.

where u;, U;, W; and p; are functions of the boundary layer variables Y, £, X, Z
and T'. The expansions (2.8) are now substituted into Eqgs. (2.7). If we equate
the leading order terms, a system of differential equations is obtained. These
equations give the leading order solutions

_ PoPoe
(7)) U B ’

(2.9) ﬁo = AUBy, 17() = —OéoAéUB, U~}0§ =

where A = A(X,Z,T )eif + c.c is an unknown displacement function and c.c
denotes the complex conjugate. Additionally, the pressure is an integral of the
basic flow and an unknown contribution from the lower flexible surface given by

y
(2.10) o = Po+ ajAge / U ds,
0

where Py = Py(X, Z, T)e' + c.c is the unknown pressure at the lower surface.
At the next order of perturbation quantities, the governing equations give the
solutions for the normal velocity component and the pressure as, respectively,

y ~
(2.11) U = UBE / p% ds + Oé(]CoAg — OéoAlgUB,
(&7)) UB
1/2
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where the additional displacement A; and the pressure P; are unknown functions
of X,Z and T. In region R2, the appropriate scaled transverse coordinate is
y = €2Y with Y ~ 0(1). The solutions found in region R1 imply that the local
perturbations take the form

w= MY + e Y2 4 5t + )+
(2.12)
(v,w,p) = (0,0, pp) + (3 Tg, Wy, €2Po) + €X(€> 01, W1, €2p1) + - - -

where )
dUp d“Up
AM=—, 209 = ——— at =0.
YTy 2T Ty Y
Substituting the expansions into the equations of motion and solving the result-
ing differential equations gives the following solutions:

_ B2po _ 5 Dog -
— MA o . — apAc(MY — ),
4o LA (MY —co) o o Ao 20 de(M )
(2.13)
_ BoPo _
___ bPopo — Py(X, Z,T).

It is worth noting here that in this three-dimensional analysis, ug and wg exhibit
a pole-type singularity when ¢ = Y — ¢g/A; — 0, unlike the corresponding
two-dimensional problem where such a singularity is not found in .

The second-order velocity component v is given by

2 _ 2 _
_ YoP1ie  2Boboz (ﬁo ) Dox
( ) ! )\10[0 )\10&0 Oz% ( T 0 X)

a2 2422 m|c| + ¢t} - @
O\ A A2

o wl -
- 2104060>\%770 {({ln ¢+ 65} — )\ﬂ —1A1a9A(,

where A; is an unknown function of X,Z,T and p; = Pie®. This solution
contains terms that are irregular when ¢ = 0, called the critical level. A thin
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region, the critical layer, is thus introduced on either side of this level and the
terms ¢ are introduced to smooth the solution across this critical layer (the -+
sign refers to positive ¢ and the — refers to negative (). In the linear theory it is
now well established that ¢ — ¢~ = 7. Similar terms can be found in [12] and
in the references therein.

2.4. The compliant wall conditions

The equation for the wall motion, (2.5), is rewritten in the form
(2.15) Vp=1p =T(New +122) — Mee 1 — deny
- Bs€2 (nxxxac + 2771::1:22 + nzzzz) - ’9862777

where the constants T, My, B, d and k, are related to the original constants in
Eq. (2.5) by

T
?7

B d K

d=— Ky = ——.
’ €2 R?

_ 4 _
Ms=Me', By = 5 R

(2.16) T =
This choice of scalings is motivated by equations (2.6) and ensures the retention
of the influence of wall parameters in the eigenvalue problem. In particular, it
enables the scaled parameters to appear as O(1) constants in the eigenvalue
problem.

The fluctuating pressure at the wall, p’ and the surface displacement are
expanded in the form

p/:5(62ﬁ0+€4ﬁ1)+"' and 77:5(770+62771)+ .

Setting n; = 7;(X, Z,T)e® + c.c. (for i = 0,1,...) and matching the solutions
in regions R1 and R2 shows that the vertical displacement of the lower wall is
related to the amplitude of the disturbances by

adeoh A

2 2 2 4
P R where so = —yTo + Msapey — Yo Bs — Ks-
$070 — o

(217) 770 =
At the next order we obtain
(2.18) p1 = Py = som + 2iT (comox + Bonoz) + idagcono

+ 2iMyopconor + 4iBs(agnox + Banoz).

In addition to the analysis for the inviscid regions R1 and R2 and the wall
conditions considered above, it is also necessary to consider the motion of the
fluid in the region R4, the Stokes layer, adjacent to the moving wall surface.
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In particular, the solutions in region R2 do not satisfy the no-slip conditions
at the wall and it is therefore necessary to introduce this viscous layer with
y = n(z,2,t) + €'Y where Y is the 0(1) coordinate and Up ~ e\ Y + .-
as y — 0. The total flow takes the form

U:UB—F(S@()—F, "U:—63(50400077§+(565’[A)0—|—~--,
w:5w0+625u§1+...’ p:pB+(5€2]§0+..._

The leading order equations which govern the Stokes layer flow are a linear
system of partial differential equations similar to those derived in [2] but with
the streamwise momentum equation slightly modified by the compliance of the
lower surface. These are

(2.19) iagto + oy + 10wy = 0, —iaoco(ﬁo + )\1770) = —iqppPo + Uoyy,

(2.20) Poy =0, —iapcowo = —1foPo + Woy'y -

The boundary conditions are obtained by requiring a matching of the solutions
to the above equations with the flow in region R2 and that there should be no
slip at the lower wall, giving

2
(2.21) Gy ~ A\ A — 5o, Wy ~
anCo

Do as Y — oo,
QpCo

(222) IAL() == —)\17’]0, ﬁo == 12)0 =0 at Y =

The solutions to the above system of equations are

(2.23) g = @{1 — exp(—mY)} - \i7, wo = Bopo {1 - exp(—mY)},
Co a0Co

where m = (agcg)'/?e=/%. The solution for oy becomes

5 “my) 1
(2.24) ty = —in2 L0 <Y L oplmY) > i\ Y.
anCy m m

In deriving the amplitude equation, we are interested in the finite part of 09 as
Y — oo. This is obtained from (2.24), and is given by

. 2 A
. 7Yoo
2.25 = —.
(2.25) of = o oa
Having considered the solution of the problem in the lower half of the channel,

it is now necessary to consider the solutions in the upper half, namely regions R5
to R7 in Fig. 1. However, except for the boundary conditions, stating that the
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normal velocity vanishes identically at the top wall, the derivation and analysis of
the perturbed flow is similar to that already outlined above for regions R2 to R4.
As such, we omit most of the details and give below the main perturbation
solutions for the regions R5 to R7 close to the top rigid wall. We use the notation
o, o, wo and Py to represent the leading order streamwise, normal, spanwise
and pressure perturbations at the upper end of the channel.

In region R5, which contains the upper critical layer, the leading order solu-
tions for the perturbation velocity and pressure quantities are found to be

ﬁo Do

(226> U() = )\1A + [ ,50 — —Z.OZOA)}’
ao (/\1Y - co)
and
= 2 ~
(2.27) Go= 0P PR
aO (AIY — Co) fyo

where \; = UByly=1 and 2Ny = UByyly=1 and Y is the O(1) normal coordinate.

The leading order streamwise and spanwise velocity components are found, as

expected, to exhibit a pole-type singularity in the vicinity of the critical layer.
The normal velocity and pressure components of second order have the solu-

tions
o Z'}/O z 1 ( 8) z 260 =
= — — (1= 20 Fox — 2250, — (Ar + oA
1 )\laop A o2 Pox a0/\1pOZ (A1 + coAx)
~ ~ ~ ~ ~ 2 ~ ~ ~
(2.28) W (52 n 2;—05[ln €] + &%) — §0> —iA qaphié,
1 1

51 :ﬁl(X7 Z7T)7

where 5 =Y — ¢ / A1 and the terms gzgi represent the phase jump across the
upper critical layer. From the analysis of the Stokes layer near the upper rigid
wall, the displacement condition on ¥ is found to be

(2.29) 5 (Y =0) = 670

Comao
3. Linear stability neutral curve results

The analysis of the results obtained in the previous sections is similar to that
of the two-dimensional disturbance waves given in [6]. In particular, matching
the leading order solutions across the regions leads to the dispersion relation for
the three-dimensional disturbances:

2
aoco)\

5 R
—:'y Io + co(A1 — Aq1).
sofyo — 04000)\1 0 ( )

(3.1)
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We note that if 8y = 0 then vy = g and the dispersion relation is just that for
the two-dimensional waves in [6]. The second expression obtained by eliminating
Py, Ay, m, A1, po and p; from the solutions outside the critical layer is

iao)\%soA

m(soao — Co)\l)

(32) iA(CoDG - )\1D7) +

oG — . . *
+ — [ — 2T (icomox + iBonoz) — daoCoﬂo}
QpSoag
CoAY2 . )
LM% [ — 2Magconor — 4Bs (ainox + Bimoz) } + AMnor — iapcoA1 A1
S
. A _ a1CcoA1S aoCoA1S
g2 (4 ) (67 o) - DNy oo
)\1 spag — CO)\I spag — CQ)\l

o\ ) X (- T . )
(o ) 4 e (0 )
1

5040
A A .
- QQZ(()) lAX - )\1 (AT - C(]Ax) - 204002/2160142 - )\1 (AT + C()Ax)
0
ia%cojq
Comoyg

where Aq; represents the e’ component of A;. Here ag = 06273, a] = 2a61ﬁ0,
as = 2 — ag and the real constants Dg, D7, Dg are given in the Appendix.

The expression (3.2) can further be simplified by noting that the dispersion
relation implies that the coefficient of A1y is zero. We also observe a strong de-
pendence of the evolution equation on the properties of the critical layer through
the jumps (¢* — ¢~) and (¢ — ¢7).

In order to make a systematic study of the above equation, we restrict our-
selves to the neutral case and use the standard linear jump conditions ¢ — ¢~ =

i and ¢t — ¢~ = —im. The real part of Eq. (3.2) gives
(3 3) 2(106(2))\28()&07[' 4 20&06%)\2 (Soao — CO)\l) _ Cg’yg)\%dlr
' A1(soag — coAr) A1 50a0 s0ao(Soao — coA1)
Ctg)\%S() 048)\%(80@0 — CO/\I)
V2m(soag — coA1) V2msoaoyd

where dy, is the real part of d. It can be seen that the characteristic equations
form two equations in three unknown variables, namely, «ag, B9 and cg. In gen-
eral, in order to be able to determine all the eigenvalues, an additional criterion
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or relationship must be supplemented. However, for our purposes, attention is
focused on oblique waves which grow only in the direction of propagation. In this
case yg becomes the sole eigenvalue with ag = 7y cos @ and Gy = =y sin @, where
0 is the angle of propagation of the disturbance. With these modifications, the
characteristic eigenvalue relationships become characteristic equations for the
eigenvalues ag and cy.

4. Analysis of limiting cases

In order to obtain an intuitive understanding of the effects of the flexible
surface material parameters on the fluid flow, we consider a number of limiting
cases when some of the parameters are either large or small. An exhaustive
parametric study would be mathematically intractable on account of the large
number of physical parameters present.

The cases singled out here have been chosen so that sg = —’ygTo + M, Sa%cg —
78‘33 — ks reduces to a simple form that would allow for a detailed examination
of Eq. (3.3).

(i) To = Bs = Mg = 0, dy, finite and ks — oc.
Physically, with the surface parameters having these values, the motion of the
wall surface would effectively be governed by Hooke’s law. If ks — +oo (which
implies increasing rigidity of the compliant surface) then sy — +oo and ay, ¢
approach the three-dimensional rigid-wall values:

4cost g\ /M a2l
(4-1) dor = ( N2} ) ’ O = ox cos2 0

The equivalent two-dimensional values are given by Eq. (5.2) of [6].

(ii) dip — o0
In this limit both ag and ¢y become large, indicating a possible destabilization of
the flow. As in the corresponding two-dimensional problem, the precise limiting

case depends on the values of the other physical parameters, namely, Ty, M and
Bs. Thus, for example, when Ty = My = Bs = 0 and k; is finite, we obtain

Oé%[o )\%dh«

- A cos2 @’ @0 = 22o7mly’

(4.2) Co
If Mg =0, By #0, Ty # 0 and ks # 0

27, “N2Tody \ ?
(43) o aO 0 0= <101) X

T 2Xc0s20’ 8BZ\om
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If My #£0, B #0, Ty # 0 and ks # 0,

a%[o —2)\<15 cos® 0d,, 1/9

(4.4) o= —"5—, a0 = —rg 53—
29 cos2 0 M2m oI

The above results all indicate the destabilizing nature of viscoelastic damping.
However, increasing the mass density M, and the rigidity Bs may have the effect
of counteracting the effects of large damping, as seen from Egs. (4.3) and (4.4).

5. Neutral stability curves

In this section we present a limited parametric study of the eigenvalue prob-
lem (3.3) in order to gain a qualitative and quantitative understanding of how the
various surface parameters affect the stability of the three-dimensional distur-
bances. Figures 2 to 4 show the response of the three-dimensional disturbances
to changes in parametric values.

The results show the variation of the neutral wavenumber oy against the
wall stiffness parameter kg, the wall tension Ty and the damping parameter, dy,..
These results are compared with the corresponding two-dimensional results of [6]
(which are illustrated by dotted lines).

20

18 b

161 .

14 :

12 B

Fic. 2. Plot of the linear neutral wavenumber «g versus the scaled spring stiffness parameter
ks with di» = 10 and Ty = M, = B; = 0 fixed.



306 P. SIBANDA, S.S. MOTSA, S. SHATEYI

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

To

Fic. 3. Plot of the linear neutral wavenumber o against the tension parameter Ty with
other parameters having fixed values: di, = 10, ks = 1 and My = Bs = 0.

0 2 4 6 8 10 12 14 16 18 20
ir

Fi1G. 4. Plot of the linear neutral wavenumber oo against the damping parameter di, with
other wall parameters assuming fixed constant values: ks = 1, Ty = 0.001 and M; = Bs = 0.
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Figure 2 shows the variation of the neutral wavenumber g with respect to
the wall stiffness parameter k; for di,, = 10, 8 = 30°,45°, 60° with all other para-
meters set to zero. It can be seen that as ks becomes large, the wavenumber aq
tends to the rigid wall limit which depends on the degree of three-dimensionality
of the disturbances, as characterized by the angle 6. This has been predicted in
the analysis of the limiting cases, cf. equations (4.1) above. The wavenumbers
for the approach to the rigid wall limit are, however, much smaller than those
for the corresponding two-dimensional case of [6].

For some finite values of compliant surface parameters Ty, ks and dy,,
Figs. 2—4 show that the wavenumbers and consequently, the wave speeds grow
without limit. What is of particular interest however is that, in the vicinity of
these critical values of compliant parameters, Figs. 3 and 4 appear to suggest that
a branch of the three-dimensional disturbances has marginally larger wavenum-
bers than the corresponding two-dimensional modes, particularly for large values
of f. This appears to support the conclusion in [16] that for a flow over compliant
surfaces, two-dimensional modes may not necessarily be the most unstable. A
choice of surface parameters may be found that would promote the dominance
of three-dimensional modes.

Figure 3 shows the variation of the neutral wavenumber o against the ten-
sion parameter Ty for # = 15°,30°,45°, ks = 1 and dy,, = 10 with all other
parameters set to zero. We note that an increase in the value of 6 leads to
smaller wavenumbers when Ty — 0 and that the rigid wall limit is approached
when Ty becomes large. A similar trend is observed in Fig. 4. However, Fig. 3
shows the existence of a region, 0.01 < Ty < 0.018, where an “upper-branch”
of the three-dimensional disturbances may be slightly more dominant than the
two-dimensional modes. This effect is particularly strong for large oblique angles
0, that is for strongly three-dimensional wave modes. The same effect is observed
in Fig. 2 for 1 < ks <2 and in Fig. 4 for 6 < d;, < 8.

In Fig. 4 we show the variation of the neutral wavenumber against the damp-
ing parameter di, for ks = 1,7y = 0.001, § = 15°,30° and 45° with all other
parameters set to zero. Again we see that, except for the region 6 < di, < 8,
an increase in the three-dimensionality of the perturbations leads to smaller
wavenumbers. However, unlike the case when ks and Ty were varied, the rigid
wall limit is not recovered when d;, becomes large.

In Figs. 5 and 6 we show the variation of the wavenumber «q against the angle
0. In particular, Fig. 5 shows the variation of the neutral wavenumber against the
angle 0 for dyr = 20, ks = 0.5,1, 1.5 and 2 with all the other parameters set equal
to zero. The effect is a decrease of the angle 6 at which the wavenumbers become
progressively larger. Similar curves were obtained when the wavenumber og was
plotted against 6 keeping ks and di, fixed and varying Ty and B, respectively.
As in [12], Figs. 5 and 6 show the existence of two distinct modes, the “lower
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branch” corresponding to the rigid wall solutions and the “upper branch” which
is as a result of wall compliance.

8

0 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80

6

Fia. 5. Plot of the linear neutral wavenumber «a against the oblique angle 6 for increasing
spring stiffness, ks = 0.5,1,1.5,2 and with other wall parameters fixed at di, = 20 and
To =M, =Bs; =0.

0 | | | | | | | |
0 10 20 30 40 50 60 70 80

6

Fia. 6. Plot of the linear neutral wavenumber «a( against the oblique angle 6 for increasing
damping, di, = 10, 20, 50 and fixed parameters ks = 1 and Top = Ms; = Bs = 0.
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6. Concluding remarks

In this paper we have directly extended the two-dimensional work in [6] to the
study of the stability of three-dimensional disturbances in a channel flow with
one compliant surface. In order to gain an intuitive understanding of the effects of
the compliant surface parameters, we have obtained and analyzed some limiting
cases of the linear neutral results. As in the case of two-dimensional disturbances,
the effect of damping is seen to be destabilizing. This may, in practice, however
be mitigated by the competing effects of other surface parameters.

A limited parametric study was attempted and the results obtained indi-
cate that the three-dimensional disturbances are, in general, more stable that
the two-dimensional modes. However, our results also show that a judicious
choice of compliant surface parameters could result in three-dimensional modes
being more dominant, and consequently more unstable, confirming the conclu-
sion in [16].

Appendix

The integrals I and constants Dy, appearing in the paper are:
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