PHYSICAL REVIEW FLUIDS 6, L051501 (2021)
[ letter

Bounding temperature dissipation in time-modulated
Rayleigh-Bénard convection

Todd W. Christopher
Department of Mechanical and Aerospace Engineering, Jacobs School of Engineering, UCSD,
9500 Gilman Drive, La Jolla, California 92093-0411, USA

Stefan G. Llewellyn Smith
Department of Mechanical and Aerospace Engineering, Jacobs School of Engineering, UCSD,
9500 Gilman Drive, La Jolla, California 92093-0411, USA
and Scripps Institution of Oceanography, UCSD, 9500 Gilman Drive, La Jolla, California 92093-0230, USA

® (Received 17 December 2020; accepted 17 May 2021; published 28 May 2021)

We use the background method to find an upper bound on the nondimensional temper-
ature dissipation, (||VT||§), for Rayleigh-Bénard convection with the temperature of one
boundary modulated in time. The resulting bound depends on characteristics of the temper-
ature modulation profile, f(¢), including the nondimensional parameter w, which is defined
as the supremum of | f’(¢)|. It is found that the resulting bound on (||VT ||§) grows like /@
for @ >> Ra, with Ra fixed, and like ~/Ra for Ra > w, with w fixed. Asymptotically, the
bound for large Ra has the same leading order behavior as the nonmodulated case, with
modulation effects appearing only at O(Ra~'/?).
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I. INTRODUCTION

Investigations of the linear and nonlinear stability of modulated convection configurations go
back at least to Gershuni and Zhukhovitskii [1] for linear stability and to Homsy [2] for nonlinear
stability. The review in Davis [3] describes the work to that time, and work has continued steadily to
the present day, including recent linear stability calculations such as Hazra et al. [4] and numerical
simulations such as Yang et al. [5].

Work on bounding flow quantities, where an upper bound is sought on a flow quantity of interest,
has its roots in Malkus [6] and Howard [7]. The method of bounding known as the background flow
technique was pioneered by Doering and Constantin [8]. We are not aware of any work on bounds
for modulated convection. To our knowledge, the only bounding analysis dealing with modulation
is Marchioro [9], who found a bound on energy dissipation in shear flow between horizontal parallel
plates with one plate modulated horizontally.

In this paper, we use the background flow technique to find an upper bound on the temperature
dissipation for the standard Rayleigh-Bénard configuration but with one boundary temperature that
can vary in time. We follow Marchioro [9] closely, but we frame the analysis in the notation of
Doering and Gibbon [10].
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II. SETUP

We work with two parallel plates extending infinitely far in the x and y directions containing fluid
satisfying the Boussinesq equations,

1

Op Uy + Uy - Vit = —p—V*p* + aglii + vViu,, (D
0

V,-u, =0, 2)

8. T, +u, - VT, = kV?T,, 3)

where asterisks represent dimensional quantities, u, is the velocity, 7, is the temperature measured
with respect to the reference temperature at the upper boundary, p, is the density at the reference
temperature, g is the acceleration due to gravity, v is the kinematic viscosity, « is the thermal
diffusivity, « is the thermal expansion coefficient, and p, is the pressure. The boundary conditions
are

u,=0 at z,=0,d, 4)
T, = f.(t,) at z,=0, 5
T.=0 at z,=d, (6)

where d is the domain size in the z direction. On the horizontal boundaries, we take u, and T, to
be periodic (this can be relaxed to, e.g., the no-slip adiabatic conditions u, = 0 and 9,7, = 0). We
nondimensionalize using
_ Kt _ Xy du* T* f*(t*)
= -, X = —, u N
d? d K AT
and an appropriate scaling for pressure. The temperature scale AT is left unspecified for now. The
most convenient choice for AT will in general depend on the boundary temperature profile f(z,).
This is discussed further below.
Using the nondimensional variables in (7), the nondimensional governing equations become

)

du-+u-Vu=—-Vp+RaPrT% + PrViu, (8)
V-u=0, )
T +u-VT = V°T. (10)

The boundary conditions become

u=0 at z=0,1, (1D
T=f(t) at z=0, (12)
T=0 at z=1. (13)

The Rayleigh number, Ra, and Prandtl number, Pr, are defined as

agATd?
Ra=—— Pr
VK

(14)

I
] |<

For later use in the bounding argument, we introduce the following two dimensionless parameters,
both assumed to be finite:

M =sup|f(®)l, w=sup|f'(®). 15)
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III. FINDING THE BOUND

We decompose using the background flow technique by writing the temperature as

T(x,t)=1(z,1) +6(x,1), (16)
where t satisfies the boundary conditions on 7" so that
7(0,t) = f(t), t(1,t)=0, 6(0,t)=0=06(1,1). 17)

We now find appropriate power integrals. We begin by taking the inner product of u with the
momentum equation (8) and integrating over the volume. The power integral for velocity is

d (ul3
4 (uly :RaPr/ w6 dV — Pr||Vul3, (18)
dt\ 2 v
where we have integrated by parts. The usual norms will be employed for scalars, vectors, and
tensors:
2 2 2 2 2 du; Ju;
Iflz= | fdv, lal;= | lal"dV, [Vul;= |4V 19)
\4 \% \% 8)6]' 8XJ'

For the temperature, we use the background decomposition (16) in (10), multiply the result by 6,
and integrate to find

d (1913 :_/eardV—/ewardV—1||VT||2+1||ar||2—1||Ve||2 (20)
dr\ 2 v v 2 2Ttz z

Noticing that each of the power integrals has an integral involving the product w8, we divide
(18) by Ra Pr and combine the two integrals to get

1d Jull3 / IVTI5 | 137ll3
——(lel13 =— | 03tdV — ——= —H[0, T, ul, 21
2dl(ll 2+ by 0o ) [0, 7, ul 2D
where we have defined the quadratic-form functional
Vo> | [Vu
HIO, T, u] = + +0w(d,t — 1) )dV. (22)
\% 2 Ra

We now take a time average, denoted by the operator (-) = T~! fOT(~)dt, to get

IVTI5\ _ [la:zl3
< 5 >_< 5 >—<L08tth>—(H[9,t,u])

1 IVuli3 1 > Ivull3
—— 1 1vel3 —(1ve , 23
2T (” I+ Rapr ,:T+ ar VOl Ropr —o 29
which allows us to write
IVTI3 13,7113 / 1 > Va3
= —( | 08,7dV)— (H[0,, —(1ve . (24
< > > , i T (H[O, T u]>+2T Ivels; + RaPr )| _, (24)

If the initial state is finite, we take 7 — oo from now on, so that the last term goes to zero, leading

to

2 2

<||VT||2> < <nazru2> _ < / eat,dv> — (16, 7, u). (25)
2 2 14

Now if we impose H > 0, which we shall follow Doering and Gibbon [10] in calling the “spectral
constraint,” then we are left with a bound on the temperature dissipation, albeit with a dependence
on the fluctuation 6 that we will have to work to eliminate.
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With the spectral constraint enforced, we have

(IvTI3) < (||azr||%)—2<fveazrdV>, (26)

which corresponds to the solution of the variational problem

(IVT|3) <inf {(uazrn%) - 2<fv Qatrdv>‘

Vo> |Vul?
HIO, T,u] = + —— +0w(@,r—1))dV >0,
Vv 2 Ra

7(0,1) = f(r), =(1,1) =0,
0(x,9,0,t)=0=0(x,y,1,1),
V.-u=0,

ux,y,0,t)=0=u(x,y, 1,t)}. 27

In theory, we could use Lagrange multipliers to enforce the constraints, find the Euler-Lagrange
equations, and thereby solve the problem. In practice, because an exact solution is difficult, we
simply try different background profiles. Any background profile satisfying the constraints will
provide an upper bound on the temperature dissipation.

The guiding principle in choosing the background profile will be to satisfy the spectral constraint,
and to do that we need the term Ow(d,t — 1), to be as small as we can make it because it is the only
term in the spectral constraint that can be negative. From the boundary conditions, we know that the
velocity, u, and the temperature fluctuations, 8, are small near the boundaries but possibly large away
from the boundaries. To neutralize this, we try to make (3,7 — 1) small away from the boundaries.

The simplest profile to try is a piecewise linear profile with two sections. From the above
discussion, we make 9,7 = 1 away from the bottom boundary while enforcing 7(0,¢) = f(¢) at
the bottom boundary, which gives us

fO =27 (fO-8+1), 0
-1, 8

- <z<$é
T(Z,t)—{z <Z<l (28)

In order to make progress on the bound in (26), we use the inequalities listed in Appendix. First
we ensure that we meet the spectral constraint, H[0, t, u] > 0, or

VO] |Vu]?
e W@ = D)av >0, (29)
14

which clearly requires us to work on the last term. Using our definition of the linear piecewise

profile leads to
H+1 [°
/ Ow (9, — 1)dV = ——f( )+ / </ wo dA)dz, (30)
v ) 0o \Ja

where A is the nondimensional horizontal area of the system. This allows us to find

M+1) [°
/Hw(é)zr—l)dv‘ < (M + )/ /deA dz 31)
v 8 o |Ja
(M + 1)
< T”azwnznaz@”z (32)
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(M + 1) 1
< T(nnazwn% ;nazen%) (33)

M+ 1)8 Vul? Vo3
cM+D (nll u||2+|| IIZ), (34)

= 4 4 n
for any positive 1. Here we used (A1) to go from (31) to (32); Young’s inequality, 2ab < na* +
n~'p? (n > 0), to go from (32) to (33); and the incompressibility inequality (A5) and the definition
of the two-norm to go from (33) to (34).
We use this result to find the necessary § and 7 to enforce the spectral constraint,

\v4 2 2
'H[O,t,u]:(/' oF  Vul +9w(azr—1)>dv
14

2 Ra

IVOIZ | IVul; (M + DS (nlVul; V0I5
> - 35
2t , Y ; (35)
1 M+ 1)ns I (M+1)
= |Vu|?( — - — " Vo3l = - ——=— ). 36
l u”2(Ra T6 >+ l ||2<2 an ) (36)
which means that we require
1 M + 1)nd 1 M+ 1)8
— > ﬂ > M +1)5 (37)
Ra 16 2 4n
to satisfy H > 0. Provided that
44/2
V2 (38)

§< ————,
(M + 1)+~/Ra

any value of 7 satisfying (M + 1)§/2 < n < 16/[Ra(M + 1)§] can be used to satisfy (37).
From (26) we work towards the desired bound. We use (A2) to get

(IVT13) < (o:7113) + 508° 2 VA(IVE ). (39)
Next we use the convexity inequality (A3) to obtain
1/2
(IVTI3) < (No.7I3) + s VA(IVel3) ", (40)
and (A4) to eliminate the temperature fluctuation, leaving

82

(I9T13) < {la: 1) + S8 VAIVTIB) + (13:13) (41)
which we can write as
er <a+bJer +a. (42)
Solving inequality (42) results in
o <at s+ Rar . 43)
We have
er = (IVT3). (44)
a=(l9.7]3) = A((f2>+§¢ —-2(f) — 1>, (45)
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82
b= %wamﬁ. (46)
Written out, the bound becomes
1/2
IVT|? F 8\ L M208T 8\ , ., F
R ) 14— ) 02+ 2 =) 0?8+ 8= —2(f) =1 ,
A Sy ANl ) @t T 15) @085 AN
47)
where F = (f2) + 2(f) + 1, and the bound is valid for all § < 8max, With
44/2 32
V2 (43)

dpx=——""—""—=<1=>Ra>z ———
(M + 1)v/Ra (M + 172,

Let us denote the right-hand side of the bound in (47) as 4(5). It now remains to choose an optimal
Sopt < Omax in order to obtain the smallest bound in (47). This leads to an optimization problem for
dopt that in general must be solved numerically. We note that Ra does not appear in & explicitly,
instead serving only to restrict the maximum value of §. For large @ and Ra, we can find asymptotic
representations for oy, and therefore for the bound.

IV. LIMITS AND EXAMPLES
A. Large-o limit

Examining the order of the terms in (47) shows that 8o ~ @~'/? provides the optimal bound for
large w. Calculating /() with w = QcSo’pf and expanding for small § leads to a quadratic for Q2.
The appropriate solution leads to

Sopt = CoF '/t ™12, (49)

where Cy = (+/15/4)(13 — 5,/19/3)!/4 & 0.78. To leading order we find that the minimum bound
corresponds to

VT3
”Af”z < DoFY* o — Eg(f) + 1) + O(w™/?), (50)
where Dy & 2.26 and Ej &~ 1.32. The large w bound depends on Ra only through the restriction that
> Ra, as Ra does not appear explicitly in the bound. The bound breaks down when 8op¢ ~ Smax,
which, from equating (49) with the expression for §y,,x in (48), corresponds to

C2
o= SHM + 1PFPRa ~ 0.02(M + 1°FRa. (51)

B. Large-Ra limit

With no time dependence, @ = 0 and the bound in (47) looks like 8~! so that choosing the
largest value for § gives the best bound. Furthermore, from consideration of the large w limit, we
know that 6o = dmax When Ra ~ w as in (51) and for larger Ra. We therefore take dopt = dmax for
large Ra. The bound on the temperature dissipation in (47) is then

IVTIZ _ M+ DF
< Ra —2(f) -1
" w5 VRa-2h

2w’Ra=>?  cwF'/’Ra~!/? c2w?Ra™? 8(2(f) + 1)Ra~!/? 12
+ ER Ty + o NCE)
2(M +1) 254(M + 1) (M + 142 V2(M + )F
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where ¢ =224 /15 and Ra must satisfy the restriction in (48). Expanding this for @ < Ra and
Ra > 1, we can write the bound as

VT|? M+ 1F FRa™'2  23%cw(2 1
IVTI; M+ 1) VEE-Mf>—1»+Cfi(_ a 2 2Pew(f) + Dy
A 442 254M +1) M+ 1)2J/F
+ O(wRa™3?, w*Ra=*?). (53)

Note that w does not appear at leading order in this expansion. We again see the crossover to the
high-e limit when +/Ra ~ wRa~!/2, so that the first and fourth terms are of the same order.

C. Bound in terms of M

The use of (f2) and (f) in (43)is more general than the approach of Marchioro [9], but the
resulting bound is more complicated. We can obtain a simpler result by bounding a using (f?) < M?
and |(f)| < M, and using the resulting bound on a in (43), since the form of (43) means that it is
satisfied when a is replaced by an upper bound. The result is simpler but less precise, and takes the
form

IVTI3 _ M+ 1)?
A T8

8 2
M —1 — | &8
+ +(15>a)

1/2

32 2 2
-ﬁ@?[4%%w+%%?l+w‘ﬂ S e

D. Examples

We now consider specific example profiles. When the average temperature at the top and bottom
is different, one can define AT to be the difference in average temperature, which is the usual
approach in steady Rayleigh-Bénard convection. For example, we can consider the sinusoidal profile
fi(t) = ATy 4+ AT cos wyt,. For this case we choose to define AT as ATy, so that

() =1 +acos (o), (55)

witha = AT /ATy and w = a)*dz//c. For this profile, we have M = 1 + o, w = awy, (f) = 1, and
(f*y =14 a?/2. For w > Ra, the bound on temperature dissipation is (50) with the appropriate
values of (f) and (f?). For any fixed @; and small enough « so that w < Ra, the bound for large
Ra in (53) becomes

IVTI3
A

As o — 0 we recover a bound for the standard setup with no modulation, namely, ||VT||§ JA <
\/E\/R_ — 3. If instead we take the bottom boundary temperature to have the same mean as the top
boundary temperature, then A7y = 0. Hence we take AT = AT, the maximum of the difference
between the top and bottom temperatures. This leads to f(¢) = cos (w;t), with M =1, o = wy,
(f) =0, and (f?) = 1/2. As in the previous case, the bound on temperature dissipation for w > Ra
is (50) with the appropriate values of (f) and (f?). For large Rayleigh numbers with @ < Ra, the
bound (53) becomes

< (14 a/2)(1 4+ a?/8)v/2v/Ra — 3 + O(wRa™"/?). (56)

VT3 3
VTl < ——=+Ra— 1+ O(wRa™'"?). (57)
A 42

V. DISCUSSION

Using the background method, we have found a bound on the temperature dissipation rate for a
Rayleigh-Bénard-like setup with a modulated bottom boundary. We have investigated the bound for
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large Ra and w, and we have considered specific simple examples of modulated temperature profiles.
The resulting bound is expressed in terms of the maximum of the temperature on the boundary, M,
as well as its maximum rate of change, w, mean, (f), and mean square, (f 2). The spectral constraint
must be satisfied at all times, so that it involves M, which hence is present in the bound. However,
the inequalities used to obtain the final bound itself use the mean and mean square, resulting in a
sharper bound than using M alone. The calculation of the bound may also be carried out with an
additional boundary layer of thickness § at the top. If the interior profile for t(z, ) is chosen simply
as z to make (9,7 — 1) equal zero, then it turns out that §,,x is the same as in the single boundary
layer case. The only difference in (47) is that F now becomes F = (f?) + 1. When (f) = 0, there
is therefore no difference between using one or two boundary layers in the background profile. For
the example with different average temperatures, this leads to an improvement in the small-o limit
of the prefactor with ||VT||§/A < +/Raj/2 —3.

The Nusselt number, which is the ratio of the total to conductive heat transfer, is commonly
used as the quantity to bound in convection problems in Rayleigh-Bénard convection, because with
no time dependence the Nusselt number is proportional to the temperature dissipation, meaning
that the bound on temperature dissipation yields a bound on heat transport. The time dependence
in more complicated problems, such as the one considered here, makes the relationship between
the Nusselt number and the temperature dissipation more complicated, and therefore the Nusselt
number is not as useful in these cases as the temperature dissipation. The latter appears naturally
in the bounding process. Furthermore, the temperature dissipation can be shown to be directly
proportional to entropy production from heat conduction under the Boussinesq approximation,
as discussed in Howard [7] and also more recently in the context of horizontal convection in
Rochaetal [11].

Besides the background flow technique, more recent bounding methods include polynomial sum
of squares, as reviewed in Chernyshenko et al. [12], and the auxiliary functional method, as applied
in Fantuzzi [13] to fixed-flux convection with free-slip conditions. These other methods have the
potential for finding better bounds, while generally reducing to the background flow technique if
certain parameter choices are made.
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APPENDIX: INEQUALITIES

We make use of the following inequalities:

/wedA‘ 213wl 13:01,. (A1)
A
4 3/2
09,7dV| < Ew& VAV, (A2)
1%
1/2
(1Ivel,) < (|ve|a)"”?, (A3)
IVOI2 < 2IVTI3+ 218,713, (A4)
1
9, wll5 < —||Vu||2 (A5)

(A1) is a consequence of the fundamental theorem of calculus, the Cauchy-Schwarz inequality,
extending the domain of integration, and the definition of the two-norm, in that order. It also
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holds with z replaced by 1 — z. Inequality (A2) is equivalent to (19) in Marchioro [9], but with
the prefactor improved from 1/2 to 4/15. Jensen’s inequality leads to (A3), while (A4) is obtained
using Young’s inequality or the arithmetic mean—geometric mean inequality. A derivation of (AS)
can be found in Doering and Constantin [14], Egs. (5.13)—(5.16).
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