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Abstract

This thesis is primarily a presentation of energy stability results obtained in some
standard partial differential equations by means of an integral inequality technique. We
are interested in the problem of stability or instability of different partial differential
equations. Suppose for a given equation we have a solution. It is the stability of that
solution, we wish to investigate. The idea is that, for solution to be stable that must be
stable against any disturbance to which that may be subjected. Damping the disturbance
rapidly is our ultimate goal, for this, energy method is very useful. To show that the
solution is unstable, it is sufficient to find at least one disturbance that grows in amplitude
or remains bounded away from the solution. Linear instability analysis and nonlinear
stability analysis are the main parts. Nonlinear stability we mean that following two
condition are satisfied. Firstly, we can find an arbitrarily small bound on the size of any
perturbation whose initial magnitude is small enough. Secondly, any perturbation whose
initial magnitude is less than some critical value converges to 0 with time.

In Chapters 2 and 3, the linear diffusion equation and additional linear source term
in diffusion equation have been considered respectively. From the diffusion equation, we
have understood that over a infinite region, zero solution is always unconditionally stable
for periodic perturbation disturbance. In Chapter 3, we show that the zero solution to
diffusion equation with additional source term is always unstable for finite spatial region
i.e. over (0, 1). We find the necessary condition for stability by using energy method, for
that, an eigenvalue problem has been derived.

In Chapter 4, we explored the effect of a nonlinear term on the stability of solution
to convection-diffusion equation (u; + uu, = Uz, + Su?), with some boundary-initial
conditions. The effect of quadratic nonlinear term i.e. Su? is to destabilize and for the
convective term i.e. uu, in certain cases acts to stabilize. To check this, we used energy
method with some standard inequalities. we showed that if ||ug|| < 247, then solution
is stable.

In Chapter 5, we explained basic terminology related to porous media. A nonlinear
stability analysis is performed by using energy method for the thermal convection prob-
lem in a fluid saturated porous medium when the medium is rotating. We show that the
nonlinear stability holds unconditionally. In nonlinear analysis, we find additional infor-
mation about the boundary conditions. Then using energy method for the nondimensional
perturbation governing equation of given problem, we get an eigenvalue problem. After
solving this eigenvalue problem we end up with sharp nonlinear stability threshold.



Contents

Introduction

1.1 Linear instability analysis . . . . . . . .. ... .. ... .......
1.2 Nonlinear stability analysis . . . . . . ... ... ... ........

Stability of solution to the Diffusion equation

2.1 Infiniteregioncase . . . . . . . . . . ... e
2.2 Spatialregion (0,1) . . . ... ... o

Stability of solution to diffusion equation with a linear source term

3.1 SpatialRegionz € R . . ... ... ... ... ... .
3.2 Finite Spatial Region . . . . . ... ... ... ... ... ... ...
3.3 Stability of solution using energy method . . . . . .. ... .. ...

3.3.1 Eigenvalue problemfor Ry . . . . ... ... ... .....

Effect of nonlinear term on stability of solution

4.1 Nonlinear conditional stability . . . . .. ... ... ... ......

Nonlinear stability in Rotating Porous Convection (RPC)

5.1 Descriptionof problem . . . . ... ... ... ... ... ... ...
5.2 Stability analysisof RPC . . . . .. .. ... ... ... ... ...,
5.3 Linearized analysis . . . . . ... ... ... ... ... ...

53.1 Proofofc e R . ... ... ... ... .
5.4 Nonlinear stability analysis . . . . . . ... .. .. ... .. .....

5.4.1 Energy method and eigen value problem of RPC . . . . . ..
5.5 Eigenvalue problemfor R . . . . . . . . ... ... ... ...

Appendix

6.1 Poincare inequality . . . . . . .. . ... ...
6.2 Sobolevinequality . .. ... ... ... ... .. ... ...

References

11
11
12
12
14

16
16

19
20
21
21
22
22
24
24

26
26
26

27



Introduction

This thesis is primarily a presentation of energy stability results obtained in some
standard partial differential equations by means of an integral inequality technique. We
are interested in the problem of stability or instability of different partial differential
equations. Suppose for a given equation we have a solution. It is the stability of that
solution, we wish to investigate. The idea is that, for solution to be stable that must be
stable against any disturbance to which that may be subjected. Solution is stable means
all the perturbations decay to zero as time passes. Damping the disturbance rapidly is our
ultimate goal, for this, energy method is very useful as it probably guaranties exponential
decay. To show instability for the solution, it is sufficient to find at least one disturbance
that grows in amplitude or remains bounded away from the solution.

1.1 Linear instability analysis

In this section when we talk about stability, we will always mean a linear stability.
Our first job is to linearize our perturbation equations, this allows us to decompose our
perturbation into normal modes, as described below. Consider a particular perturbation.
We say that our steady state is stable with respect to this perturbation if the amplitude
of the perturbation diminishes with time and the steady state is recovered. However, the
perturbation may grow instead and our steady state may never be recovered. In this case
we say that our steady state is unstable with respect to this perturbation. We say that our
steady state is stable only if it is stable with respect to all possible perturbations.
Of course, it would be quite a bad job to have to check all possible perturbations to find
out if our steady solution is stable. Instead we decompose our perturbation into normal
modes. For example, if u; is a velocity perturbation we write

wi(x,t) = uf(x) exp(oxt)

where o}, € C is called the growth rate, or modal frequency. u¥ is called the mode shape.
The steady solution will be unstable if it is unstable with respect to just one of these
modes. So we look for the most unstable mode.



Consider a particular mode with growth rate o. If %3(c) > 0 (where we use (o) to
denote the real part of o) then the perturbation will grow with time and if (o) < 0 it
will fade away with time until the steady state is reached again. We will be interested
in finding the condition under which fi(¢) = 0. This is known as marginal stability.
If 0 € C — R then we say mode is oscillatory. If ¢ € R then our mode is stationary
and we say that the principle of exchange of stabilities holds. If this is the case then we
can substitute ¢ = 0 into our equations to find sufficient conditions for marginal linear
instability (since R(c) =0 <= o =0 in this case).

1.2 Nonlinear stability analysis

Here, obviously, we do not linearize our perturbation equation as we did above. Let
v(X, t) be a vector of our perturbation variables with v = 0 corresponding to the steady
state solution. We want to find a function £(v) which is continuous with continuous first
order partial derivatives. Also we ask that it is positive definite, i.e.

E(v=0)=0 and FE(v)> 0 otherwise.

It % < —kE, k a positive constant, then E converges rapidly to 0 as ¢ increases and
the steady state solution is stable. This procedure is known as the energy method and
the difficulty is to construct a suitable function £. In this way we determine sufficient
conditions for nonlinear stability. By nonlinear stability we mean that following two
condition are satisfied. Firstly, we can find an arbitrarily small bound on the size of
any perturbation whose initial magnitude is small enough. Secondly, any perturbation
whose initial magnitude is less than some critical value converges to 0 with time. If
we have convergence no matter how large the initial magnitude, we say that we have
unconditional nonlinear stability. We can find a linear instability boundary above which
the steady state is (linearly) unstable and we can find a nonlinear stability boundary below
which we have nonlinear stability. The idea is to choose F carefully so that these two
boundaries are as close together as possible (so that we only have a small region where
we know nothing about stability).



2

Stability of solution to the Diffusion
equation

Let u be the solution of one dimensional diffusion equation,
Ut = Ugy, 2.1

where for now —oo < x < 0o, t > (0 and we are interested in the behaviour of u with
initial data as given below,

u(z,0) = up(x), —00 <z < 00. (2.2)

2.1 Infinite region case

The zero solution (v = 0) is a solution to (2.1). To check whether zero solution
is stable or unstable, using linear theory, we proceed as follows. Since (2.1) is linear,
consider a perturbation to zero solution to (2.1) of the form

u(z,t) = ee™ (2.3)

where k is any real number. Since u is periodic in x, u(z,t) may be written as Fourier
series,

u(z,t) = Z Apertethn®, (2.4)
n=0

(2.3) is referred to as Fourier mode. To cause instability only one destabilizing distur-
bance is sufficient. We would pick up the most destabilizing term in (2.4). Hence we
consider (2.3) only. We have,

u(z,t) = e



thus, we get

w = oe’le™ = ou(x,t),
Upy = 2k2eot ikx —/{72U($,t),
substituting these in (2.1), we get
o=k

Since k € R, 0 < 0 which means as time goes to infinity perturbation approach to zero.
So there is no unstable mode and all solution of the form (2.3) decay. Therefore the
zero solution to (2.1) is always stable (unconditionally stable) for periodic perturbation
disturbance.

2.2 Spatial region (0,1)
If we consider any subclass of (2.3) then, that will be the solution to (2.1). Suppose
(2.1) holds in the region (0, 1) with boundary conditions as given below,
w(0,t) = u(1,£) =0 (2.5)

The only difference between infinite region case to (2.1) and above region is that k can
no longer take values in R. All function of x must vanish at z = 0,1. As all solution
of the form (2.3) are stable, so all solutions of this subclass are stable. Now using the
energy method, we are showing that u = 0 is stable solution to (2.1),(2.5).

Let u be the solution to (2.1), (2.5) which satisfy arbitrary initial condition uo(z). Define
energy function E'(t) by

E(t) = —||u< )2 (2.6)

where || . || denotes the norm on L?(0, 1), i.e., || f||* = fo f?dz. Differentiate E(t) with
respect to ¢ and using (2.1), we get

dE 1dHU( I

dt 2
= / — dx
= 3 /0 2uuy dx
1
= / UlUgy AT
0



now use of integration by parts yields,

1 1 1 1
/ Ulgy AT = U / Ugy AT — / d_u < / Uy dx) dz
0 0 o dz 0

1
= uu$|(1)—/ u? dx
0

dE
= 0—|Ju’

dt

hence the energy equation becomes,

dE ,
%+||U:c|| =0

ORI
o Tlluwll” =0

using the Poincare inequality i.e. (72||u||* < [|u.||?) (Appendix (5.1)) we get,

d 2
HCZH _|_27T2HUHZ é 0
d 2
627r2t ||CZH + ||u||2627r2t27T2 § 0
d <e27r2tHu||2>
— < 0
dt -
which leads to,
Jul? < e Juo||? (2.7)

Hence, [|u(#)||> — 0 at least exponentially and the zero solution to (2.1),(2.5) is
stable.

10



3

Stability of solution to diffusion
equation with a linear source term

Consider the diffusion equation with a linear source term,

U = Uye + QU, (3.1
where a is a positive constant, with initial data given by

u(z,0) = up(x). (3.2)

We are interested in the stability of zero solution to (3.1). When a = 0, it has been shown
in the last section that it is stable always. For this equation having linear source term, we
have to change according to the region unlike last section.

3.1 Spatial Region r € R

Here we use normal mode analysis on the perturbation as follows,

U(ZE, t) — eot+z’kx
u = ou(z,t)
Upy = —k2u(x,t)
using this in (3.1), we get
o=—k’>+a. 3.3)

Since z € R, we have to look among all periodic disturbances, i.e. £ € R From (3.3) it is
clear that, whenever o > 0 we have instability. In other words, k% < a implies instability.
Since a > 0, we can find some k? such that k* < a hold. So in this spatial region, z € R
the zero solution i.e. uw = 0 to (3.1) is always unstable for any a (a > 0).

11



3.2 Finite Spatial Region

Consider z € (0,1), u satisfies (3.1), moreover u(0,t) = u(1,t) = 0,¥¢t > 0. Here
the situation is same as (3.3) except vanishing of solution i.e v = 0 at x = 0,1. The
solution may be thought of as being periodic over R but must satisfy given condition.
For example,

u(xw,t) = e’ sin ka,

now, © = 0 at x = 0, 1 which implies £k = nw, n=+1,£2 ....... We can look it as half
range Fourier series since cosine term do not satisfy boundary conditions. Therefore for
(3.3)

k> =n’n?, n=41,42, ...

depending on a our stability criteria changes as follows. We have,
oc=—k*+a.

Thus, the solutoin will be unstable if ¢ > 0 = k2 < a with k2. = 72. Hence if a > 72

then solution is unstable. The mode e’ sin kx will grow in this case. For stability o
should be less than zero. That is possible only if k* > 0i.e. a < 72. In this case all
modes decay. Hence solution is stable. If a = 72 the region is called stability instability
boundary, often called neutral stability boundary.

3.3 Stability of solution using energy method

We have boundary-initial value problem,
Up = Uge +au, x€(0,1), t>0, (3.4)

uw(0,t) =u(l,t) =0, Vt=0,

with the initial condition is, u(z,0) = ug(z).
To study stability of the zero solution, develop energy method as follows. Multiply both
side of (3.4) with u and integrating over (0, 1), we get

L ou Lo by
i uadx: i u@dxﬁta/o u’dx

we know,

12



Differentiating with respect to ¢ and using (3.4), we get

dE 1 [ du?
B _ /de
dt 2/, dt

1
= / uuy dx
0

1
= / U(Uyy + au) dx
0

1 1
= / Uy dx—ira/ u? dx
0 0

now using integration by parts, on the right side of the above

dE
== P+ allul?

Ll
= —allul? (5 = )l 20

|z |[?

[l

]_ mazx
< —alju |l (5— H ) la]l* # 0 (3.5)

||z ]2
where H is the space of admissible functions over which we look for a maximum,
1.e.

H = {u € C%0,1)|u =0 when v =0,1}

2

Let us define Ry by, - = T%?[x IILZ'}IQ' So we rewrite (3.5) as,
FE

R

L g (2 -2
ar = WA TR )

suppose a < Rp — (% - %) > 0. (% — R—IE) = ¢(> 0) say, and putting this in

energy equation (3.5), leads to

TN
— < —acl|uy,
dt —

by Poincare inequality,

dE
v < —acr?||ul?
dFE
%—FWQGCE < 0,
2 dFE 2
6271' actE_i_Ee%r (wtﬂ'Qa,C S 0
d(e27r2actE'>
—~ 7 <0

dt

13



integrate above, we get

E(t) < E(0)e 27t (3.6)

if a < Rg then, |
E(t) = §||u(t)||2 — 0 ast— oo.

This tells us, £(t) — 0 as t — oo atleast exponentially.

3.3.1 Eigenvalue problem for Ry

Now, next question is, what is Rg? In the last section, we have defined

To obtain Rp, we are establishing Euler equation for eigenvalue problem. Let I; =
||u||?, I, = ||ug||?. The Euler-Lagrange equations are found from,

d Li(u+en) _ 5 <£>
de I(uy + €ng) | ._ I
(I,01,) — (I1015)
(£2)?
1 I

— I_2 (5[1 - 5[2 [—2 max)

1 1
= — |0 —0r— .
12(51 MRE)
Iy

Here, o will be a stationary value, since ¢ refer to ‘derivative’ evaluated at ¢ = 0.

Therefore,

1
ol —0l,— = 0. 3.7
1 e (3.7)
we know,

o _i/l(“Jre fde| = Ln|?
YT e 0 1 Ezo_de !

where 7 is an arbitrary C?(0,1) function with 7(0) = n(1) = 0, moreover
d

d 1
0l = — v 2)2d = —||L]|?
2= 5o | Gt enpaa = Tl
substituting this in (3.7), we get
1 d [* 1
ol —6hh— = — 2 —=—(u, )2 d
it = 4 e - (gt en?) @
d 1

1
= — [ (W + €+ 2uen) — | —(us® + €0 + 2ugenn,) | do
de 0 RE

! 1
— / (25772 + 2un) — (—(26%2 + 2ux77x)> dx
0 Rp

14



evaluating at e = 0 gives,

1 ! 1
ol — 5]2R— = /0 (2un) — (R—(Zumnm)> dx

E E

Let integrate underline part (say 5), by using integration by parts and boundary condi-

tions,
1 1 L/ du
S = — | u, AT — ad .dr | d
g (o [ e = [ (G [ )
1 1
S = — / umdas)
RE(077

substituting the value of S and simplifying, we get

! 1
U+ —Uyy | dr =0
/077< Rpg )

7 is arbitrary, from the fundamental theorem of calculus of variations, we get

Uz +uREp =0, u(0)=u(l)=0. (3.8)

This is the Euler equation which enable us to solve eigenvalue problem for Rg. (3.8) is
a simple second order differential equation, which has a general solution,

u = Asin(z+/ Rg) + Beos(x\/ RE)
to find A and B, use boundary conditions i.e. u(0) = u(1) =0
u(0) = Asin(0) + Beos(0) = B =0

S0,
u = sin(z\/REg)

we have taken A = 1 since we are primarily interested in Rz not in u, so second condition
show that,

u(l)=0 = siny/Rg=0 =— Rp = nm, n==x1,+2, ...
for stability we required a < Rpg,,;, therefore,
VRE=mn =— Rp=7m — a<n’

hence a < m* provide the stability of zero solution to (3.1), (3.2).

15



4

Effect of nonlinear term on stability of
solution

To study the effect of a nonlinear term on the stability of solution to partial differential
equation, we start with Diffusion equation but here with additional term i.e. quadratic
nonlinear term on right hand side and convective nonlinear term on other side. With
same boundary-initial conditions given in (2.1). Therefore the system that we are going
to study is,

Uy 4 Wy = Ugyy + LU’ z € (0,1), t>0 4.1
u(0,t) =u(l,t) =0, Vt>0
u(z,0) = up(x)

where (3 is a positive constant.

4.1 Nonlinear conditional stability

Linear stability analysis

If we start with this, for v = 0, then since any perturbation is assumed such as
|lul, |u,| << 1 moreover u?, uu,, may be neglected. Then we have only linear sta-
bility analysis of diffusion equation. For this zero solution is always stable as we have
seen in second section.

Nonlinear stability analysis

Here nonlinear terms can not be neglected. The effect of quadratic nonlinear term i.e.
Bu? is to destabilize and for the convective termi.e. uu, in certain cases acts to stabilize.
To see the effect of ? multiply (4.1) by u and integrate over (0, 1)

1 1 1 1
/ uutd$+/ wlu,dr :/ uu$xda:+/ pudx 4.2)
0 0 0 0

A B C D

16



The above integrals can be evaluated easily except D. Where

1! 1 [ du? 1d
A = —/ 2uupdr = = id:L":——||u||2
2/, 2 ), dt 2 dt

1
B = /u2u$dx:O
0
1
C = /uumda::—||um\|2
0

For D, we do not have idea about sign of u(z,t) i.e. either it is positive or negative. So
D may cause an instability. If ||u|| << 1 the solution is always stable. Hence,

1 1 3 1 3
D= 5/ wude < f (/ u4dx) (/ qua:> 4.3)
0 0 0

by Cauchy-schwarz inequality. Now use of Sobolev embedding inequality (Appendix

(5.2)) gives us,
1 1 1
/ utde < = (/ uidm)
0 4 \Jo

using this further simplifying (4.3), we get

D < g(/oluidx> </01u2dx>é

g

2

D < Zllual*llull
now, (4.2) gives
1d 2 2 6 2
el < _ =
R [ < Thm T
ld, o 2 B
el < _z )
5l < leelP (1= St 4.4)

assume that, )
ugl2 < 287" = / dz < 487
0

Then we can say either,
(1) |Ju(@®)]]* <2871 Vit >0 (i.e. perturbation decay as time passes) or
(77) there exist an 7 < oo such that,

lu(n)l| =287,  with
[lu(m)Il < 2687, 0n[0, 7).

i.e. perturbation remain constant throughout time (instability).
Suppose (7i) holds. Then on [0,7), (1 — §||u|] > 0) put this in (4.4) which gives

us,
1d 9 9 6]
- < _ 12

5l < =l (1= Sl

Fre N ——
+ve

17



1d
5E\|uy|2<o for0 <t<n 4.5)
hence,

lu()I* < [Ju(O)I* = |luol[* <4877, t € [0,n)

since ||u(t)|| is assumed continuous in ¢, this means ||u(n)|| # 267!, a contradiction.
Hence (i7) is false and (i) holds. We are assuming u € C%?in 2, u € C!int.
Therefore,

uo|] < 287" = lu@®)|| <287, Vvt>0.

Further, (4.5) holds V¢ > 0 and hence

@I < wl? vi>0
il < ~Zihucol?

o< (1= 5l

put this into (4.3) then we have,
il < — 1-2
sl < —ll (1= 5 luto)

1d 9 9 I6;
- < 1- 2
sl < el (1= Sl

once again use Poincare inequality (i.e. ||u.||* > 72||u||?)

IN
7 N
[u—
|
ol
I
=
o
N———

——WMMQS—#(l——meHme

1d
2 L O 2
Al + 3 (o)
A2 (1) + ()

d 2At 2
(e u(t) )

[Ju(t)]?

Here, we showed that if ||ug|| < 287!, then ||u(t)|| — 0 at least exponentially fast. We
have a condition for initial data, hence it known as nonlinear conditional stability.

INIA
o o

IN

0

6—2At||u0||2

IN
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5

Nonlinear stability in Rotating Porous
Convection (RPC)

The study of natural convection in a rotating porous media is motivated by it’s ap-
plications in engineering. Among the applications, food process industry, chemical in-
dustry, solidification and centrifugal casting of metal and rotating machinery, are few to
quote.

The equations governing the flow and heat transfer in a porous medium can be obtain
via an averaging procedure of the Navier-Stokes and energy equation over a representa-
tive elementary volume (REV). A set of new parameters is introduce such as porosity
(ratio of pore volume to the volume of porous matrix), permeability (a measure of the
ability of a porous material to allow fluids to pass through it). Standard notation are
used throughout, together with the Einstein summation convection for repeated indices.
Standard vector or tensor notation is also used wherever necessary. For example,

3
ou ou; ou; ou;
Uy = — = U Uit = —— U = — =
X az L ?, 8{; Y 7,1 axl — 83;17
3
Ui = Ui—7 = Ui— 1 = or o.
7707 ]axj — ]axj7 )
j:

Note that, u;u; ; = (u-V)u and u;,; =divu.
€;ji a set of 27 numbers €111, €112,
€5 = 0 if any 2 indices are same

= 41 if (¢jk) are (123) in cyclic order(3 cases)
—1 if (ijk) are (213) in cyclic order(3 cases)

€ijk

€ijk

19



5.1 Description of problem

Let the porous medium occupy the horizontal layer, where gravity acting in the
negative z direction. The layer is rotating about z-axis, then the nonlinear equation for
convection in a saturated porous medium, derived from Vadasz(1998a) as,

1 8ul on
8ui
- (5.2)
00 00

Domain of above governing system is {(z,y) € R*} x {z € (0,1)} x {t > 0}, where
k = (0,0,1); w;,mand 0 are representing deviation to the velocity, pressure and tempera-
ture fields, here u = (u, v, w), A isaLaplace operator. R, T  and V a are non-dimensional
numbers and R? is Rayleigh number, 7% is Taylor number (measuring rate of rotation of
layer) and Va = ¢ Pr/Da is the Vadasz number. Here ¢ is the porosity, Pr is the prandtl
number and Da is Darcy the number. The Darcy number represent ration of permeability
to depth of layer i.e Da = k/H?. Permeability(k) is a measure of the ability of a porous
media to transmit fluids. Vadasz(1998a) pointed out that there is no loss in ignoring the
acceleration term in (5.1) , i.e Va — oco. Boundary conditions are,

w(z,t) =0, O(x,t) =0, z2=0,1 (5.4)

and assume u;, 0, 7 satisfy a plane tiling periodic boundary condition in z and y.

12

bkt c e, R PP .
LY I'-u R "“ "\ ﬂ'\ "\ _“'\ T A T T T . T T o o e T T L e Y
Ly s e, : T 3
a4 e e ; X, .
(BSOSO OEeY o, ; K L
: Lo - T
Gk LXK A
) Ak ; H
i, b )
L 3
¢ )
4
4

o

A rotating fluid saturated porous layer
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5.2 Stability analysis of RPC

Consider that the three-dimensional disturbance occupies a cell V in the porous
layer. Let ||.|| and (.,.) represent the norm and inner product on L*(V). According to
Vadasz(1998a) Va — oo, rewriting the governing equation for this problem,

6ui
5w = O (5.6)
00 00

Now we take curl of equation (5.5) and curl curl of equation (5.5), to get

du;
w = T at + R(0,,6:1 — 0.,0), (5.8)
&ui %

respectively, where w; is the vorticity and A* = 92 /0x? + 9? /9y?. Vorticity is curl of the
velocity field and is hence a measure of local rotation of the fluid.

Now use the energy method to study nonlinear stability. Multiply equation (5.5) by u;
and integrating over V, we get

l[ul|* = R(6,w). (5.10)

It is clear that the effect of rotation is lost and so any nonlinear analysis which incor-
porates the stability effect of rotation will need more than the usual kinetic energy ap-
proach.

5.3 Linearized analysis

If u; = e”'u;(x), with a similar time representation for velocity and temperature
field, our task is to show that ¢ € R. By observation of equation (5.5) to (5.9) we can say
that the linearized perturbation satisfy the equations,

00 = Rw+ A, (5.11)
ws = Tuw., (5.12)

Aw+Ta—w = RA™0, (5.13)
0z

subjected to, # = w =0o0n z =0, 1.
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5.3.1 Proofofoc € R

For time being assume that the o, u;, f are complex. Now take A* of equation (5.11),
multiplying by the conjugate §* of § and integrating over V to get,

o||V*0||* = R(V*w, V*0*) — ||V*V| %, (5.14)
where || . || is norm* on the complex Hilbert space L?(V') (*note: consider this norm for
this proof only) and V* = (9/0x,0/0y,0). Similarly for equation (5.13), multiply it by
conjugate w* of w, integrate over V and using (5.12), we obtain

0=R(V'0, V'w") — [|[Vuwl|[* = T*Jw,.|
Let |[|[Vwl|[* + T?||w_.||* = C(say).
0= R(V*0,V*uw*) - C (5.15)
Add (5.14) and (5.15) to get
a||V*0|)? = R[(V*0, V*w*) + (V*w, V*6*)] — ||[V*V||> - C. (5.16)

Since o is complex (0 = o, + i0;), the imaginary part of immediate above equation
is

o:||[V*0||> = 0. (5.17)

Hence o € R.

5.4 Nonlinear stability analysis

We required further information about the boundary condition. To this end, note
that

Wi = €klk; = (Wy — Vs U, — W, Uy — Uy). (5.18)
From (5.8) we have,
wy =Tu,+ RO, wo =Tv,+ RO ,. (5.19)
To find w; & wo on the boundary, we are using # = 0,w = 0on (z =0, 1), we find

w, = —v, and w;=Tu, onz=0,1, (5.20)

wy = u, and wy=Tv, onz=0,1. (5.21)
These equations clearly show that

u,=v,=0 on z=0,1, (5.22)
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and finally we get
wi=wys=0 on z=0,1. (5.23)

Now take a look for w3, from (5.8) we have

0
wy = T2 (5.24)
0z
and so
0w
TW = Vg — Uys, (5.25)
and hence from (5.22), we have
w,, =0 on z=0,1. (5.26)
On boundary(z = 0,1) w = 6 = 0, from (5.7) we can directly get
w,, =0 on z=0,1. (5.27)

Let us set w(™ = 9™w/02™, from (5.7) we derive
2n

efth) + Z2nc«r[u(r)0gn—r) +v(r)6)7(y2n—r) +w(r)9(2n+1—r)] _ Rw(2n) + A*0(2n) + 8(2n+?0528)
r=0

Again using the boundary conditions § = 0 and w = 0 together with the (5.26), (5.27)
we get

W =0 on z=0,1. (5.29)

Now differentiate (5.19) with respect to z an even number of times; w; and wy with
respect to z an odd number of times, repeating the process leads to (5.20) and (5.21), to
get

Wiz2z = —U 222 and Wi,22 = Tu,zzz on z= 07 17

W9,y = Uy, and wo,, =Tv,,, on z=0,1.

This gives

3)

WP =0v® =0 on 2=0,1;

then, from (5.24) and (5.25), to
w®=0 on z=0,1. (5.30)
This process is repeated to derive the boundary conditions

w® =0, 9 =0, =01, n=01,.. (5.31)
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5.4.1 Energy method and eigen value problem of RPC

Let us rewrite energy equation and take, curl and curlcurl of (5.5)

00 00
W = T%“Z + R(0,6,1 — 0.,65), (5.33)
8&]2‘ %
Aui + T 2 = R[l{ZA 0 — (975,251-1 — 9,y25i2]7 (534)

Now multiplying (5.32) by 6 and integrating over V to get

2dt|\9\|2 R(w, ) —[|Vo]]* (5.35)

Similarly for (5.34), multiply it with w for ¢ = 3 and integrating over V, then simplifying
that using (5.33) with ¢« = 3 reduces to

= R(V*0,V*w) — ||Vw|| — T?|Jw_.|]*. (5.36)
Add (5.35) to £x (5.36) for a coupling parameter £(> 0) to obtain

2dt||9||2 RI — D, (5.37)

where I and D are given by
I=(w,0)+&(V0,Viw),  D=¢(|[Vul| + T |lw.|?) + |[V]]*

Now define Ry as per following manner

1 max I
— = — 5.38
Loy (1) 53
where H is the space of all admissible functions over which we look for a maximum.
Now further simplify (5.37) to obtain

op < (RE - R) | 5.39)

2 dt Rg

Consider R < Rp, then using Poincare inequality (D > 72||0||*) which implies that
RHS of (5.39) is negative and after solving it we get ||0(¢)|| — 0 at least exponentially.
Similarly using this result and (5.10) we obtain ||u|| < R||0||, gives ||u(t)|| — 0 expo-
nentially.

5.5 Eigenvalue problem for R

What is Rg? In the last section, we have defined - L (%). Solution of this

variation problem gives the nonlinear stability threshold Usmg Euler-Lagrange equation
we can derive

i = Rpki(0 —&EA*0) + 2k (Aw + T?w ), (5.40)
0 = Rp(w—EA W) + 2A4, (5.41)
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where 7(z) is a Lagrange multiplier. Now we try to simplify the expression for Rp. For
this take curl curl of (5.40) and assume a plane tiling form

w=W(2)g(z,y), 0=CQ(2)g(zx,y) where A*g+a*g=0,

a being a wavenumber, the wavenumber has derived by reasoning from observed facts to
be non-zero(Chandrasekhar 1981). From (5.40) and (5.41) we have following equations
which are satisfied by W and €2

26[(1+T*D?* — a*]W + Rp(1+ &a*)Q2 =0 (5.42)
2(D? — a*)Q+ Rp(1 + £a®)W = 0. (5.43)

Using the boundary condition (5.31), we can take W = sin nmz with similar representa-
tion of ). Now use this in (5.42) and (5.43) for R, to get

4€n* 7% (1 + T?) + a?|[n*n? + a?|

2 _
Hp = (1+&a?)?

If we consider above equation as a function of n; then we required the minimum, hence
take n = 1 in above equation, which give

(7T2 +a2)2 T27T2(7T2 +G,2)

2
Be=%l0rear ' (1reap

(5.44)

Set & = 1/a? to obtain

(72 +a?)?  T?*1(n% +a?)
_l’_
a? a? '

R} = (5.45)

(5.45) show that the nonlinear stability threshold. We could directly select a®> = /T2 + 1 =
Lin (5.44).
3
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6
Appendix

The inequalities presented here, are not in the most general forms, but given as per our

necessity. That have been found to be very useful in energy stability theory.

6.1 Poincare inequality
The Poincare inequality allows one to obtain bounds on a function using bounds on its

derivatives. Such bounds are of great importance in the modern, direct methods of the

calculus of variations.
Let V be a cell in three dimension. Suppose for simplicity V' is the cell
0<y<2a, 0<z<l,

0 <z < 2a,
and suppose u is a function periodic in x, y of period 2a;, 2a, respectively, and u = 0 on
6.1)

z = 0, 1. Then the Poincare inequality may be written,
9 1
<u®>< F < U Ui 5 >,

where < . > denotes integration over V. In general, the constant, % in (5.1), depends

on the geometry and size of the domain V.

6.2 Sobolev inequality
The one of frequent use in energy stability theory is the following. Let €2 be a bounded

domain in R? with the boundary ). Then for function v with v = 0 on §£2,

(/ uﬁdV> §C’/ |Vul*dV,
Q Q

2
23
™

Nl
win)

3

where the constant C' is independent of th domain, in fact C' =
26
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