J. Fluid Mech. (1997), vol. 344, pp. 1-41. Printed in the United Kingdom 1
© 1997 Cambridge University Press

Nonlinear analysis of convection flow in a tall
vertical enclosure under non-Boussinesq conditions

By S. A.SUSLOV AND S. PAOLUCCI

Department of Aerospace and Mechanical Engineering, University of Notre Dame, Notre Dame,
IN 46556, USA

(Received 20 July 1996 and in revised form 18 February 1997)

A weakly nonlinear theory, based on the combined amplitude-multiple timescale
expansion, is developed for the flow of an arbitrary fluid governed by the low-Mach-
number equations. The approach is shown to be different from the one conventionally
used for Boussinesq flows. The range of validity of the applied analysis is discussed and
shown to be sufficiently large. Results are presented for the natural convection flow of
air inside a closed differentially heated tall vertical cavity for a range of temperature
differences far beyond the region of validity of the Boussinesq approximation. The
issue of possible resonances of two different types is noted. The character of
bifurcations for the shear- and buoyancy-driven instabilities and their interaction is
investigated in detail. Lastly, the energy transfer mechanisms are analysed in
supercritical regimes.

1. Introduction

The classical problem of the flow in a differentially heated vertical cavity of high
aspect ratio has attracted the attention of the scientific community for decades. The
relatively simple solution of the Boussinesq equations for the basic flow has made this
problem the subject of many studies for various conditions (see Suslov & Paolucci
19954 for an extensive bibliography). In many practical applications, such as thermal
insulation systems in nuclear reactors, the typical temperature differences are of the
order of several hundred degrees Kelvin. Thus, neither density nor the other fluid
properties variations can be neglected. The attempt to use the conventional Boussinesq
approximation for the Navier—Stokes equations for such problems does not lead to a
physically correct solution. On the other hand, the low-Mach-number approximation
suggested by Paolucci (1982) allows one to take into account arbitrary property
variations for a general fluid. Although in the limit of very small temperature
differences the low-Mach-number solution recovers the Boussinesq results, the results
for any finite temperature variation are quanitatively, the more importantly
qualitatively, different (Chenoweth & Paolucci 1985, 1986). In addition, substantial
deviations from the Boussinesq results were also found in the linear stability study of
convection flows in an enclosure and in a vertical channel (Suslov & Paolucci 19954,
b) under non-Boussinesq conditions. In these studies it is shown that for any finite
temperature difference between the walls the artificial symmetry of the flow obtained
using the Boussinesq equations is broken because of property variations. As a result,
the instability associated with the shear becomes oscillatory and thus of the Hopf-type
rather than the pitchfork-type predicted by the Boussinesq analysis (Mizushima &
Gotoh 1983). The second important finding is that at higher values of the temperature
difference between the walls a new type of instability which is associated with buoyancy
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occurs. This instability is demonstrated to be due to the nonlinear density variation
with temperature. The situation is similar to the one found in the Boussinesq limit for
large Prandtl numbers (Pr 2 12.45) (Fujimura & Mizushima 1991; Fujimura 1992«;
Bergholz 1978; Chen & Pearlstein 1989) although the instabilities have a different
physical nature.

The weakly nonlinear analysis of the flow in a tall enclosure in the Boussinesq limit
shows that the symmetry of the solution is retained even when finite-amplitude
disturbances are present (Mizushima & Gotoh 1983). This guarantees that the total
mass conservation condition is satisfied automatically. This is not the case when the
nonlinear density variation is taken into account: the developing disturbances are not
symmetric anymore and the mass conservation condition is non-trivial in this case.
Another complication arising in the non-Boussinesq regime is related to the nonlinear
property variations. In contrast to the Boussinesq equations, the low-Mach-number
equations have a nonlinearity higher than quadratic. For this reason we have found it
important to present a detailed discussion of the expansion procedure leading to the
derivation of the amplitude equation for general non-Boussinesq flows. This is
included in Appendix A. Owing to the complicated structure of the expansions, most
of the algebra was performed using the computer algebra system Macsyma 419.0
(1995).

In the present work we use a combined amplitude expansion—multiple timescale
analysis. The essence of the method is to compute the small-amplitude expansion
corresponding to the most unstable eigenmodes in the linear problem for arbitrary
values of the temperature difference and the Grashof number. Separating different
orders of the disturbance amplitude one obtains a system of linear equations which
reveals the possibility of resonance between the mean flow and the infinite-wavelength
disturbance (similar to the one arising in Watson’s 1960 approach for subcritical flows
and discussed by Davey & Nguyen 1971 and resonance between the fundamental and
higher harmonics (discussed in detail in Fujimura & Mizushima 1987; Fujimura
1992 b for the Boussinesq case). Although we discuss when these resonances occur, their
detailed analyses are beyond the scope of the present work. However, we note that
these resonances can be successfully analysed by the introduction of appropriate
resonant disturbance modes in the expansions. In general, this leads to the appearance
of an additional slow timescale associated with the resonance interaction, and modifies
the final form of the coupled Landau equations (see Fujimura & Mizushima 1987;
Fujimura 19925 for a discussion).

Our approach is close to Herbert’s (1983) method of amplitude expansion.
Originally, the derivation of the amplitude equation and evaluation of the first Landau
constant was based on the solvability condition applied to the equations at third order
in amplitude (Stuart 1960; Watson 1960; Stewartson & Stuart 1971). It was shown,
though, that the conventional solvability condition is meaningful only at the marginal
stability surface or in regions where the real amplification rate is substantially small (of
the order of amplitude squared). When the absolute value of the real amplification rate
is large enough the equations at third order are unconditionally solvable so that one
cannot obtain the first Landau constant in a standard way. In order to overcome this
difficulty Herbert (1983) proposed fixing the disturbance at one particular point within
the flow domain. He showed that when the real amplification rate tends to zero the
value of a Landau constant so defined approaches the one obtained from the standard
solvability condition. On other hand, as noted in Fujimura & Mizushima (1987), for
any finite value of the real amplification rate the value of the Landau constant obtained
using Herbert’s approach depends sensitively on the choice of the point. From this, one
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can deduce that the amplitude becomes essentially a function of the spatial location,
which contradicts the initial assumption that the disturbance amplitude is a function
of time only. In the present work, we show that by applying an appropriate
orthogonality condition, one can remove this inconsistency completely and for a given
normalization of linearized eigenfunctions obtain the Landau constant uniquely
regardless of the magnitude of the real amplification rate.

In the following sections we formulate the physical problem, discuss the form of the
appropriate expansions and equations arising at different orders of amplitude, define
the first Landau constant using the orthogonality condition, and derive the Landau
equation for the disturbance amplitude. We then discuss the range of validity of the
proposed analysis and present the results of the nonlinear non-Boussinesq convection
in a tall closed cavity as a function of the temperature difference between the vertical
walls. Finally, the two-mode interaction in the vicinity of the codimension-2 point is
studied using the coupled Landau equations.

2. Problem definition and governing equations

We consider the two-dimensional convection flow in a very tall rectangular cavity of
width H. The vertical walls are isothermal and maintained at the different temperatures
T and T respectively (asterisks denote dimensional quantities). The enclosure is
placed into a uniform gravitational field g which is parallel to the vertical walls. Since
we are interested primarily in the case of large temperature differences AT = T} —T*
> 0 the conventional Boussinesq equations are not applicable here and we adopt the
low-Mach-number equations (Paolucci 1982; Chenoweth & Paolucci 1986) in order to
describe such a flow:

%+u Qu; oIl Gr(
p y Mx Oxl p= )X;
oT dP 1 0 oT
IpT k— 1
'Ocp(at T ax) AT dr Prax]( ax)’ M
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&y -0,
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In writing (2) we used Stokes’ hypothesis to relate the coefficient of bulk viscosity to
the dynamic viscosity. Here u, = (u4,v) and x; = (x, y) are velocity components and
coordinates in the horizontal and vertical directions respectively and n, = (0, — 1) is the
unit vector in the direction of gravity. The equations are made non-dimensional by
the use of enclosure width H, reference temperature 7, = (T} + T%¥)/2, viscous speed
u, = u,/(p, H), characteristic time ¢, = H/u,, initial thermodynamic pressure P. which
would exist in the cavity with a stationary fluid at the reference temperature, and
characteristic value of the dynamic pressure I7, = p, u2. All properties of the fluid are
non-dimensionalized using respective values evaluated at the reference temperature
and thermodynamic pressure.

The above system is complemented by the equation of state and property variations:

p=pP.T), c,=c,(P.T), p=u(PT), k=KkPT), (€)
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where p is the fluid density, ¢, is the specific heat at constant pressure, x is the dynamic
viscosity, k is the thermal conductivity, and g = (1/p) (p/0T)|p is the coefficient of
volume expansion, all dependent on the local temperature 7 and thermodynamic
pressure P. Note that the thermodynamic pressure P, which is a function only of time,
is an additional unknown arising from the pressure separation which occurs in the low-
Mach-number expansion (Paolucci 1982), and the system of equations (1)—(3) is closed
by the global mass conservation condition

LpdV= 1, “4)

where V is the cavity volume.
The boundary conditions for the problem are

u=v=0 and T=14+¢ at x=0,1, (5)

where ¢ is defined in (7). In this work we are concerned primarily with the statistically
steady flow sufficiently far from the ends of the cavity so that their effects can be
neglected. However, since the cavity is closed, the end effects are still felt through
condition (4). Furthermore, the no-penetration condition at the ends of the cavity
requires a zero mass flux at any horizontal section, and in particular away from the
ends. Allowing for periodicity in the vertical direction, this condition can be written as

1 1 YotA/2
J (/\J pU dy) dx =0, (6)
0 Yo—A/2

where y, is an arbitrary vertical location far enough from the ends and A is the
wavelength. This condition will be seen to lead to the appearance of a uniform vertical
pressure gradient whenever the temperature difference between the walls is finite and
the flow loses symmetry due to property variations. Note that in the Boussinesq limit
both the total mass conservation (4) and zero mass flux condition (6) are satisfied
automatically due to the symmetry of the problem and subsequently no spatially
uniform vertical pressure gradient is induced.

The dimensionless parameters appearing in the problem are respectively the Grashof
number, the temperature difference, the Prandtl number, and a measure of fluid
resilience:

_pip,.gATH?

2
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Gr

1 _ M Copr _ 1 Yr— 1
, e=30.AT, Pr= o I'= ];( " ), (7)
where o = (1/P)(0P/0T)|, is the coefficient of tension, and y = ¢, /¢, is the ratio of
specific heats, all evaluated at the reference temperature.

Most of the analysis is done for an arbitrary fluid. However, in reporting specific
numerical results we assume that the working fluid in our problem is air with a
reference temperature 7, = 300 K. Air is modelled as a calorically perfect gas which
obeys the equation of state

p=P/T, ®)

with constant specific heat at constant pressure (see discussion in Suslov & Paolucci
1995a)

r

c, =1, )
and the Sutherland laws for transport properties
(1+S [ 1+S
_ T3/2 {,1 _ T3/2 k
p=T (T+ S/,)’ k=T <T+ Sk)’ (10)
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where, according to White (1974), S, = S7/7, = 0.368 and S, = S;/T, = 0.648. We
also take Pr=0.71, y, =7/5, and (since it follows from the equation of state that
o,=1/T) I'=2/T7.

It has been shown in Chenoweth & Paolucci (1985) that for a tall enclosure a two-
dimensional steady parallel basic flow exists over most of the enclosure far enough
away from the top and bottom walls. This flow has been found in Suslov & Paolucci
(1995a) to be most unstable to two-dimensional infinitesimal disturbances. Since the
linear stability analysis predicts no three-dimensionality for the flow in an enclosure of
infinite transverse aspect ratio, in this work we limit ourselves to the analysis of two-
dimensional small-amplitude disturbances superimposed on the steady basic flow.
More detailed discussions of the governing equations, the basic flow solution, and its
linear stability are given in Chenoweth & Paolucci (1985, 1986) and Suslov & Paolucci
(19954).

3. Expansion procedure

The system of Boussinesq equations conventionally used in convection problems has
a quadratic nonlinearity. In contrast, the character of the nonlinearity in the non-
Boussinesq system (1)—(6) is much more complicated owing to nonlinear properties
variations. For this reason we find it useful to derive rigorously the form of the
expansion which is needed for the weakly nonlinear analysis.

Assuming periodicity in the vertical direction, we look for the solution of system
(1)—(6) in the Fourier-decomposed form

o0

Wtx) =3 S ewltoxi) E'(). (11)

m=0 n=—o0

where W= (u,v, T, 11, P)T, ¢ is a formal small real expansion parameter, w,,, =
(ﬁmn([ﬁ X), ﬁmn([’ X), T;nn(l’ X) Hmn(lax; 6\Ony)v 8071 Pmn(t))Ta E= eXp (I“J’)a and o is a
real wavenumber. We note that E~' = E*, where the asterisk denotes the complex
conjugate, and, consequently, w,,_, = w* for our solution W to be real. Note also
that the dynamic pressure terms must depend on y in order to allow for a non-zero
average vertical pressure gradient which is necessary to enforce the zero average mass
flux condition (6), and that terms P, are functions only of time since the
thermodynamic pressure is spatially uniform under low-Mach-number conditions.
In the limit ¢ — 0 the expansion (11) should reduce to the steady basic flow solution
Wy (x;v) = (0,0,(x), To(x), (), P)" (see Suslov & Paolucci 1995a for detailed

distributions):

W,=lmW= Y w,,E" (12)

&0 n=—oo

Since W, is uniform in the vertical direction, we must have w,, = W, and w,,_., = 0.

Terms of order ¢ (m = 1) should give the linear stability results. Thus, the
wavenumber o« corresponds to the value chosen for the linear problem. We first
investigate the nonlinear behaviour of the disturbance associated with this single mode
and, subsequently, consider the case when w,,, ., = 0. Later in this paper we generalize
the analysis for two-mode interactions.

The further derivation of the form of the expansion is quite involved and is given in
Appendix A. Truncating the general form of the resulting expansion (A 12) at m = 3
and n = 2 we obtain
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u(x,y,t) = uoo(x)+82|A(t)|2“2o(x)

+eA() (uy,(x) + A Puz, (X)) £+ A(1) uyy(x) E*] +c.c.}, (13)

v(x, Y, 1) = vyy(X) + 82|A(1)|2020(x)
+{[e A1) (v35(x) + €2 A(D)|205,(x)) E+ 2A2(1) 0,,(x) E2]+c.c., (14)

T(x,p, 1) = Tyy(x) +&*|A(D* T,(x)
+{[eA(0) (T,(x) + | AT, + &2 A%(1) Too(x) E*] +c.c.}, (15)

I(x,p, 1) = H,(x;y) + & AP ,(x; )

+{leA(0) (T,,(x) + | A1, (x)) E+ &2 A%(t) I1,5(x) E*] +c.c.}, (16)
P(1) = Py + & AP By, (17)

Note that since the basic flow is steady and due to separation of variables in (17) F,,
and P,, are necessarily constant.
If we introduce the property vector g = (p,c,,u, k)", then it can be similarly
expanded:
& = Zoo(X) +&°|A1°g0(X) +{[A(g11(X) + &*| A5 (%)) E+&°A°g,,(x) E*] +c.c.}, (18)

where the components of g,,(x) = goo(Poos Tpo(X)) correspond to the properties of the
basic flow,

811 = &oor Li1s

220 = &oor oo+ &oorr | 111>+ &oor Paos

82 = &oor Lo +%g001"1‘ T%p

231 = 8oor Ln +&oorr(Thy Ty + Ty o) +5800rwr T | TP + &oore Tit Paos
and each of the subscripts P or T denotes partial differentiation with respect to £, or

T;,(x) of the corresponding property equation.
Next we introduce multiple timescales ¢, = ¢, t, = &t, ..., so that

A(t) = Aty 1y, sy --) (20)
d4 04 04 ,04

— = —te—+&—+.... 21
de o, 01 0t @D

(19)

and thus

The physical meaning of the multiple timescales will be discussed in §9.1.

If we now substitute the expansions (13)—(18) and (21) into system (1)—(6) we obtain
a set of equations corresponding to each order ¢” and mode E”. Since the equations
for e"E™ and ¢"E™" are just complex conjugates of each other we limit our
consideration to equations for positive values of n.

4. Basic flow
At order &E® we recover the basic flow equations
oll,,/0x =0,
D( oo Dvyy) —(Gr/2€) (pyo—1) = 011, /0y,
D(kooDr)o) =0,
D(pgg tye) = 0,
Poo = Poo(Foos Tyo)s Cpoo = CpOO(POO’ Th0)s oo = Moo(Foos Too)s Koo = Koo(Foos Too)s
1 1
j Poodx =1, J Poo Voo dX =0, (23)

0 0

(22)

Uy =0V50=0, Tp=1+e¢ at x=0,1,
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where D = d/dx. Since all terms on the left-hand side of (22) are independent of y, we
conclude that _

oll,,/doy = 11, = const. (24)
Integrating this in conjunction with the first of equations (22) we obtain I1,, = I1,,y
+const. A detailed discussion of the analytical and numerical basic flow solution, and
of the necessary conditions for its existence for the specific property variations (8)—(10)
is given in Chenoweth & Paolucci (1985, 1986) and Suslov & Paolucci (1995a).

5. Linear disturbances
At order ¢'E' we obtain the linear perturbation equations which in matrix form are

04
AA, w,, —a—tOBwH =0, (25)
where w,, = (uy,, 0,1, Ty, 11", u;, = v, = T,;, = 0at x = 0 and x = 1 and the elements
of A, and B are given in Appendix B. This system of linearidifferential equations has
a solution of the form A(7) w,,, where A(1) = A(t,, 1, ...)€"" ",

0A/ot, = oFA, (26)

and o = o"+ic’ and w,, are respectively the eigenvalue and eigenvector of the
generalized eigenvalue problem

L.,w,=0, (27)
where we find it convenient to define the linear operator L, , = (A,—ocB) and its
adjoint L] , = (A¥ —o*B*)" which we will use later. This eigenvalue problem has been
solved using the specific property variations (8)—(10) for a wide range of Gr and ¢ in
Suslov & Paolucci (19954). Since for our problem max |v,,| = max (Ju,,|,|T;,)) we
normalize the eigenvectors in such a way that

max Jo,,| = max|oy| (28)

so that we can judge the disturbance magnitude by its amplitude only.

The total mass in the enclosure and the average vertical mass flux are not affected
at this order owing to periodicity of the disturbance.

For convenience, in subsequent sections we redefine £ = exp (ioy) —exp [ia( y —c,; £,)],
where ¢,, = —¢”/a is the wave speed according to linear theory, and consequently
we then have that 4 — 4.

6. Mean flow correction and second harmonic

(i) Second-order non-periodic terms (¢2E") contribute to the equations for the mean
flow. They can be written in operator form

Lo,z(rR Wiy = S0, (29)
where w,, = (uy, Uag» Ty IT,,)" satisfies the total mass conservation and zero mass flux
conditions

1

J Paydx =0,

° (30)

1
f (P20 Voo Poo V20 +2 Re {pyy v dx = 0,
0
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and boundary conditions u,, = v,, = T,, =0 at x =0 and x = 1. As in §4, it can be
shown that I7,,(x;y) = IT,,(x) + I1,,y, where I1,, is the value of the spatially uniform
vertical dynamic pressure gradient induced by the disturbance. In the above equation,
we denote the real part of the expression by Re{-}, and we note that at this order the
equations are real since the imaginary part cancels identically. The expressions for
Soo = (f0, B f® )T are not given here since they are quite lengthy, but can be
found in Suslov (1997). If at least one of the eigenvalues of problem (27), say
o, corresponding to o = 0 is real for some set of parameters (¢, Gr) and

20% (@) = 7, (31)

for some finite value of o and the same set of parameters (¢, Gr), then system (29) is not
solvable and expansions (13)-(17) and (18) are not uniformly valid unless the
orthogonality condition {w},, f,,> = 0 is satisfied, where w{; is the solution of the
adjoint eigenvalue problem LEJO wl, = 0 with corresponding boundary conditions, and

wf> = f (w-f) dx. (32)

This corresponds to the resonant interaction between the o = 0 disturbance w,, (not
necessarily the most unstable one), and the mean flow. In order to resolve this issue one
would have to assume that w,, & 0 from the very beginning (see that Lemma in
Appendix A) and include corresponding terms in the resulting expansions, but this is
beyond the scope of the present investigation. Subsequently, while we identify
parameter values (e, Gr) for which (31) is satisfied, we will only discuss results for
parameter values for which (31) does not hold.
(ii) Collecting terms of order &2E', we simply get

04 04
o Bwn =0 or 50, (33)

since Bw,; £ 0. Thus disturbances do not evolve with respect to the slow time ¢,, so
A(t) = Aty 1y, ... (34)

Note that in the resonant case discussed above (when w,, % 0) equations (33) are not
homogeneous and the disturbance amplitude will then depend on the slow time ¢,.
(iii) Collecting ¢*E? terms we obtain

L2a,2(r Wiy = fras (35)

where W,y = (Uyy, Ugss Tyor I1,,)", Uy =0,,=T,, =0 at x=0 and x=1 and the
components of f,, = (f), 2, [, f0)T are given in Suslov (1997). The total mass
conservation and zero mass flux conditions are satisfied automatically because of the
periodicity of the second harmonic.

Equation (35) reveals another unsolvable case: the 1:2 resonance between the
fundamental and second-harmonic modes. The resonance will arise if for some fixed
pair of parameters (¢, Gr), 20 is one of the eigenvalues of problem (27) corresponding
to wavenumber 2. This resonance can be dealt with if we allow w,, = 0 (see the
Lemma in Appendix A). This also will lead to the dependence of the amplitude on the

slow time #,. Summarizing, we state both resonance conditions as

7;(0) =0, 07(0) = 207() (36)
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and
0,(20) = 207 () (37)

for some i and j and fixed parameters (¢, Gr). Both conditions can be easily satisfied in
the Boussinesq limit since then, according to linear theory, the most unstable
disturbances are found to be stationary, i.e. the eigenvalues o, are real. The 1:2
resonant interactions in the Boussinesq case were investigated in Fujimura &
Mizushima (1987) and Fujimura 1992 (b). Analysis of the resulting coupled amplitude
equations predicts the dominating character of shorter-wavelength disturbances and
the resonant decay of longer-wavelength disturbances even in linearly unstable regions.
These results are consistent with computational results obtained using a Fourier—
Chebyshev collocation technique reported in Mizushima & Saito (1987) and
Mizushima (1990). The possibility of the above resonances in the non-Boussinesq case
is discussed in later sections.

7. Landau equation

As shown above, when the disturbance amplitude is very small, it grows
exponentially in the linearly unstable regions. In order to examine the possible
saturation of the amplitude, we proceed to look at the equations that arise at order
EE!:

04
A|A|2(La,(r—20-RB) Wi = ann"'A |A1? f35 (38)
2
where wy, = (uyy, 0y, T3y, I15,)", 11y, =05, =T, =0 and x=0 and x=1 and the
components of the vector f;, = (f$Y, /@, [, fI)T are given in Suslov (1997).

The linear system (38) is unconditionally solvable if o + 20" is not an eigenvalue of
problem (27). This is typically true when the parameters (¢, Gr) are chosen so as not to
fall on the marginal stability surface (i.e. o # 0). Since no solvability condition is
necessary in this case to find a solution of (38), the definition of the Landau constant
relating the disturbance amplitude and its slow time derivative requires some other
condition. In the context of the amplitude expansion approach, this issue was first
addressed by Herbert (1983) and later discussed by Fujimura (1988). Herbert proposed
fixing the disturbance at some arbitrarily chosen location x, so as to be completely
defined by the product Aw,,(x,). Subsequently, all other terms in the expansion vanish
at this point. As shown in Appendix C, this procedure is inherently inconsistent. For
this reason here we propose a different approach. Using the linearity of the problem,
when o % 0, we look for the solution in the form

Wy = X1+ 2o (39)
where x, , = (U 5, Uy 2, Ty 0, 11, ,)" are solutions of the following problems:
(L,.,—20"B) )ty = forr (40)
and
N R 04
AlA| (La,a_zo' B)y,= anno 41)

2

withu, ,=v,,=T,,=0atx=0and x = 1. System (40) is solvable for any right-
hand side. In addition, using separation of variables, one can see that system (41) is
solvable only if

0A4/0t, = KA|AJ?, 42)
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where K = K®+iK' is the complex separation constant (usually referred to as the first
Landau constant). Then, using (27), we see that system (41) has the unique solution

K

L= _ﬁwn- 43)

Next, we project the solution of (40) on the w,,-direction and write it as

L=, +x1, (44)
where
r= 5}::’ v}v{;>> and 7, Lw,,. (45)
Combining terms in (13)—(17) corresponding to mode E' we obtain
eA{[1 + &A% (r—K/20") w,, +&*|A)* 4, + ...} E". (46)
In order to remove the redundancy in the &® terms, we should choose
K = 20"r. (47)

Note that any other choice of the Landau constant destroys the uniform validity of the
expansion (A 12) in the limit ¢® —0. Furthermore, we will now show that definition
(47) of the Landau constant in the limit o — 0 is identical to the one obtained from
the conventional solvability condition, i.e. we show that

lim K = —<wi, fid (48)

o‘Rﬁ‘O
where w!, is the solution of the problem adjoint to (27) and defined as
LIn,a' wil = 0 (49)

with corresponding boundary conditions. Considering the inner product of wi, with
(38), taking into account the normalization for the adjoint eigenvector

<WLaBW11> =1 (50)
and condition (42), and using (49), we obtain
— 20wy, Bw,,) = K+ <W-}1-1af:‘31>> (51)
or, using (39), (43), (44), and (47),
K= _<w§1:f;>1>_20-R<w71L1aBil>~ (52)

The character of the singularity in (46) when o — 0 suggests that the function y, can
be decomposed as

1
1= ?Z;}‘H{}a (53)

where x? and y! are bounded and non-zero as % 0. Substituting (53) into (40) we
obtain

1
b 2B+l - 20"Byy = fiy (54)

Taking the limit o” —0 we conclude that the condition
lim

o =0

L <o (55)

R



Nonlinear analysis of convection in a vertical enclosure 11

is necessary for (54) to be solvable. This is possible only if

limL, =0 (56)

PN

and then x! is non-trivial if and only if

lim x% =r, w,,, (57)
oo
where r, is some non-zero constant. Then term-by-term comparison of (44) and (53)
gives that 7, ~ y1 and, consequently, is bounded, and r = O(1/0") as ¢ -0, so that
finally from (52) we easily obtain (48). Note that although the Landau constant defined
through Herbert’s (1983) approach as o — 0 tends to the same limit (48), in general it
differs from the one defined above for any finite value of o*.

In contrast to Herbert’s approach, for the chosen normalization (28) the above
procedure results in a unique definition of the Landau constant on the marginal
stability surface as well as away from it since the projection r is defined uniquely. In
other words, in the present approach we have eliminated the source of inconsistency
arising in Herbert’s approach from the attempt to define a global quantity such as the
Landau constant using some local property of the spatial solution (i.e. the value at an
arbitrarily chosen point). The present approach also completely removes the
redundancy in expansion (46), guarantees its uniformity for small amplitudes in the
resonance-free regions of the parameter space, and shows that the fundamental
disturbance mode w,, necessarily induces its own orthogonal distortion (j,) at higher
orders of ¢ which cannot be removed by the normalization of the disturbance
amplitude as assumed by Herbert.

Reconstituting the time derivative of the amplitude, we now have

d4 o4 04

—_—=— c. = 0"A+EKA|AIP+ ... 58
i 8az2+ oc"A+e |A]*+ (58)
Noting that ¢ is just a formal expansion parameter used to distinguish different orders
in amplitude, we redefine e4 — A, and neglecting higher orders of amplitude we obtain
the Landau equation

dA/dt = c"A+ KA|A* (59)

Since we can write A = |4|e'’, then this equation is equivalent to two equations for the
modulus and phase:
d|A|/dt = " |A|+ K® AP, (60)

do/dt = K| AP (61)

Equation (60) can have two equilibrium solutions. The first, |4,| = 0, always exists, but
is stable only if o < 0. The second equilibrium solution

A, = (—ot/KH)' (62)

only exists if 0/ K® < 0, and is stable if o > 0. If this last equilibrium solution exists
for % < 0 (K® > 0), i.e. before linear instability occurs, the bifurcation is subcritical,
otherwise it is supercritical. Note that the cubic Landau equation (60) does not provide
any stable finite-amplitude equilibrium for a subcritical bifurcation. In order to obtain
a stable equilibrium solution in such case, it is necessary to carry the analysis to higher
orders in amplitude. This will not be done in this work.
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8. Two-mode interactions

The above analysis is not adequate in the vicinity of the codimension-2 point
(e4, Gr.(e4)) where shear and buoyant disturbance modes interact with each other
(Suslov & Paolucci 19955b). In this situation the truncated amplitude expansions
(13)-(17), again up to third order in amplitude, are generalized to

WX, 5 1) = Wogo(X) + A (OF Wi (x) + [ A, (D)W (x)

1A, (1) (W130(%) + A, (DPWEL(0) + [ A, (DP W) Ey + A3(0) Wyye(x) ET
+[A5(1) (10,(X) + 14 (DPWE (%) + [ A(DPWEGL (X)) Ey + AZ(0) Wage(x) E7
+A,(0) AF () Wy (X) E, EX+ A, (1) Ay() wyy,(x) E, E,]+c.c.}, (63)

1I(x, y, 1) = Iy y + 1A (OPUTE0(x) + IT5500) + | A, (0PI g0 (x) + TTg,0)

HA[A(0) (119, (xX) + [ A, (OPITE, (x) + | A(DPTTE () Ey + A0 I yoo(x) E

+[A44(0) (I114(x) + 14, (OP T, (x) + [ A (OPITE(x)) Ey + AT(0) () EY
+A,(t) A¥ () I1,,_,(x) E, E¥+ A,(1) Ay(?) I1,,,(x) E, E,]+c.c.}, (64)
P(1) = Py + AL PGy + 1A, PR, (65)
where w represents u, v, or 7, the first index corresponds to the order of the amplitude,
and the second and third indices to powers of E, =explio,(y—cy50t,)] and E, =
exp [io, (¥ — 101 1)), TESpectively. Wave speeds, according to linear theory, are defined
as ¢,;0=—o1/o, and ¢,,, = —o}/a,. Superscripts (1) and (2) are used to indicate
the terms associated with the mean flow correction corresponding to the shear and
buoyant modes respectively. The two-mode interactions do not add additional terms
to the expansion (65) for the thermodynamic pressure. These expansions are complete

up to the third order in amplitude for Fourier modes E, and E, provided that no
wavenumber resonance is present at least up to third order, i.e.

o, Fna,, n=1,2,3. (66)
The property vector g = (p, ¢, 1, k)" is expanded similarly:

&110 = &ooor L1100

2560 = &ooor T500 + &ovorr | Ti1ol* + &ooor Pltos

€20 = &ooor Tazo +3&000rr T 1105

2510 = Zooor T510 +&ovorr(Tiro Ts00 + T 110 Tozo) +38000rrr Tiao | Tinol®
+&o00rr 1o PSoos

Z101 = &ooor Lio1s

2500 = Zooor TSo0+ &ooorr | Tonl + &ooor Ploos

2200 = &ooor Troa + 38000 r T To1s

g5 = &ooor T30+ &ooorr(Tior TS00+ Tio1 Lo
+38o00rrr To1 | Tho1l* + &ooorr Tior Pioos

€121 = &ooor Lrao1 t &oorr Do T o>

8211 = &ooor Lon1 +&o00rr Ti10 Thors

253 = Zooor T30+ &ooorr(Tivo TS00 + Thor Tovor + Tior Toan) +&ooorrr Trao | Tioal?
+&o00re Ti1o Pioos

g5 = Looor TS0+ &ooorr(Tior TS0+ Tivo Thia + Tivo Tad) + &ovorrr Tion | Tiol
+&o00rr Tor Ploo-

(67)
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Equations for each separate mode up to second order in amplitude were considered in
the previous sections. The equations at second order in amplitude responsible for mode
coupling can be written as

Lonl+ac2,0'1+a'z Wair = fours (68)

_ T _ T _ _
where wy, ;= (Uyy -1, Vo115 Tovis Iy120) "5 Wory = (Usy1, Varns Togos Io1y)™ s Uy oy = Ua1-1 =
Ty = Uy, =y, = T,;;, =0at x =0and x = 1 and the components of f,, , = (f}_,,
P 3 1 \T — (f) £@) £B) DT iven i
S v'(z})—p ) . andfzp = (/30 310, 2115 p11)  are given in SuSIOY (1997).
At third order in amplitude, for the Fourier mode E, we now obtain the system of
equations

A NA L, = 20TB) Wil + A, |4, P(L, , — 207 B) Wi,
0A4

= LB AA PSR AL TR, (69)
]

=g,y —oy Wol-1 = Soo1s

where f}), (previously named f;,) and £, are given in Suslov (1997). A similar system
is obtained for the Fourier mode E,. Then application of the theory derived earlier and
reconstitution of the full time derivative lead to the coupled Landau equations

d4,
dt

2
=ofA,+ KZ.].AZ.|A].|2, i=1,2. (70)
j=1
The Landau constants are defined as

R <w13i,131‘,2’x”j>

K. =20
] b
<w13i,13i,z’ wlai,laz’.2>

v

(71)

where 0, ; is the Kronecker symbol and y,;; are solutions of the associated problems
(L0, =207 B) iy = f53) 10, 0J = 1,2 (72)

By introducing polar notation 4, = |4,|¢', j = 1,2, the coupled Landau equations are
rewritten as

diA,|/dr = |4 (o7 + K5 A2+ K 4,0, (73)
dﬁj/dl = K;a |A1|'2 +K]Z2 |A2|2- (74)
We distinguish four equilibrium solutions of equation (73):
(1) |4l = 14y =0,
(ii) |4sol =0, |4, = —0o7/K7; >0,
(ii1) |4l =0, [4,|* =—03/K3, >0, (75)
. o KE _oRKE o KE — g KR
(IV) |A e|2 — 2 12 1 22 > O, |A e|2 — 1 21 2 11 > O
! K§ KS,— K3, K5, ? K K, — K K5

The first solution corresponds to the linearly stable case when o < 0 and 0¥ < 0. The
second and third solutions have been analysed before in the context of the one-mode
analysis. The last solution results from the two-mode interactions. In order to
investigate the stability of the solutions we linearize (73) about an equilibrium solution
and find the eigenvalues of the resulting system to be

Co+ Cuy A KK
_ e e 76
Me= T IO e ey ) ) 7o
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where

C,=0%+314,’KE + |A2e|2K§2’} (77)

Cyy = 05 + 3|4, K3y + 4, ° K3

We now observe that the finite-amplitude equilibria are stable only if K%, K% < 0 and

Cc,+C,, <0.
Introducing
ry = |A2|K§2|1/2’ ry = |A1|Kﬁ|1/2, My = _0_1;, Mo = _0‘{%9 (78)
b=—KL/KEL [ 1 if K5<0 79
C=—Kﬁ/|[(§2, —1 if Kfl>0,

and inverting time 71— —¢ we can rewrite system (73) as
iy = ry(py +13+br3), Py =ry(p,+ori4dr3), (80)

which was analysed in detail by Guckenheimer & Holmes (1983). Here we took into
account that, as discussed in the next Section, K%, < 0 for all values of governing
parameters considered. Note that although it is possible to classify the fixed points by
considering only equation (80), in order to interpret the complete flow dynamics one
should consider the four-dimensional system which includes the disturbance phases.

9. Results

All numerical results are obtained using a Chebyshev pseudo-spectral approximation
in the horizontal direction (Suslov & Paolucci 19954, b). The number of modes used in
all cases is 48, which convergence tests have shown to guarantee the accuracy of all
results to within 1%. The resulting algebraic problems are solved in double precision
using the following routines from the IMSL mathematical library (IMSL 1989): NEQNF
to solve the basic flow problem (22), GvccG and GVLRG to solve the generalized
eigenvalue problem (27) for & > 0 and & = 0 respectively, LSBRR to solve for the mean
flow correction (equations (29)—(30)), and LSACG to solve for the second harmonic and
for x, ((35) and (40) respectively). Furthermore, the coupled Landau equations (70) are
integrated in time using a Gear algorithm as implemented in routine 1IvPAG. We also
note that in reporting all numerical results in the Boussinesq limit of ¢ <1
(corresponding to the mathematical limit ¢—0) we actually use the value of ¢ =
5x 107 for computations.

9.1. Validity of Landau equations

Equation (59) has been derived using two explicit assumptions: the disturbance
amplitude is small and there exist multiple timescales in the problem. These conditions
do not impose any direct limitation on the region of applicability in parameter
space, but restrict the initial disturbance to consist of only a small-amplitude mode
corresponding to a chosen wavenumber o (in other words, it is assumed that an
arbitrary initial disturbance asymptotically approaches the mode with wavenumber ).
The choice of the fast timescale ¢, is associated with the exponential development of the
disturbance while it is small. After the disturbance reaches the finite amplitude such
that the nonlinear terms become important, the temporal behaviour of the disturbances
deviates from exponential (‘slows down’). This is characterized by different long
timescales. Thus the fact that the exponential disturbance growth or decay always
changes its character in the vicinity of equilibrium justifies the introduction of the
proposed timescales which are functions of the amplitude size only but do not require



Nonlinear analysis of convection in a vertical enclosure 15

25| TTEER
2.0
Gr &
(x 10—4) 15
74
1.0 V
(b) 2
T T 0 T T -
1000
500 —2000 | \
R | \
K 0 K \
—4000 Y
-500
-1000} —6000
(d)
0.4 s 0 SR
(&) s;
Il
03 1 -0.02
I
I
i)
¥ 12c
[T [ S
|A| 0.2 i Gr -0.04
//;‘
. /"I
01f~~—""~ Ry -0.06
___________ iy
74
lr
0 1 —o0s| (f) N
0 02 04 06 0 02 04 06
€ €

FIGURE 1. (@) Grashof number, (b) wavenumber, (¢) real and (d) imaginary parts of the first Landau
constant, and (/) wavespeed as functions of ¢ for & = 0 (solid lines), § = 0.15 (dash-dotted lines), and

& = 0.3 (dashed lines).

the linear amplification/decay rate |0 to be essentially small. Then (59) describes the
dynamics of the problem correctly as long as the disturbance amplitude remains small.
A wavenumber selection mechanism is missing. However, it is generally assumed (but
rarely discussed) that the wavenumber selected by the flow corresponds to the
wavenumber having maximum amplification based on linear analysis. In most regions
of parameter space considered in this work, the equilibrium amplitude resulting from
(59) is sufficiently small to allow us to track the complete process of disturbance growth
by keeping only terms up to third order in amplitude. In order to illustrate this, some
nonlinear results are plotted in figure 1 as functions of ¢. Results are given for values
of 6 = (Gr—Gr,)/Gr, =0, 0.15, and 0.3, denoted by solid, dash-dotted, and dashed
lines respectively. All lines corresponding to the buoyant instability are plotted only for
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0.45 < ¢ < 0.6 where buoyancy effects are significant. The wavenumbers corresponding
to the largest linear growth rate in supercritical regimes are slightly lower than the
respective ones on the critical curves and are presented in figure 15).

Although the disturbance amplitude itself remains small, in general this is not
sufficient for the amplitude expansion to be valid as discussed in Stuart (1960),
Fujimura (1988), Benney & Bergeron (1969), Davis (1969), Benney & Maslow (1974)
and Haberman (1972). It is shown that the uniformity of the expansion can be violated
for a certain parameter range owing to the nearly singular behaviour of the linear
eigenfunctions in critical layers. Such a situation typically arises in Poiseuille-type
flows. As discussed in Suslov & Paolucci (19954), the shear instability in natural
convection flow in a vertical enclosure is associated with the inflection point, and the
singularity in the Orr—Sommerfeld equation in this case is removable. Thus in this case
the expansion is expected to remain uniform as long as |4| < 1. On the other hand,
for the buoyant instability, the location of the critical layer does not coincide with
the inflection point, and the restriction for the amplitude aRe|A|** < 1 given in
Fujimura (1988) for Poiseuille-type flows can be estimated for the convection flow as
v/ 3aGr|A*?/216 < 1. The numerical coefficient is based on the maximum value of the
basic flow velocity (see Suslov & Paolucci 19954). This solution is satisfied for all
regimes discussed in the present paper.

Figures 1(c) and 1(d) show the behaviour of the first Landau constant K. Its real
part is negative for € < e,, & 0.528. This means that the bifurcation is supercritical for
Boussinesq and slightly non-Boussinesq flows. The value of K is real in the limit
e¢—0 (see figure 1d). This is consistent with previously known Boussinesq results
reported in Mizushima & Gotoh (1983) for Pr = 7.5 and in Fujimura & Mizushima
(1987) for Pr = 0. At e, (vertical dotted line in figure 1 ¢, e) the real part of the Landau
constant corresponding to the shear-driven instability changes sign to positive,
reflecting the fact that the bifurcation becomes subcritical for ¢ > ¢,,. The equilibrium
amplitude defined by (62) is plotted on figure 1(e). It remains small for ¢ < 0.45,
justifying the validity of the amplitude expansion (A 12). In the vicinity of e, the
amplitude |4,] grows unboundedly according to (62). Thus, in order to obtain the
saturation in the regions where the type of bifurcation changes, we must retain higher-
order terms in formulae (13)—(18), and proceed to the higher-order Landau equation,
but this is beyond the scope of our present work. The bifurcation associated with the
buoyancy mode is always supercritical (the real part of the corresponding Landau
constant is negative as shown on figure 1¢). As a consequence, the equilibrium
amplitude for the buoyant instability does not exhibit any singularity and remains
sufficiently small for the present analysis to be valid.

As noted earlier, in deriving (59) we assumed that the initial disturbance could be
represented by a single disturbance wave corresponding to an arbitrary wavenumber
a which remains fixed as the instability develops. This assumption is valid in general
only if the two leading eigenvalues o,(«) and o,(a) (which are not conjugate) are very
well separated. This is found to be the case in the critical (see figure 2a, ¢) as well as
in the sub- and supercritical regimes considered in the present work. Consideration of
only one mode also poses an implicit limitation on the wavenumber range in which the
analysis is valid. In order to illustrate this we refer to figure 2 where real and imaginary
parts of the four leading eigenvalues and the first Landau constant associated with the
most unstable disturbance mode are plotted as functions of the wavenumber for the
shear-dominated instability in the Boussinesq limit (figure 2a—d) and for ¢ = 0.536
(figure 2 e—h), where the shear and buoyant modes compete with each other. The thick
solid lines (which we shall call T for short) in figure 2(a, b, e,f) represent the eigenvalue
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FIGURE 2. Leading eigenvalues and first Landau constant as functions of wavenumber for (a—d)
e <1, Gr = Gr, = 8037.6 and (e-h) ¢ = 0.536, Gr = Gr, = 13500.

with the largest real part, o,(x). The other eigenvalues are plotted with dashed lines.
In order to to give an easy geometrical interpretation of the resonance conditions (36)
and (37), in figures 2(a) and 2(e) we show the curves o(a) = 20,(./2) as faint (F) lines
and o%(ax) = 305(0), i = 1, ..., 4, as horizontal dotted (D) lines.

It can be easily seen that TF intersections (shown as open circles) and the respective
points with one-half wavenumber (shown as filled circles on T) give us pairs of points
where the 1:2 resonance between the fundamental disturbance mode (open circle) and
its second harmonic (filled circle) could possibly exist. In fact, condition (37) is exactly
satisfied in the Boussinesq limit for the pair of points denoted by circles in
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figure 2 (a, b). Owing to this resonance, the value of the first Landau constant becomes
infinite at wavenumber labelled (v) in figure 2 (a—d), which in turn leads to a vanishing
equilibrium amplitude. Note that while lines (v) and (vi) (discussed below) appear to
coincide in the figure, they are found to be numerically distinct. Although our analysis
is incomplete in the vicinity of any resonant point, based on this result we can expect
that the competition between the two resonating harmonics will lead to the
fundamental mode decaying in favour of its second harmonic. This is exactly what is
observed in Fujimura & Mizushima (1987) and Fujimura (1992 5), where the resonant
situation was analysed by deriving appropriate coupled amplitude equations.

In the non-Boussinesq regimes TF intersections and the respective points with one-
half wavenumber in figure 2(e) do not correspond to resonant interactions since the
instability is oscillatory in these cases (the disturbance wave speed ¢, = —o'/a is
negative and deviates substantially from zero as can be seen from figure 1£), and
condition (37) is not satisfied for non-vanishing imaginary parts of the eigenvalues
(none of the empty circles in figure 2f are TF intersections). Physically it means that
although the real amplification growth rates for the two harmonics are in resonance,
the phase speeds of the two waves are so different that the two harmonics do not
interact with each other. Consequently, the two disturbance waves are completely
decoupled from each other and the range of applicability of the one-mode analysis
becomes larger in non-Boussinesq regimes.

The TD intersections correspond to resonances between the mean flow correction
and disturbances with o = 0 (see conditions (36)). The vertical line (vi) in figure 2 (a—d)
and lines (i), (ii), (iv), and (v) in figure 2 (e—h) denote wavenumbers which correspond
to resonant interactions with the most unstable eigenmode at « = 0. Lines (i), (iv), and
(vii) in Figure 2(a—d) and (iii) and (vi) in figure 2(e—/) denote wavenumbers that
resonate with the second « = 0 eigenmode. Lines (ii) and (iii) in figure 2 (a—d) and (vii)
in figure 2(e—h) denote wavenumbers that resonate with the third « = 0 eigenmode.
Again, the singularity of the first Landau constant suggests the decay of the resonating
periodic disturbances in favour of the mean flow. We also note that this type of
resonance is equally possible in both Boussinesq and non-Boussinesq regimes, since, as
can be seen from figures 2(b) and 2(f), we have o/(0) =0, i = 1,2, .... Although not
shown here, this result remains true for all values of e.

The linear investigation also showed that ¢%(0) <0, i = 1,2, ..., for all values of ¢
and Gr. This means that disturbances that decay according to linear theory can
resonate with the « = 0 modes. It can be easily shown by generalizing condition (31)
that such resonances arise at the 2kth order of ¢ in expansion (A 12), if

af(0) = 2kof(x), ol(0)=0. (81)

Since the number of eigenvalues with negative real parts is infinite, one can expect that
for any o such that o (a) < 0 there always exists a pair (i(x), k(«)) for which (81) is
satisfied (here i corresponds to the number of the eigenvalue in the ordered infinite
sequence 0 > o¥(0) > ... > ¢%(0) > ... and k is the order at which the resonance
arises). Strictly speaking, this means that the infinite single-mode expansion (A 12) is
not uniformly valid for subcritical flows (see similar discussions in Davey & Nguyen
1971 and Herbert 1983). In order to resolve this problem one would have to modify the
expansion by adding the resonating modes (which depend on all timescales) starting at
the ¢**~1-order. It is important to note that the expansion for the lower orders in ¢
remains unchanged.

Summarizing, we conclude that the proposed weakly nonlinear analysis and
derivation of the cubic Landau equation can be justified for a band of wavenumbers
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centred at the critical value, within which no resonances are possible for disturbances
up to cubic order in ¢ (for example, the wavenumber intervals between lines (vi) and
(vii) on figure 2 (a—d) and between lines (i) and (ii), and (iv) and (v) on figure 2 (e—4). For
« far from the critical value one should first examine the eigenvalues of the linearized
problem at « = 0 and 2« in order to find out whether a resonance is possible. If a
resonance is present, a different form of the expansions is necessary as was noted
earlier, although the overall procedure remains the same. In being aware of the
possibility of different resonances, we did not find any 1:2 resonance in the non-
Boussinesq regimes because of the oscillatory nature of the disturbances and stayed
away from mean flow resonances at second order in & (for numerical results in
subcritical regimes which we present below we found k > 10 except at the points which
have been discussed previously). Thus we conclude that the proposed theory can be
successfully applied in a wide region of (e, Gr, &) space as long as the amplitude remains
sufficiently small.

We should remember that the single-mode analysis is also not adequate in the
vicinity of the codimension-2 point (e, Gr (¢,)) = (0.536, 13500) where two physically
different modes, shown by squares in figure 2(e), can become unstable and compete
with each other. Near this point, shown in more detail in figure 13, the disturbance
amplitudes are properly described by the coupled Landau equations (70). Here, o, =
2.6370 and o, = 0.8880, and none of the conditions (66) are satisfied in the vicinity of
(é4, Gr.(€4)). Thus no wavenumber resonances are possible.

9.2. Disturbed flow

We first present the characteristics of the disturbed flow F averaged over the
disturbance wavelength, where F = F,,+|A4|*F,, and F,, and F,, stand for basic flow
and mean flow correction quantities respectively. While the value of the amplitude A
depends strongly on the distance from the critical point, £, changes slightly. For this
reason it is convenient to present the quantities F,, evaluated at the critical points
(Gr.(e),a.(e)) (or along the solid curves in figure 1a,b) in examining the physical
mechanisms of instability.

As we increase the temperature difference between the walls, the temperature and the
density distributions in the enclosure deviate from the linear ones due to nonlinear
property variations. As a consequence, in order to satisfy the mass conservation
condition, the basic flow thermodynamic pressure decreases as shown in figure 3(a)
(for a more extensive discussion of the basic flow see Chenoweth & Paolucci 1986 and
Suslov & Paolucci 1995a). Analysis of shear- and buoyancy-driven instabilities shows
that both disturbances lead to a further decrease in thermodynamic pressure (see figure
3b), thus amplifying the non-Boussinesq effects.

When the temperature difference between the walls is increased the local density in
the vicinity of the hot wall becomes smaller because of two effects: a drop in the
thermodynamic pressure and an increase in the local temperature. On the other hand,
near the cold wall both the thermodynamic pressure and the local temperature decrease
thus affecting the local density in opposite directions. Subsequently, the fluid in the
cavity has the overall tendency to move up due to this buoyancy effect. However, the
average mass flux must remain zero since the cavity is closed. This condition induces
a positive vertical pressure gradient I7,,, shown in figure 3(c), preventing a net upward
flow. The form of the plot for I7,, resembles the critical curves Gr(e) shown in figure
1(a) since the buoyancy forces to be opposed by the induced pressure gradient are
proportional to the Grashof number. In addition, since the largest disturbances are
located in the high-density region near the cold wall (see Suslov & Paolucci 1995a),
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FIGURE 3. (@) and (b) Thermodynamic pressure and (¢) and (d) dynamic pressure gradient for the
basic flow and the mean flow correction as functions of ¢. Dashed and dash-dotted lines correspond
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FIGURE 5. As figure 4 but for the non-Boussinesq case of ¢ = 0.3.

they force the disturbed flow to move down. But again, in order to satisfy the zero mass
flux condition, a negative disturbance pressure gradient I7,, is induced as shown in
figure 3(d).

In the Boussinesq limit the temperature and density disturbances, shown in figures
4(c) and 4(d), are negligible and the instability has a purely shear character. As can be
seen from figure 4(b), the velocity disturbance tends to reduce the maximum velocity
gradient and subsequently the maximum shear stress. From figure 4 (a) we see that the
disturbance also induces a weak mean horizontal velocity component which is of order
¢, and subsequently vanishes in the Boussinesq limit (¢ —0). The qualitative character
of the shear disturbances remains the same in the slightly and strongly non-Boussinesq
regimes as can be seen from figures 5 and 6, although disturbance buoyancy effects are
not negligible any more. The locations of the maximum and minimum values of the
vertical component of the disturbance velocity correspond closely to the locations of
disturbance density minima and maxima, respectively (see figures 5b,d and 6b,d).
Consequently, the additional buoyancy effects on the disturbance tend to reduce
the shear. The scaling parameter s = max|v,,|/max|v,,| = max|v,,|/max|v,,| (see
normalization (28)), noted in figures 4, 5 and 6 for the shear instability, decreases with
¢, thus confirming that the relative role of the velocity disturbances becomes larger in
the non-Boussinesq regimes when buoyancy effects become important.

For the buoyant mode depicted by dash-dotted lines in figure 6, the magnitude of the
vertical velocity disturbance drops substantially (as indicated by the increase in scale
factor). The forms of the distributions of mean flow correction quantities associated
with the buoyant disturbance differ substantially from the corresponding ones
associated with shear. They amplify the upward motion near the hot wall and
counteract the downward motion in the neighbourhood of the cold wall. The
disturbance density distribution has only one extremum, a maximum, whose position
coincides with the location of the largest negative vertical velocity disturbance (see
dash-dotted line on figure 6d). Thus, when the temperature difference between the
walls exceeds the critical value of ¢, for Grashof numbers larger than critical a cooler
region develops in the middle. Owing to its higher density, the fluid in the middle falls
and thus causes the fluid closer to the walls to move up relative to it.
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Several bifurcation diagrams for the most unstable disturbance modes at given
values of ¢ are presented in figure 7(a). The supercritical bifurcations associated with
the shear instability for the Boussinesq and slightly non-Boussinesq regimes are quite
similar to each other (lines i and ii). The steepness of the bifurcation curves increases
with ¢, indicating that the disturbances in the non-Boussinesq regimes are more
sensitive to a change in Grashof number. The equilibrium amplitude dependence on ¢
and on the relative distance d(¢) = (Gr— Gr,(€))/Gr (¢) from the bifurcation point for
¢ < 0.4 is approximately given by

14,] ~ 0.20(1 +0.11¢* +7.83¢*) 8/%(c). (82)

A further increase in the temperature difference leads to the appearance of the
buoyant instability mode for Gr > Gr, (dash-dotted line iii). At ¢ = ¢, the bifurcation
diagram for the shear mode becomes singular (dashed line iv). This is the boundary
separating regions of supercritical and subcritical bifurcations for the shear instability.
At the same time the bifurcation curve for the buoyancy mode moves closer to the
critical value of the Grashof number (dash-dotted line iv). Finally, at the codimension-
2 point, the buoyant mode bifurcation curve meets with the one corresponding to the
subcritical shear mode (line v). When the value of ¢ is increased further the buoyant
instability overcomes the shear one, although as can be seen from figure 7(a) the two
finite-amplitude disturbances can coexist in the supercritical region because of the
subcritical character of the shear bifurcation (line vi). For higher values of ¢ the shear
mode bifurcates at substantially larger values of the Grashof number; thus in slightly
supercritical regimes one can expect the existence of only the finite buoyant disturbance
(line vii). Note that the non-monotonic behaviour of the subcritical shear bifurcation
curves is a reflection of the existence of a resonance between the mean flow correction
and the o = 0 harmonic for Grashof numbers smaller than the corresponding critical
value for the shear instability.

From figure 7(b) we see that for both instabilities the wavenumber corresponding to
the most rapidly growing disturbance decreases with Grashof number. From figure
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7(c) it follows that in the Boussinesq limit the finite-amplitude disturbances do not
change the stationary character of the instability since the equilibrium wave speed
¢, = ¢y, —|A4,?’K" Jais zero. This is consistent with the results of Fujimura & Mizushima
(1987) and Mizushima & Gotoh (1983) for Pr = 7.5 and the computational results of
Lee & Korpela (1983) and Mizushima (1990) for Pr = 0.71. Since under non-
Boussinesq conditions ¢,, < 0 and K' < 0 (see figure 1d, f), the finite-amplitude shear
disturbance decreases the absolute values of the wave speed in comparison with the one
predicted by the linear theory. In strongly non-Boussinesq regimes, the equilibrium
amplitude of the shear disturbance becomes so large (dashed line iii on figure 7a that
the equilibrium wave speed changes its sign (dashed curve iii on figure 7¢). This means
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that the growing shear disturbance is displaced from the cold wall region towards the
region of upward motion closer to the hot wall. In contrast, the larger-amplitude
buoyant disturbance remains located near the cold wall and moves slightly faster
downward.

Finally, in figure 8, we show the instantaneous disturbed flow fields at equilibrium
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FIGURE 8. Disturbed flow for (a) ¢ < 1, (b) ¢ = 0.3, (¢) ¢ = 0.5, (d) ¢ = 0.6, and § = 0.15.
states for supercritical regimes. All quantities are evaluated from expansions (13)—(16)
truncated to second order in amplitude which can be rewritten as

W = woo(X) + 214, lwy, ()| cos[a(y =y D)+ (X)+ O]+ A4, wyy(x)
+ 2|4, wy(X) cos [2(a(y —cyy )+ () +0(0)],  (83)
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0.536
€ <1 0.3 0.6
Instability type Shear Shear Shear Buoyant Buoyant

CEL> {Poo > 1.525 1.526 1.424 0.221 0.417
{Ppoo 03D 3.399 3.447 3.440 3.323 3.381

CELS {Poo Voo Va0 —39.478 —40.830 —42.275 —0.269 1.914
k20 {Pag VB, /2 0.000 —0.259 —1.140 —0.285 —0.255
2{Re{p,; ¥ }v40> 0.000 —0.125 —0.440 1.280 1.615

CELpg» = KEfy9) +<{Els0 —33.029 36.211 —38.956 4.270 7.072

TaBLE 1. Components of the mean disturbance kinetic energy at the critical points. All quantities
are multiplied by the factor 10°/Gr2.

where W denotes a specific dependent variable, (x) is the spatial phase variation, and

0(t) = 0(0)+ K f |A(T)|*dr (84)

0

is the temporal phase variation which is the solution of (61). For plotting purposes we
select values of time corresponding to 6(¢) = 2nn, n =0, +1, +2, .... All fields are
plotted for the same range of vertical coordinate, thus one can see how the disturbance
wavelength changes under non-Boussinesq conditions. The shear instability decreases
the total mean flow maximum by a substantial amount under non-Boussinesq
conditions. In contrast, the buoyant instability increases the maximum upward
velocity. In all cases the mean flow remains essentially vertical although one can see a
slightly non-parallel pattern in the middle part of the cavity in the non-Boussinesq
regimes (see first row of plots in figure 8). The light (dark) areas on the plots for velocity
and temperature fields correspond to the local maxima (minima) of the kinetic and
thermal energy respectively (see the next subsection). We see that the location with
largest kinetic energy shifts towards the cold wall as the temperature difference is in-
creased. Simultaneously, the initially parallel flow becomes wavy due to shear dis-
turbances. The location of the kinetic energy maximum for the buoyant mode fore = 0.6
coincides with the position of the dense region near the cold wall as can be seen on the
plot of the thermal field. The plots in the fourth row represent the distributions of the
vertical dynamic pressure gradient. Careful study of the pressure patterns indicates
that the location of the negative dynamic pressure gradient (dark shaded areas) always
corresponds to regions with lower temperature (and higher density). Thus, the dynamic
pressure gradient always opposes the buoyant motion of the fluid and successfully
dampens the buoyant instability mode for temperature differences below e,.

9.3. Kinetic and thermal energies of the disturbed flow

To get deeper insight into the instability physics we look at the distribution of the mean
kinetic energy defined as

1 Yo tA/2
Bt O = g [t +0)dy = By +AF By 4O, (59)
Yo—A/2

We split the kinetic energy into parts associated with vertical and horizontal motions
such that
Ejo0 = Eoot Efoos  Epno = Eving T Eizg (86)
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where
x _ Yy —1 2 x _ 2
Eioo =0, Efo=3000V0s Eirao= Pooltin:l*s

. (87)
E50 = Pool[011]* + 049 050) + 2000 Re{ py; 051} + 3040 U5

It can be deduced from the linear stability results given in Suslov & Paolucci (19954,
b) that p,, = O(e) as ¢—0. From numerical computations one can also show that
P10 = O(€) as e—0. Then, consistent with the classical Boussinesq results, we note that

lim EY,y = (|044]* + Vo Usg) since limp,, = 1.

=0 =0 0
These estimates in the Boussinesq limit are confirmed by the numerical results given in
table 1. From figure 9 we see that as the temperature difference between the walls
increases, the kinetic energy components associated with the vertical motion become
more concentrated in the cold region. Note that similar to figures 4-6, in the non-
Boussinesq regime the scaling parameter e = max (E%,,)/ max (|EY,,|) decreases for the
shear mode. The shear instability always tends to make the total mean kinetic energy
profile more uniform, taking the energy away from the basic flow in high-speed regions
near the walls and transferring it to the nearly stationary region in the middle. The
energy associated with the induced horizontal motion remains an order of magnitude
smaller than that associated with vertical motion. It is always concentrated in the
middle part of the enclosure, although its maximum moves slightly towards the cold
wall where the most energetic part of the basic flow is located when ¢ is increased.
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Comparing the behaviour of the disturbance energy maxima, we can deduce that the
vertical velocity disturbances are born mostly in the region with a high velocity
gradient and, subsequently, a large shear stress near the cold wall. The horizontal
motion is induced near the vertical midplane. The distribution of the kinetic energy
associated with this motion is symmetrical in the Boussinesq regime. The symmetry is
broken in non-Boussinesq regimes: the right-hand of the two maxima of figure 9(b)
disappears almost completely as ¢ increases (see figure 9d,f), while the left-hand
maximum survives, but moves further away from the hot wall.

From figure 9 (e) we also see that the buoyancy disturbance extracts the energy from
the basic flow near the cold wall and transfers it to the developing dense region closer
to the middle. The left-hand negative minimum corresponds to the location where the
energy is extracted from the basic flow in favour of the induced horizontal motion (see
figure 9f) which transports the fluid from the less-dense hot region towards the denser
core region.

In table 1 we illustrate the integral effect of the different disturbance components on
the kinetic energy of the flow. Here the angle brackets denote integrations over the
cavity width. We see that as ¢ is increased, the energy associated with the horizontal
motion first increases slightly while the overall disturbance intensity becomes larger. As
buoyancy begins to play a significant role, it slows down the horizontal motion leading
to a more intense motion in the direction of gravity: the contribution of the buoyant
disturbance to the horizontal motion is much smaller than that of the shear one. From
table 1 we see that the interaction between the basic flow and the mean flow correction
(< Poo Voo Vo) associated with the shear disturbance decreases the total kinetic energy
{E,,,» of the fluid. This interaction also determines the major kinetic energy transfer
mechanism for the shear instability. On the other hand, for the buoyant mode, all the
components of the disturbance kinetic energy are approximately of the same order and,
in contrast to the shear instability, the interaction with the disturbance density field
({pagUie/2+2Re{p,, v vy,y) increases the kinetic energy of the flow.

The evolution equation for the averaged kinetic energy components can be written
as

ME g s —ap(csy+esrs+ 9 (zny 4 ¢soy 4 (s 88

aizo< keo) = AP KE )+ {2 +5 (25 +{ZD +<2 D ), (83)
where subscripts u, 11 and B denote contributions of the viscous, pressure and buoyant
forces respectively:

X% = —2Re{u* DII,,}, (39)
=2 Im {v}y 1T, — vy I,y — 0y 1T, (90)
2% = (poo— 1) Vsg+pagVye+2Re{py, 011}, O

2% = algDpge I {uy vy4} — 3o Im {uify Dvyy} —2Tm{ gy, i} Do)
— 20240 |y, )* + 3 Re {uf, D(pugo Duyy)t,  (92)
2= 0y D( oo D3y + 59 DVgg) + Va0 D( 59 D)
+2 Re{vf, D(pg0 Dvyy + p1; DUyo) + 0 D1, DU}
+ 20 Im{ Dyt v,y — %100 DU, vy, + Dy, UF) Voot — 5tte0 U11]% (93)

The different components of the disturbance kinetic energy balance equations obtained
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0.536
€ <1 0.3 0.6
Instability type Shear Shear Shear Buoyant Buoyant

3>/ E 00 2.25 2.21 2.03 —1.97 —2.31
(5L E 0y —2.25 —2.21 —2.03 1.97 2.31
(S [KE 300 —71.8 —71.7 —72.0 —42.0 —44.8
(ZYSJLE, 00> 2.3 1.5 —0.7 1.5 —13
Gr/(2e) (24> [KE 40 69.5 70.2 72.7 40.4 46.1

TaBLE 2. Terms entering the averaged kinetic energy evolution equation and evaluated at the
critical points.

for various values of the temperature difference are given in table 2. From there we
deduce that: (a) the viscous dissipation always tends to reduce the modulus of the
unsteady disturbance amplitude since the viscous terms contribute negatively to the
kinetic energy balance, (b) the only force inducing the horizontal motion is the
horizontal pressure gradient 2%, and (c) the integral role of the vertical pressure
gradient XY is minor in comparison with the buoyancy force 2% which is primarily
responsible for the growth of the kinetic energy of the vertical component of the
disturbed motion.

In concluding the disturbance kinetic energy study we note from figure 10 (a) that the
basic flow motion becomes slightly more energetic when the temperature difference
between the walls increases. From figure 10(b) we see that the developing shear
disturbances tend to reduce the total kinetic energy ({(E,,,> < 0). In contrast, from the
same figure, we see that the buoyant disturbance increases the flow kinetic energy
slightly.

The mean thermal energy of the fluid in the cavity is given by

1 YotA/2
B 0N = 5 [ e, Tdy = By +AFEpy + 0P (04)
Yo—A/2
where
E —i T—ﬁ E —i 1 T,,+ R T”"—ﬁ 95
too_y Poo Loo = v > t20 _7’ (P20 Too+ Poo Lo+ Re{py, TT}) = y (CR))
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for the shear (dashed line) and buoyant (dash-dotted lines) disturbances as functions of e.

and according to figure 3(b) both shear and buoyant instabilities diminish the total
mean thermal energy of the fluid in the cavity.

Note that since the vertical walls of the cavity are conducting, the fluid in the cavity
can exchange the energy with the ambient during the transient period. This energy
exchange is more intense when the instability is driven by shear since in this case both
the thermal energy and the kinetic energy of the fluid are decreased by the developing
disturbance. In the buoyant instability case part of the thermal energy is converted to
the kinetic energy and does not leave the enclosure, thus the change with the ambient
is less intense.

9.4. Heat transfer
Another important characteristic of the flow is the heat flux across the cavity. In
dimensionless form this is given by the Nusselt number

(96)

oolz-1

1 [1 J‘y0+/\/2 q
Nu=—|- gdy| =1+4,>2
qc /\ Yo—A/2 r=1

which is a ratio of the average heat flux to the conduction heat flux. In (96) we
recognize that the conduction heat flux is

1
de = Yoo = _ZkooDZm 7

and it decreases with ¢ in accordance with the Taylor series expansion of the basic flow
solution as

. 11468,-352, 1 5460S,—952—205%—3S% , ]
90 =13 1+5)r © 640 1+S,) ¢ +0()
~ 1—0.056¢2—0.007¢" (98)

and is shown on figure 11(a). The convective component of the average heat flux,
which is associated with the disturbance field, is given by

1
0 = _ZkooDTzo 99)

r=1

For Gr = Gr(e) this quantity is shown in figure 11(b). A curve fit of these data for
e < 0.4 gives
Ta0 lyy=0 = 8.56(1+1.02¢* + 1.14¢). (100)
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From the figure we see that the convective component of heat transfer increases rapidly
with ¢ owing to the development of disturbances associated with shear, while the
contribution from the buoyant mode, although also positive, decreases as the
temperature difference between the walls increases.

Combining (82) with (98) and (100), for slightly supercritical regimes we obtain

(Nu—1)/8(e) ~ 0.34—0.44¢2 +5.77¢*. (101)

Relationships of similar type, (Nu—1)/8 = a, derived from quasi-linear theory were
reported for free and mixed convection Boussinesq flows in Gotoh & Ikeda (1972) and
Fukui et al. (1982), although the values of the correlation constant a (0.4551 and 0.6508
respectively) in those works differ substantially from the present result (0.34). Equation
(101), in fact, gives the slope of the Nusselt number curve for fixed ¢ as & — 0. The actual
behaviour of the average Nusselt number for finite values of § deviates from the linear
relationship, as illustrated in figure 12. The average Nusselt number (96) is proportional
to the disturbance amplitude squared. On the other hand, ¢,, (see (99)) decreases with
0 and thus the Nusselt number deviates from linear dependence on 8. This was also
demonstrated in Mizushima & Gotoh (1983) for Pr = 7.5. We compare the values of
Nu predicted in the Boussinesq regime by the present analysis with those obtained by
direct numerical simulations of free convection of air in a cavity of aspect ratio 20 in
Lee & Korpela (1983) and Mizushima (1990) for § = 0.5 and ¢ = 0.89. The weakly
nonlinear theory predicts values of Nusselt numbers which are 3-6% below the
computational results. This is easily explained if one recalls that in this work the
instability is modelled by a single mode, while a finite band of disturbances contributes
to the convective heat flux in the numerical simulations. From figure 12 it also can be
seen that non-Boussinesq effects intensify the convective heat transfer associated with
shear and buoyant disturbances.

9.5. Two-mode interactions

Numerical evaluations for the codimension-2 point give u, = u, =0, b = 10.836,
¢ =—1.401 and d = — 1 (see (79) for definitions). This situation corresponds to Type 1c
(saddle point with two invariant lines , = 0 and r, = 0) according to the classification
of degenerate fixed points given by Guckenheimer & Holmes (1983).
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FIGURE 13. Two-mode interaction diagram. The solid lines denote the boundary of linear stability for
shear and buoyant modes (see also figure 1a). The shear instability bifurcation is subcritical to the
right of the dashed line. The mean flow correction for the shear mode resonates with the o =0
harmonic along the dotted line.

Stable equilibria of different types can exist in the neighbourhood of the
codimension-2 point A shown in figure 13. Before we discuss these results we should
recall that the present analysis is able to predict only the existence of a subcritical
bifurcation to the right of the dashed line. A stable equilibrium for the subcritical
bifurcation is reached at substantially larger values of amplitude. Consequently, its
determination would require a higher-order expansion which is beyond the scope of the
present work. For this reason no stable equilibria were found in the region marked by
circles. The interaction of the two instability modes does not affect the basic flow in the
linearly stable regions: the only stable equilibria found there correspond to the zero-
amplitude pair. The interaction of the modes does not lead to their asymptotic
coexistence in the majority of the cases either: in most of the regions only one, linearly
unstable, mode ultimately survives. The characteristics of the two disturbances
(wavenumbers and wave speeds) are so different that the coupling between them does
not affect the asymptotic behaviour except in the region in figure 13 marked by stars.
There, mixed-mode disturbances are found to define the resulting flow. This region is
below the linear stability curve for the shear mode, indicating that the subcritical
bifurcation plays an important role even for small amplitudes. The dashed line in the
lower right corner of figure 13 denotes the points where our expansions are not
uniformly valid due to resonance between the mean flow correction and the « = 0 shear
disturbance wave. Consideration of such a resonance would require a three-mode
analysis and, possibly, higher-order expansions in order to find the equilibrium for the
subcritical bifurcation associated with the shear mode. Owing to the highly nonlinear
character of the governing equations, this would lead to an extremely complex
algebraic problem. We will treat the analysis of the flow in these regions by direct
numerical simulation which will be carried out in the future.

In figure 14 we present the evolution of two-mode interactions in phase space. It is
found that phase patterns for the points located to the left and the right of the dashed
line in figure 13 are topologically equivalent to Cases 11 (figure 14a, b, ¢) and Vla (figure
l4c¢,d,f, g, h), respectively, as classified by Guckenheimer & Holmes (1983) by
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ultaneously. For smaller values of ¢ (plot a) the shear disturbance, being linearly
unstable, reaches a stable finite equilibrium, while the buoyant one rapidly decays
regardless of the initial conditions. The case when the basic flow is linearly stable with
respect to both disturbances is shown in plots (b) and (¢). Comparing these two plots
we see that the subcriticality of the shear bifurcation introduces a saddle point (plot ¢).
The basic flow becomes conditionally stable since the shear disturbance can decay only
for an initial amplitude below a certain value. Further increase of the temperature
difference between the walls destabilizes the basic flow with respect to the buoyant
disturbances. The shear disturbance does not affect the asymptotic state unless its
initial amplitude is greater than some threshold. In the latter case the shear instability
becomes dominant although the basic flow is linearly stable with respect to shear
disturbances. If Gr < Gr(e,) and we are far enough from equilibrium, from figure
14 (a—d) we see that the shear disturbance always dominates over the buoyant one even
when the latter is growing according to the linear analysis (the vertical flow towards
zero prevails in the amplitude trajectories).

The interaction between the shear and buoyant disturbances for Gr > Gr(e,) in the
supercritical region (between the two solid lines on figure 13) destabilizes all equilibria
(figure 14f). As in the case of smaller ¢ the shear disturbance dominates over the
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FIGURE 16. Disturbed flow for the mixed instability mode at ¢ = 0.56, and Gr = 14000.

buoyant one causing its fast decay with time. It is expected that this shear mode will
saturate with inclusion of higher-order terms in amplitude in the analysis. For larger
values of ¢ and farther from the critical stability curve (see figure 13) the buoyant mode
becomes sufficiently strong to overcome the influence of the shear mode. As a result,
a mixed disturbance exists as shown in figure 14 g). Further increase of the temperature
difference diminishes the relative role of the shear mode and its equilibrium amplitude
vanishes (see figure 14 /). Comparing figure 14(a and ¢) and (d and /) we see that they
are qualitatively similar to each other and consequently we conclude that the character
of the phase portrait away from the codimension-2 point is defined only by the distance
from the respective critical points.

The path along which the disturbances approach their asymptotic states as well as
the time necessary to reach them depend strongly on the initial conditions. Two
possible scenarios corresponding to trajectories A and B in figure 14(g) are depicted in
figure 15. Trajectory A shows that the initially interacting finite disturbances in the
linearly unstable region can decay rapidly at first to very small values. This would at
first appear to be counterintuitive from a linear analysis standpoint. However, linear
analysis only tells us about asymptotic behaviour. The disturbances also can approach
the unstable equilibria and stay there for a substantial time before they finally reach the
stable equilibrium. For a different choice of initial conditions corresponding to
trajectory B in figure 14, the amplitude of the subcritical shear mode decays
exponentially at first, while the supercritical buoyant disturbance grows exponentially.
After some oscillations, the amplitudes eventually settle to their asymptotic values. As
the disturbances develop, the wave speeds corresponding to the shear and buoyant
modes change slightly but remain substantially different. Because of this, the phase
difference 0, —0, between the shear and buoyant modes is always negative and its
absolute value increases rapidly with time. Thus no phase locking is observed between
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Saturation Stability of
Type of flow amplitudes equilibrium  E7,, EY,, E, E,, E,
Basic flow { Ijj: z 8888’ Unstable 0.0 0.0 3266.1 0.000  0.708
B(‘lli(s’i‘/lj‘rnl;ance { Ijj - 8:(1)8(;’ Unstable 52 90.6 3361.9  —0.010  0.698
Sgie;flrbance { Ijj - 8:833’ Unstable 6.4 —194.0 3078.5  —0.003  0.705
Med { A Toose . Stable 40 170 32871 —0.006 0702

TABLE 3. Mean kinetic and thermal energies at the different equilibrium states for the
representative point (¢, Gr) = (0.56, 14000).

the two modes. Since the phase shift between the two modes changes constantly the
flow pattern corresponding to the mixed disturbance also changes with time. For
simplicity, on figure 16 we illustrate the disturbed flow at the representative point (e,
Gr) = (0.56,14000) shown in figure 14(f) at a particular moment when ¢, = 2nm and
0, = 2nn, where m and n are integers. Comparison with figure 8 () shows that the form
of the mixed disturbance is close to that of the buoyant mode while the shear
disturbance slightly increases the waviness of the resulting flow.

Finally, we analyse the effect of the two modes on the mean kinetic energy of the flow
at the same representative point. The components of the kinetic and thermal energies
computed using definitions (85)—(86) and (94)—(95) are given in table 3. The basic flow
becomes unstable due to the buoyancy disturbance (see trajectory A). This disturbance
reaches its unstable equilibrium amplitude value of 0.107 and thus increases the total
kinetic energy of the flow. Owing to its subcritical character, the shear disturbance
begins to develop at that point. It tends to reach saturation at the amplitude value of
0.048, leading to a decreasing amplitude of the buoyancy mode and to dissipation of
mean flow kinetic energy. The two modes equilibrate at some intermediate values of
amplitudes, resulting in a slight increase in the mean flow kinetic energy. Thus, we
conclude that the existence of the stable finite-amplitude equilibrium for all modes is
closely related to the disturbance energy production—dissipation balance associated
with the different instability mechanisms. Note also that the buoyant, shear and mixed
disturbances decrease the thermal energy of the fluid and that, in contrast to the
Boussinesq limit, the relative change of the fluid thermal energy is of the same order
as that of the kinetic energy for the non-Boussinesq regimes.

10. Conclusions

A weakly nonlinear theory is developed for flows described by the equations having
general nonlinearity. The theory is applied to the natural convection flow of air in a tall
differentially heated closed cavity for a wide range of Grashof numbers and
temperature differences. The flow is appropriately described by the low-Mach-number
equations. It is found that for small temperature differences the basic flow bifurcates
supercritically due to shear-driven disturbances. This bifurcation becomes subcritical
for larger temperature differences. In strongly non-Boussinesq regimes, the buoyant
disturbances become important and lead to a supercritical bifurcation of the basic flow.
The two disturbances compete with each other and both can reach finite asymptotic
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equilibrium amplitudes for a certain range of Gr and ¢ > ¢,. Detailed energy analysis
of the disturbed flow shows that the two disturbances have an opposite influence on the
mechanical energy of the flow, although both of them decrease the thermal energy of
the fluid in the cavity.

This work was partially sponsored by a fellowship from the Center for Applied
Mathematics of the University of Notre Dame.

Appendix A
Let us consider the problem

N(W—W,;0) =0, N(0;0) =0, (A1)

where N is a nonlinear operator and o is some complex parameter. For small
deviations AW = W—W,, after applying a Taylor series expansion, the general
nonlinear problem becomes

NAW: o) = 3 N,AW: ) = 3 3 TTLOAW; o), (A2)

k=1 k=1i=11=1

where L{” are linear operators such that L{?(0;¢) = 0, and 7, is their total number
which is specified for each k for a particular problem. Substituting expansion (11) into
(A 2) we obtain

oo I k o0 o0
NAW: o) = 3 3 HLE“(Z > Ewmcr)

k=11i=11=1 m=1n=—w

o Ip k 0 0 )
SO (SRR
k=1i=11=1Lm=1n=—w
o Ip o© 0 k )
=33 T S E N (1200, 0n,)
k=1i=1m=1n=—ow k k =1
> m,=m, > ng=n
0 0 o0 p=1 =l Ik )
=3 X E'Y Y STLP0, , 0n,9)
m=1n=—w k=1 k k i=11=1
Z my=m, X n,=n
0 0 o p=1 » =
=2 e"E" 3 2 Ny, 4 s0n 0) =0, (A3)
m=1n=—ow k=1 k k pra
X mp=m, X n,=n
p=1 q=1

where ./}, is a nonlinear operator of kth order. Then for the ¢"E™ we have

NW,,50,n0) = L (W, ; 0, na)

mn > mn >

I
LOW,,,; 0, na)

L2

mmn >
=1
0
= Z Z '/V]s(wmpnq; O‘a nq Oﬁ), (A 4)
k=2 Iélmp:m,q%l 7l(1=n
where we note that ./ is a linear operator.
Note 1. At order e'E*! we have
LWy q;0,+a)=0. (AY)

This is an eigenvalue problem with generally complex eigenvalue o and eigenvectors
W, ., for a fixed wavenumber «.
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Note 2. If the sum on the right-hand side of (A 4) is zero, then (A 4) only has the
trivial solution provided that o, defined by eigenvalue problem (AS5), is not an
eigenvalue of

LW, 0,na) =0. (A6)

LemMma  If for m < 2 the only non-zero terms in expansion (11) satisfying problem
(A1) are Wy, Wyy, and W,_,, and o is not the eigenvalue of problems (A 6) for m > 1, then
forall m>1,Ww,, £ 0 only if m+n is even and |n| < m.

Proof Let w;; + 0 if {(—1)"* =1, |/ <} for all i such that 0 <i < m. Under the
assumptions of the lemma, it follows from (A 4) that for k =2,3,...,

k k k
min= 0435 =3 (i,+]) = even, (A7)
p=1 q=1 s=1
and even
k k k
max (in]—m) = max( Sil-3 z’p) < max(z n —is) —0, (A9
q=1 p=1 s=1

where we have used the triangle inequality.
For m = 2 we have from (A 4)

n=0: ZL0Wy;0,0) =—AN(W, W, _150,0),

Inf=1: LW,,,;0, ta)=0,

In| =20 L(Wyyyi0, £200) = = Ny(Wy 4, Wy i3 0, 220),
n| >2: LW,,;o,nx)=0.

(A9)

We note that for |n| =1 we obtain the same eigenvalue problem as (AS5), thus
Wy, = W, .. Since ¢ is just a formal expansion parameter, we can redefine ¢ +¢&°—¢
such that (ew,  , +&*W,, ) E¥' = (e+¢&*)w,,, EX' —ew,,, E*'. Effectively this means
that without any loss of generality we can take w,,, = 0. Next, using Note 2, we
conclude that w,, # 0 only if 247 is even and |n| < 2. Repeating the above argument
for m = 3,4, ..., we prove the lemma by induction. O

We further assume that w,,, can be written in the separable form

mn

wmn =f;ﬂn(A’ |A|) wTI’Ln(x)9 ﬁn—n = ;x;lﬂ’ wm—n = w;knnﬁ (A ]O)

where ¢4 = O(¢) and 4 depends only on time. Taking into account the polynomial
character of the nonlinearity in the problem, it is convenient to choose f,,, = A?|A4|,
P, q =0, such that p4+¢g =m and p =n, or

A" A, n=0

(A*)fnlAlern’ n<0. (All)

Subsequently we rewrite expansion (11) in the form

0 o [2m—3—(—1)"1/4
W= 23 AP wy,+ 2 2 e"|A" T (AE)" Wy, +cc],  (Al2)
k=0 m=1 k=0
where n = 2k+[3+(—1)"]/2, and c.c. denotes the complex conjugate. The first and
second sums represent a non-periodic mean flow and periodic disturbance modes
respectively.
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Appendix B
Elements of (A,),, , = (a,),,., D*+(a}),, ., D +(a),, , are

m,n (a'z)m,n (al)m,n (aO).m,n
1,1 300 3Dty — (ipgg Dgy + o)
1,2 0 Hate, — 2Dy,
1,3 0 0 10ty DUy,
1,4 0 —1
2,1 0 3ot i“Dﬂoo —Poo Doy
2,2 Hoo Dyt — (19 0gy 30 00)
2,3 0 Hoor DUy D(progr Dvgg) — Grpegr/(2€)
2,4 0 0 —ila
3,1 0 0 — €00 Poo DToo
3,2 0 0 0
3,3 koo/ Pr 2Dkyy/Pr - (D(kyor DTio) —okiyg) | Pr—10c 5 Loy Voo
3,4 0 0 0
4,1 0 Poo Dp,,
4,2 0 0 1000
4,3 0 0 100997 Voo
4,4 0 0
and matrix (B),, , are
n=1 2 3 4
m=1 Poo 0 0 0
2 0 Poo 0 0
3 0 0 €00 Poo 0
4 0 0 —po T 0

For the specific variable properties of air we have

LY 90 R

P E%:_Poo i _oﬂoo 148, Ty +3S, T2
WS, T Ty T, T2 (s,

Okyy  1+S, Ty +3S,

= — T1/2
0Ly 2 (T +Sp°

Appendix C
Let us consider the expansion

w(t,x) = A w,(xX)+ ... + A AW Pwy () + ..., (Ch
where w,,(x) is an eigenfunction of the problem
(A+oB)w,, =0 (C2)
and w,,(x) is a solution of the problem
(A+(c+20%)B)wy, = g(w,,)+KBw,, (C3)

typically arising at the third order of the amplitude expansion (the right-hand-side g
has cubic nonlinearity and K is the Landau constant to be specified). If % = 0 and w,,
is normalized as, say, w,,(x,) =1, then K is defined uniquely by the solvability
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condition. If ¢% % 0, (C3) is solvable for any K. To fix the problem, Herbert (1983)
suggests introducing a local restriction for higher-order disturbance terms, i.e. he
extends system (C 3) to

(A+(c+20%)B)wy, — KBw,, = g(wy,), Wwy(x,) =0, (C4a,b)

in which case K is defined uniquely. Provided o K* < 0, from the subsequent Landau
equation one finds the equilibrium amplitude |4,| = (— o /K®)'/2. Subsequently, from
(C1) we have that

Wo(x)l = (— o™/ KTV (C5)

Let us repeat the procedure but now choosing an arbitrary x, & x, to find the
new value of the Landau constant K’. Now renormalize the eigenfunction of (C2),
which we call wj,(x), by taking wj,(x,) =1 so that wj,(x) =«w,,(x), where
Kk = wy,(x,)/w,;,(x,). Subsequently, the equivalent system (C4) can be rewritten as

(A+(c+20%)B)wy, —kK'Bw,, = k|c*g(w,,), wi(x,) =0. (C6a,b)

Furthermore, the new equilibrium amplitude is |4 = (—o®/K®)"? and from (C1)
(now with 4”, wi;, and w7;) we have

w(xo)l = (= KF)2 [k — (0 KT wiy (x). €7

For consistency with (C5) we must have

KR 1/2
()

Unfortunately, numerical evaluations show that in general this is not true. Note also
that the choice

O_R

K=K

Wi (xo)| = 1. (C8)

K’ = |kPPK, wj = «|c[Pwy, (C9)

makes the first equation in (C 6«) identical with the first equation in (C4a). But then
it follows from (C 6 ) that w,,(x,) = 0. Since x, is arbitrary, then w,;, = 0. Obviously,
this cannot be true. The reason for this inconsistency is that Herbert proposes
assessing global quantities (amplitude and Landau constant) by looking at some local
characteristic (the solution at a particular point). Note that if instead of using a local
property of the solution, we introduce the global condition w,, L w,,, as demonstrated
in §7, this inconsistency is completely eliminated.
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