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ABSTRACT

In this work, we deal with a problem of thermal convection for a fluid satisfying Navier-Stokes equation containing
the spatial derivatives of the velocity field of sixth order, with the introduction of a tri-Laplacian term. It was pointed
out by several authors, for example, Fried and Gurtin, that contributions of higher order take into account microlength
effects; these phenomena are relevant in microfluidic flows. In particular, we follow the isothermal model of Musesti,
using a Boussinesq approximation, so that the density in the body force term depends on the temperature to consider
buoyancy effects that occur when the fluid is heated and it expands. We discuss different meaningful boundary
conditions that have a key role to understand the effects of higher-order derivatives in microfluidic scenarios with
convection. We carry out the complete study of linear and nonlinear stability for the flow. In addition, we complete
the treatment with the analysis of critical wavenumbers and Rayleigh numbers for convection in the fluid.

1 | Introduction

In recent years, nonstandard fluids which may be called generalized Navier-Stokes fluids have gained considerable
interest both from the theoretical and the experimental point of view, see, for instance [1, 2]. As an example, Navier—
Stokes-Voigt fluids (see, e.g., [3-9]), which are a zero-order theory in a larger class called Kelvin-Voigt fluids, have been
deeply investigated by the Russian school, also with possible thermal effects [10-17]. Besides these, also Ladyzhenskaya’s
alternative formulations are worth mentioning [18-21].

Among these formulations, the ones which involve higher spatial derivatives of the velocity field are of particular interest
to this study. As a matter of fact, they may be helpful in the rapidly expanding theory of flow in microdevices, as well as
in the area of microfluidics (cf. [22-24]). Generalized Newtonian theories of this type were studied by [22, 25, 26], while
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the higher derivative theories in [27-30]. In [31], it also has been proved that these theories are fully compatible with a
generalized balance law of higher gradient powers.

To be more precise, the prime aim of the present paper is to analyze a class of generalized Navier-Stokes fluids having the
viscous term involving not only the Laplacian of the velocity field, but also the bi- and the tri-Laplacian of the velocity
field, this theory having been developed by [28]. We notice that theories of sixth order were previously considered by
Nikolaevskiy [32] in the context of viscoelasticty and Beresnevand Nikolaevskiy [33] in the modeling of nonlinear seismic
waves. The Nikolaevskiy equation has been more recently studied also in [34, 35]. Interestingly, a sixth-order thin-film
equation appears in the context of reduced models for fluid-structure interaction systems (see [36, 37]).

In classical viscous fluid dynamics, the Cauchy stress tensor T;; depends linearly on the symmetric part of the velocity
gradient,

1
dij = 5 Wi j +vj0),

where v(x, t) denotes the velocity field at a point x at time ¢, and v; j = dv; /0x;.

This theory is well-established for ordinary fluids, but for situations where the composition of the fluid may involve long
molecules, or where the length scales involved are extremely small, the sixth-order theory of [28] may be very relevant. The
new theory argues that the total stress tensor depends not just upon the velocity gradient, but also upon the first spatial
derivative of the spatial gradient of the velocity, and also upon the second spatial derivatives of the gradient of the velocity,
that is, upon v; j = 8%v;/8x ;0x) and upon v; jkj = 83v;/dx;0x)Bx},.

This article studies the thermal convection in the sixth-order theory including temperature effects via a Boussinesq
approximation (see, e.g., [38]). We analyze thermal convection, in particular both global nonlinear stability and linear
instability theory, and we find that this leads to novel behavior. Indeed, stability in thermal convection is an area where
many novel effects are being found (see, e.g., [39-42]). Novel results are being achieved especially using the nonlinear
energy stability method (see, e.g., [43-46]). Moreover, thermal convection in fluids is yielding very novel and important
results in the field of renewable energy, as pointed out in [47].

One of the key aspects of the present work is to pay particular attention to the correct form of boundary conditions needed
when higher-order derivatives are present. A set of partial differential equations is generally useless if it is not completed
by correct boundary conditions which are applicable to real-life situations and which describe the interaction with the
outside. Since for the model we investigate the momentum equation involves the bi- and tri-Laplacian terms A%v;, A3v;,
A being the usual Laplace operator, finding the further boundary conditions for the problem is a difficult matter. In this
regard, we appeal to the fundamental paper [27] regarding boundary conditions, although the extension to the present
sixth-order theory [28] requires a new approach.

In this work, we present the model for thermal convection in a generalized sixth-order Navier-Stokes fluid, followed by its
application to study Bénard convection—a phenomenon in which a layer of fluid, heated from below, exhibits convective
motion. We examine the stability conditions for this problem from both a linear instability perspective and a nonlinear
viewpoint using energetic methods. The boundary conditions are broken down into three main physically relevant cases
and detailed numerical results are presented and interpreted.

2 | The Model for Convection With Higher-Order Spatial Derivatives

We start from [28, eq. 22] to study the convection problem, the system of equations describing the phenomena will also
involve a relation for the temperature, that will be an energy balance that exploits the classical Boussinesq approximation
[38]. The arising attention to phenomena occurring at small length scales justifies this generalization because terms with
higher derivatives affect the behavior of the fluid at these orders. The main contribution in the literature to the description
and analysis of a viscous flow in the setting of higher-order contributions is due to Fried and Gurtin [27], where second-
gradient fluids and corresponding derivatives up to the fourth order are considered, with the definition of a hyperstress
by a tensor of third order denoted by G; this is extended in [28] by the introduction of third gradients. They also carefully
study possible boundary conditions for this kind of fluids, that are relevant because of the introduction of new terms with
higher-order derivatives. This approach traces back to the work of Germain [48, 49], who first introduced higher-order
derivatives in the virtual displacements in order to describe the microstructure of a body.
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We proceed now to present the fundamental equations for an incompressible fluid considering also third gradients; we
have the system of equations

®

Z—‘; +(Wv-V)v="Ff- %Vp+vAv—§°A2v+;7A3v
divv =0,

where p is constant being an incompressible fluid, f is an external body force, p(x,t) is the effective pressure, A is the
Laplacian, and v is the positive constant kinematic viscosity of the fluid, é’ , 7 are the positive coefficients of [28] divided
by p.

We will denote a general point as x = (X1, X, x3) = (x,y,z) and the components of the velocity as v = (v, V,,03) =
(u, v, w). For the formulas written in components, we will use Einstein convention.

To treat the coupling between velocity and temperature, we assume that p is linear in the temperature field, so that
p=pol —a(T —Ty)|, 2

where p is a constant, o denotes the thermal expansion coefficient of the fluid, and T, is a reference temperature.

The density is assumed constant everywhere else. Using the Boussinesq approximation, we obtain the system of equations

at
divv=0 (3)

aa—f +vVT = xAT,

A (v-V)v= —in + VAV — EAZV + A3V + agTk

where g denotes the gravity along the z-direction, with negative verse, x represents the thermal diffusivity and k = (0, 0, 1).

The problem of existence of a flow satisfying the isothermal model with bi-Laplacian is studied in [30] and [29]. Interesting
instability results for the isothermal model (1) have been given by [50], assuming boundary conditions periodic in space.

In this work, we will present the study of linear and nonlinear instability for the setting just presented for Bénard
convection. As regards the possible boundary conditions to be assigned to the flow, we follow the approach of [27],
completing them with the necessary modifications because of the presence of the tri-Laplacian, as in [28], that originates
aricher structure. We will present and treat three classes of different boundary conditions, called strong adherence, weak
adherence, and general adherence, inspired to the ones treated in [27] for second-gradient fluids.

3 | Stationary State, Perturbation, and Adimensionalization of the Problem

The domain of the problem is the layer {(x,y) € R?} x {0 < z < d}. Let T} and Ty be two constants such that T} > Ty.
We require that it holds v; = 0 at z = 0, d, that the temperature is T = T, at z = 0 and that the temperature is T = Ty at
z=d.

The system of governing equations is satisfied by the basic state
0; =0, T=-Bz+Tg, 4)
where f8 is the temperature gradient, namely,

T, —-Ty

b=—35

and p can be determined from the momentum equation.

The stationary solution is denoted by (7;, T, p) and we consider its perturbation denoted by (u;, 6, ), with

v; =0; +u;, T=T+86, p=p+m,
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where p is the steady-state pressure. We adimensionalize the governing equations of the perturbation with the quantities

¢
ui=u;kU, xile?“d, t=t*T, g:ﬁ’
- povU 4
6 = G*Tﬁa = )‘(P, P = ) = -,
T T d Y dZ-V
Tﬁ =U ﬂ Ra = R2 = —OC,Bgd4
xag’ xv

where Ra is the Rayleigh number.
We thus obtain the adimensional equations for the perturbation:

‘;_‘: +(u-V)u=-Vr+Au-EA%u+yAdu+ ROk
divu=0 (3)
Pr(i—? +uV6> = Rw + xAf,

where Pr = v/x is the Prandtl number.

4 | Boundary Conditions

Although we follow the development of boundary conditions as in [27], it is necessary to incorporate the structure
presented by the sixth-order theory of [28]. This leads to a different set of boundary conditions from those obtained for
the four derivatives model of [27] and [28]. As stressed in [27], the importance of the boundary conditions is not only a
matter of correct physical description, but also key to any stability study. The external power on a body is that generated
by the tractions and velocities on the boundary together with any external body forces, while the internal power is that
generated by internal stresses paired with velocity gradients. The principle of virtual power requires these to be equal on
any control volume, see [27, p. 522] and a dissipation inequality is provided by the free energy imbalance. In other words,
the temporal increase in free energy of an arbitrary region in the body is less than or equal to the power expended in that
region, [27, p. 528]. This allowed [30] to obtain restrictions on coefficients of the power expended and essentially in our
case leads to the right-hand side of (24) being nonnegative. This is very important for asymptotic stability.

The topic of boundary conditions in thermal convection has garnered significant recent interest. It is essential to take great
care in selecting the form of boundary conditions to properly represent the physical problem at hand (cf. [51-57]).

The governing equations for the perturbation variables are presented in (5). The solution is supposed to be periodic in x, y

and satisfies a plane tiling planform, typically having a hexagonal shape (cf. the detailed discussion in [58, pp. 43-52]). The
temperature boundary conditions are as usual

8=0 on z=0,1. (6)

Much more care has to be taken with the boundary conditions for the velocity perturbation u;. We denote by V' a convection
cell, which is typically hexagonal, and the boundary intersecting with z = 0 will be denoted by I';, while the boundary
intersecting with z = d by I',.

The discussion below applies to boundary conditions for the perturbation velocity. Since the boundary conditions for the
sixth-order case were not derived by [28], we first derive the correct boundary conditions for a general three-dimensional
domain Q having I as boundary, and the general boundary conditions are specialized to the thermal convection problem
between two planes afterward.

Equation (5) has, in general, the form

Ui+ Ujl; j = Tijj +R@ki , (7)
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where o;; is the total stress tensor. This tensor is composed of three parts. There is the symmetric Cauchy stress, T’ j, which
has the classical expression

TU = —ﬁdy + TS = —ﬁél] + Zdij,

where 7 is the fluid pressure, and T?j is the symmetric extra stress which depends only on d; ;. Notice that usually there is
a coefficient u, representing the dynamic viscosity, in front of d; ; but this is normalized due to our nondimensionalization.

To handle the extra complexity of the second gradients of u;, [27] and [28] introduce a third-order tensor which [27] refer
to as a hyperstress, G; jks which has the form

. 0

Gijk = _ﬂkaij + Gijk ’ (8)
where 77 is a pressure vector and G?‘ K is the extra hyperstress involving only u; ji. To incorporate the extra complexity
involved with the third gradients of u;, [28] introduces a fourth-order tensor H; ji, of the form

0
Hijkn = =8ijIlkcn +Hyjyp

where Iy, is a pressure tensor and H ?jk , is the fourth-order extra stress which involves only u; jip,.

The total stress which arises in Equation (5)is 0;; = T;j — Gjji k + H;jkh,hk and thisyields the terms -7 ; + Au; — § Au; +
yA3u;, that is, in Equation (5),

0jj = 7, + Au; — EA%u; + yAPu; = (Tyj — Gy + Hijicn i) I 9

where 7 = 7 + 7 i + iy p is the total pressure.

Musesti [28, p. 87] writes: “A discussion about boundary conditions of third order fluids [... ] would be desirable.” To analyze
thermal convection, it is essential and so we now do this. To develop a complete set of boundary conditions, we commence
by multiplying o;; ; by u; and integrate over the domain Q. Let || - || and (-, -) denote the norm and inner product on L2(Q).
Throughout, we suppose we have no-slip boundary conditions so that u; = 0 on I'. Under these conditions, (u;, 7 ;) =
—(u; ;, m) = 0. Hence, we obtain after integration by parts and use of the boundary conditions on u;,

(gj,j>wi) = —(0yj, u; j) = —(Tg, u; )+ (ng,k,ui,j) - (Hgkh,hk, u;j). (10)
We deal with each integral on the right of (10) below. First,
~(Tjj.ui 1) = =2(dyj, uy ) = =[|Vul|. (1)
Second,
(G?jk,k7ui,j) = —(G?jk,ui,jk) + 7{ G?jknkui,j dA, (12)

where dA denotes the element of integration over I'.

To handle the boundary term, we follow the notation of [59] and we denote with a = 1, 2 the indices with respect to the
two surface coordinates on T and let a*? be the fundamental surface tensor for the surface T. This allows one to write
onT,

Ou;
i = 1y g+ XjaaPuig, (13)

where ; a denotes surface covariant differentiation, that is, it allows one to split u;, j into components normal to the surface
T, and tangential to this surface. Since u; = 0 on T, the tangential components, which are derivatives along the directions
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of the surface coordinates, are zero. Hence, (12) becomes

oy;
(G?jk,k, ujj) = —(Gl-ojk, Ui ji) + _7{ m; 6_nl dA, (14)
where
— 0 .
m; = Gl.jknknj . (15)

We now employ integration by parts to derive an expression for the Hj jyj, term. We may derive

ou; Ou;
0 = (H° — 0 St = —(H" o 0 u..n.dA— ; L dA
_(Hijkh,hk’ ui,j) = (Hijkh,h’ uiJk) %FHijkh’hnknj an dA = (Hijkh’ uwkh) + FHijkhulenh FHljkh,hnknj an .

(16)

Treatment of the second integral on the right of (16) is quite involved. We repeatedly use the decomposition (13) into
normal and tangential components on I'. Write

I= fH?jkhui,jknh dA =1, +1,, a7
r
where
0
— 0 —(y: -
I = jéHijkh ny an(”l’f)”" dA, (18)
and
L= %H?jkh npXgq 0P (u;j).pdA. (19)
r

The term I; is written as
0
11 = éHijkhnknhnqui,jqu
— 0 S )
= }{Hl.jkhnknhnq(ul,q),jd/l
= ¢ H° mnyn 9 (wj)n:dA+ @ H® nenpng xia®fu; ). dA
T Jp ukh KRR gy e kR TRTREG 1,q/p B3

Then,

82%u

I=¢ H® nnwn —idA+] +J5,
é ijkh™"J k"*h on2 1 2

where

= jéH?jkhnhxk;aaaﬁ (ui,j)p dA,

Jy, = jéH?jkhnhnknq xj;aao‘ﬁ(ui,q);ﬁ dA.
This procedure leads to

- _ 0 aB,,. . _ 0 aB,,. . _ 0 aB,,. .
J1 = %rHijkh,mnth”;ﬁxk;“a u; j dA %ngkhnh;ﬁxk;aa u; jdA }{FHljkhnhxk:“ﬁa u; jdA.
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We now need to employ the Gauss equations X;,q5 = bygh; and the Gauss-Weingarten relations n;,, = —ngl-;'g, where
by arises in the second fundamental form of the surface I'. In this way, we derive

0
}If Hykh o Xm:p Xk @ ﬁulj dA +j1{ H° ijkh ﬁxh;gxk;aao‘ﬁui,j dA — ?{rHijkhnhnkbg”inA’ (20)
where 2H = b = a%® by is twice the mean curvature of the surface I'. A similar calculation with J, leads to
Jy=- %H%kh’mnknhnq xm;lng;aa“ﬁui,q dA
r
- jéH?jkhxj;“ [”lk;,@”hnq + ngnghpg + nknhnq;ﬁ] a“ﬁui,q dA
- @ H°  mnpngxi.qga®fu; ,dA
o ikh kTthftq X jiap i.q
ou;
B jéH?jkh,m”k”hxm:ﬁ xjqa® an 44
0 ¢ 4 du;
+ éHijkth;“ [bﬁxk;g”lh + bﬁxh;gnk] a®h 5 dA
?{Hz]kh ﬁxq;ga"‘ﬁnknhxj;aui,q dA
ou;
0 i
_ jéHl_jkhbgnknhnj Zida. Q1)

We now use expression (13) in (20) and (21) and recognize that the tangential parts of u; ; yield zero contribution. In this
way, combining (16), (17), (18), (19), (20), and (21), we may see that

—(Hgkh’hk, ujj) = —(Hg-kh, Ui jicn) + }{Fhi % dA + jl{rCIi % dA, (22)
where
qi = —H?jkh’hnknj —H?jkh,mnjnhao‘ﬁxm;ﬁxk;a
- H?jkh,mnknha“ﬁxm;ﬁxj;a + H?jkhbg"‘xh;gxk;anj
(23)
- H?jkhnhnknjb + Hljkhxj;abé(”hxk;g“ + nkxh;g)a"‘ﬁ
+ H?jkhnknhnqxj;axq;gb’f“ - H?jkhbgnknhnj .
Finally, we obtain from (10), (11), (14), and (22),
5 o 0 0%y, ou;
(031, i) = =IVUll® = (Gyyp, wi jic) = (Hiy» i jion) + }l{rhi Y dA + }{rpi I dA, (24)
where
h; = H?jkhnjnknh and pi=m;i+gq;.
To employ (24) in practice, we need expressions for Gl] , and H ?J i, and these are given by [28]. They have the form
Giojk = M jic + M2(Uj ik + Upij — SjAuy) + 13(8iAug + SycAuj — 465 Au;), (25)
7 of 20
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and
Hlpjkh = Ql(élj [Auk’h + Auh’k] + 5ik[Auj’h + Auh)j] + Sih[Auk’j + Auj,k])
+ g(ajkAui,h + 5jhAui,k + 5khAui,j) 26)
+ (ful-,jkh + %(SkhAuj,i + SjkAuh,i + thAuk’,-)
+ O ik + vk ijh + Unijk) -

The coefficients 7, 7,, and 7 satisfy the relation
§=m-—m—4m320,

and, by identifying 18 individual components and a very clever splitting of the matrix in a quadratic form, in [30] the
optimal conditions for the dissipation inequality are given:

M+ 20, M —mp20, M =7y —6m3—24/1; + 403 + 995 > 0.

The coefficients 2, D, €, F, and ® satisfy
y=3D+E>0.

We may now define various classes of boundary conditions for a sixth-order fluid. We define h; = H;jipnjniny,. We only
deal with no-slip conditions, and we say that the boundary conditions are of strong adherence type if

_ 6ul~ _ 62ul~ _ r
ui—O,%—O,W—O onl.
They are of weak adherence type if
ou;
ul—,a—nl=0,hi=0 onT
They are of general adherence type if
ou; 9%u;
ui=0,a—nl=0,hi=—667; on T,

where ¢ > 0 is a constant to be prescribed.

In this work, we concentrate on the above three types of boundary conditions and we refer to these as cases I, I and
I1I, respectively.

The sixth-order theory presented in [28] has a richer structure, and one may define a further four types of no-slip boundary
conditions. These are

u; =0, b =0, p;=0 on T,

then for a constant ¢ > 0,

d%u
u; =0, hj = ¢, Zl,pl—O onT,
on
or for a constant ¢, > 0,
ou;
u; =0, h; =0, p; —fza—nl, onT,
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and

9%u; du;
ui=0, hiz_flﬁ;’ pi:—fza—nl onT.

We do not treat the latter four classes of boundary conditions in the context of thermal convection, they involve explicit
values of the Musesti coefficients 5y,7,,%3, 2, D, €, §, and &. However, these boundary conditions should prove to be
of importance in microfluidic situations and will be the subject of future work. We finally mention that one could also
produce a further class of boundary conditions corresponding to the stress vector being zero on a surface I'. The necessary
details may be worked out in a similar manner to the above.

5 | Nonlinear Stability
We now focus on the Musesti model and collect the perturbation equations. We recall that system (5) gives

Ui+ Ujl; j = =T + R@ki + Au; — §A2ul~ + yA3u,- ,
u;; =0, 27

Pr(Q,[ + uie,i) = Rw + A@,

where 7 collects the contributions of %, 7y, and IT .

Equations (27) are defined on the domain R? x {z € (0,1)} x {t > 0}. Denote by || - || and (-, -) the norm and inner product
on L?(V). We now rewrite system (27), together with any of the boundary conditions I, II, or IIL, in the form of an abstract
operator equation

BU, + LU + N(U) =0, (28)

where U = (u,v,w, 6, 7r)T and where B is a linear symmetric operator, L is an unbounded linear operator and N(U)
represents the nonlinear terms, defined on a dense domain of the Hilbert space H = [L?(V)]* (cf. [60, pp. 212-215]). In the
present case, the operator B has form B = diag{1, 1, 1, Pr, 0}, the nonlinearities N(U) consist of u ju; j and u;0;, while L is
represented by the right-hand side of (27). The solution is understood to be periodic in X,y and the components of u; in
addition to being zero on z = 0, 1 also satisfy boundary conditions of case I, II, or III.

We start by deriving a general energy equality. We multiply (27); by u; and integrate over V and then multiply (27); by 6
and integrate over V. Upon employing the boundary condition I or II, we may obtain the energy equation

d/1 Pr
(S + S 1017) = 2R©, w) — I Vul> - VO - ¥, 29)

where the stabilizing term involving the second and third spatial gradients is defined by
Y = (G?jk, Ui jk) + (H?jkh,ui,jkh)~
In the situation where boundary conditions III are employed, it is necessary to add

52ui azui
1% an2 6712

to the right-hand side of (29).
The tensors G?j K and H iokj , are given in (25) and (26) and it is useful to introduce the symmetric and skew-symmetric parts
of u; j:

1 1
dij =S (uij+uji),  wij=5(uj—ug)-
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We can now rewrite Y (i.e., the higher-order gradient term) as

Y =01 (Ui jies i jie) + 202 [(dijijer dij o) — (@351 @i 10)] — (02 + 4n3)l| Au|?
+ 3D(Auy i, Auy i) + C(Wy jkn Ui jin) + 3F(Au; j, Auj ;) + 36W; jin, Ujikn)
=1 + 2m)(djj o, dij i) + (1 = 2m2) @y, @ij k) — (2 + 4n3)[| Au)?
+3(D + F)Ady, Ady) + 3(D — F)(Awy, Awy)

+ (€ + 36)(djj kn> dijkn) + (€ = 38)(wjj k> Wij en)- (30)

T
The right-hand side of (29) together with (30) allows us to introduce a bilinear form on H. Let U = (u',v',w',8,7') and

T
W = (u?,v%,w?,¢,7%) be solutions to (27) subject to boundary conditions of case I, I1, or I1I. Let d;, w; ; be the symmetric
and skew-symmetric parts of uilj, and let ¢;, {;; be the symmetric and skew-symmetric parts of uizj. Then define a bilinear
form on H by

(W,LU) =2R [(w?,0) + (w', ¢)| — (Vul, Vu?) - (V6,V¢)
— (1 + 2m2)(dij ks €3.) — 1 = 212) (@i k5 S )
+ (2 + 4n3)(Aut, Au?) — 3(D + F)(Ady, Aejj)
= 3(D - F)(Awyj, AGy) — (€ + 38)(djj kn» €ij kn)

9%ul 52%u?
— (€ = 36)(@jj kh> Sij joh) — ffava? Gz dA, (3D

where the boundary term is present in case III, but is not present for cases I and II.
We have that L is a symmetric operator, because one can easily prove that (W,LU) = (U,LW).
Moreover,

(U,N)) = (wjuy j,u;) + (u;6;,6) =0,

as may be seen by integration by parts, the fact thatu; ; = 0, and use of the boundary conditions, and the resulting nonlinear
stability is global. Therefore, following [60], we have that the linear threshold for instability is equal to the threshold for
nonlinear stability. Actually, this may also be seen by examining the linear theory and showing that the growth rate is
zero. In particular, denoting by o the growth rate in a representation of time like e°’ and the complex conjugate of U
by U*, we have o(U*,BU) = (U*, LU) which gives Imo = 0. Then, the energy equation can be adjusted and one can
determine the critical Rayleigh number for nonlinear energy stability by using the dissipation terms and the maximum of
the production. With this procedure, one obtains the same Euler-Lagrange equations that appear in the linear instability
equations. Nevertheless, the main finding is that the nonlinear stability issue can be fully captured by determining the
threshold of instability through linear instability theory.

Remark. Regarding case I, the domain D(L) of the operator L consists of {u € (WS’Z(V))3} x {0 € W(l)’z(V)} and the
relevant functional spaces for addressing the existence and uniqueness of a solution are analogous to those carefully
introduced by [29, Section 7.2.2] for a similar problem, which considers only the second and fourth derivatives. Existence
and uniqueness of a solution in case I can be established by following the approach in [61], with the key modification of
adding a third Laplacian to the fluid equation and dropping the bi-Laplacian term in the temperature equation, using the
analytical techniques outlined in [29]. For cases II and III, existence theory becomes more complicated: proving existence
and uniqueness under these boundary conditions would shift the focus of this paper, which aims to provide a concise yet
comprehensive analysis of the problem. This aspect will be addressed in a forthcoming study. However, in the interests of
analyzing convection scenarios within the current model, we study here the impact of these cases on the stability.
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6 | Assessment of the Critical Rayleigh Number Associated With Instability

The standard approach to determine the critical Rayleigh numbers for instability involves linearizing (27) and searching
for solutions of the form

u; = u;(x)et, 8 = 0(x)e’, 7 = m(x)e!.
Here, we follow this approach, noting that since o € R, the threshold for linear stability occurs at o = 0. We proceed
by linearizing, setting o = 0, and then applying the curl-curl operator to (27); to eliminate . Retaining only the third

component of the resulting expression, we arrive at the following system that must be solved:

0 =-A%w+ EA3w — yA*w — RA*0,

0=Rw + Ab,

where A* = % /3x? + 8/dy?. We solve this system numerically using a Chebyshev tau method. It is preferable to work
with the following equivalent system to mitigate issues with spurious eigenvalues:

0= —-A%w + EA3w — yA*w — R2A*6,
(32)
0=w+ A6,

where R? = Ra. The system will be solved with the following boundary conditions, corresponding to cases I, II, and III.

6.1 | Boundary Conditions for Case I

Here,

6ul~ azui .
uy=0 —=0, —=0, onz=0,1,i=1,2,3,
on on?

while periodic boundary conditions are applied along the lateral walls of the cell V. Hence,
w=0, w,=0 w,;=0, u,; =0, vy, =0, onz=0,1.
Due to the fact that u, + v, + w, = 0in V, then we have (onz =0,1,):
Uyzz + Vyzz + Wzzz =0,
hence w,,, = 0 on z = 0, 1. Thus, the following are the boundary conditions for case I:

W=W, =Wy = Wyyy =0, z=0,1. (33)

6.2 | Boundary Conditions for Case II

In this case,
ui=0, — =0, ]’li=0, onz=0,1,

where i = 1,2,3 and h; = H;jipnjnen, withn = (0,0, 1). Since

w=0,w,=0,u, =0,v, =0 onz=0,1,
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and u is solenoidal, it follows that
w=0,w,=0,w,, =0 onz=0,1.
In addition for hy, =0, a = 1,2, we findonz =0,1,

hy = H°

w333 = 3DAuUy ; + Cug 777 + 3FAW 4 + 30w 0 =0, onz=0,1.

Differentiate the equation for a = 1 by x, differentiate the equation for &« = 2 by y, and then use the continuity equation to
see thatonz =0,1,

—BD+ )Wy, +3(F+G — DA w,, = 0.
Since w,, = 0 on z = 0, 1, it follows that w,,,, = 0 there. Hence the boundary conditions for case II are
W=W; =Wyy = Wyyyy =0, z=0,1. (34)

Remark. To determine the pressure vector component IT33, the boundary condition Az = 0 is used.

6.3 | Boundary Conditions for Case III

Here,
82u;
u; =0, L =o, hj=—-t —, onz=0,1,
on?

wherei =1,2,3 and
hi = Hl'jkhl’ljl’lkl’lh = Hi333 = _H33,3i + 62I5i3Aw’3 + 3§)Aui,3 + @“i,333 + 3§Aw,i + 3(§w,33i.

Using hy, h,, and the continuity equation, we can apply similar reasoning as above to demonstrate that the general
adherence boundary conditions are

Ww=w,; =w,;,; =0, YWzzzz + fwzzz =0,
on z = 0, 1. Therefore, the general adherence boundary conditions are
w=0, w;=0, Wy;;=0, Wyyyy+qWyz, =0, onz=0,1, (35)

where g =¢/y > 0.

7 | Numerical Methods and Numerical Results
To solve Equations (32) under boundary conditions I-III, we use a Chebyshev tau method (see [62]). For this, we express
w = W(2)h(x,y), 6=0(2)h(x,y),

where h satisfies A*h = —a2h, where a is a wavenumber.

We solve (32) for the eigenvalues Ra by writing these equations as a system
(D? —a*)W =,

D*-ad)y =19,
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(D* —aP =1,
1 13 a?
D?-a’y+=-p—->n=Ra—0O,
( m yz,b y 7 ”
(D?-a?>)e+W =0, (36)

where D = d/dz. The boundary conditions may now be written in the form

Casel O=W=DW=yy=Dy=0, z=0,1,
Case Il O=W=DW=yy=9%=0, z=0,1,
Case III O=W=DW=xy=0, p+qDy=0, z=0,1.

The solution to (36) is expressed as a sum of Chebyshev polynomials in the form
N
W=y WTi2),
i=0

N
X = 2 XxiTi(2),

i=0

N

Y=Y %Ti(2),
i=0
N

n= Y nTiz),
i=0

N
0= Z ®iTi(Z)'

i=0
This generates a generalized matrix eigenvalue problem of the following form:
Ax = Ra Bx,

where

X = (Wo, ey WN’ X0ss XN> lpo, ey le,Tjo, s N> @0, ey ®N)

The boundary conditions are directly integrated into the appropriate rows of the system matrix A. The resulting matrix
eigenvalue problem is then solved using the QZ algorithm of [63].

We now report on numerical results for Equations (27). The values of £ and y selected are chosen to display the type of
behavior witnessed. The typical new behavior is found for y very small, while & is also small it is comparatively larger. For
larger values of the parameters displayed here the stabilizing effects are seen with very large values of critical Rayleigh
number. Numerical results for boundary conditions of type I are given in Table 1 whereas those for boundary conditions
of type II are included in Table 2. Figures 1 and 2 show graphical output for the critical Rayleigh number and for the
critical wavenumber for strong and weak adherence boundary conditions. It is seen that for the strong adherence boundary
conditions, case I, the critical Rayleigh number increases strongly for y as shown in the first five values of Table 1, whereas
the growth of the Rayleigh number is still increasing but at a much lesser rate when the variation is in &, as seen by
comparison with the next six values in Table 1. Clearly, the y term which represents the tri-Laplacian has a stronger
stabilizing effect than the £ term which is for the bi-Laplacian. Physically, this is to be expected. The dominance of y over
& continues to be observed in Table 2 which is for weak adherence boundary conditions, although the rate of growth in
the critical values of Ra is less pronounced.
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TABLE 1 | Critical Rayleigh and wave numbers for boundary conditions of Case I, strong adherence, versus y, &. The classical values
which hold for ¥ = 0, ¢ = 0 and fixed surfaces are R = 1707.76, a® = 9.712.

Ra a’ y &
1707.76 9.712 0 0
2020.22 10.53 1077 0
2333.33 11.00 1076 0
3155.21 12.13 107> 0
7009.72 13.70 1074 0
3155.23 12.13 107> 1077
3155.42 12.13 107> 10°°
3157.35 12.13 10> 10~°
3176.66 12.13 10 1074
3368.79 12.16 107> 1073
5236.80 12.28 107> 1072
3155.42 12.13 10 10~
3157.35 12.13 10-° 10~°
7012.21 13.70 10~ 107>

TABLE 2 | Critical Rayleigh and wave numbers for boundary conditions of Case II, weak adherence, versus y, &. The classical values
which hold for y = 0, £ = 0 and fixed surfaces are R = 1707.76, a® = 9.712.

Ra a? y &
2032.77 10.36 1076 0
2476.26 10.85 1072 0
4482.71 11.36 1074 0
2476.45 10.85 1073 1076
2495.50 10.87 1073 1074
2667.65 10.97 1073 1073
4346.97 11.47 107 1072

The behavior of the critical wavenumber for cases I and II is shown in Tables 1 and 2, and in Figures 1 and 2. In both cases,
the critical wavenumber rises as y increases. This means that since the wavenumber is inversely proportional to the aspect
ratio of the convection cell (width to depth), increasing y means the cells become narrower for a fixed depth. The presence
of the tri-Laplacian appears to concentrate the convection cells more together to produce a smaller pattern when viewed
from above.

For the general adherence boundary conditions with q = ¢/y, Figures 3 and 4 and Table 3 show the critical Rayleigh
number varies from the weak adherence value at g = 0(¢ = 0), to the strong adherence value as q increases (£ — ).
The variation is from Ra = 2476 to Ra = 3155 when y = 107>, ¢ = 0, with a? increasing from 10.85 to 12.13 over the same
range. The variation is from Ra = 4347 to Ra = 5237 when y = 107>, £ = 102, with a? increasing from 11.47 to 12.28 over
the same range.

8 | Conclusions

In this paper, we have investigated a model for thermal convection in a higher-order Navier-Stokes theory, introduced for
isothermal flow by [28]. In the model, the stress depends on spatial velocity gradients up to third-order derivatives, so that
the associated PDE is of sixth order. This kind of fluids are physically relevant, since the presence of such extra spatial
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FIGURE 1 | Graph of Ra versus y, case I boundary conditions, strong adherence are open circles, case II boundary
conditions, weak adherence are triangles; ¢ = 0. The value of Ra when y =0, = 0 is 1707.76.
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FIGURE 2 | Graph of a? versus y, case I boundary conditions, strong adherence are open circles, case II boundary
conditions, weak adherence are triangles; £ = 0. The value of a> when y = 0, = 0 is 9.712.

derivatives can capture, for instance, some features of the flow when the composition of the fluid involves long molecules,
or in applications to microfluidic industry where length scales are very small (see [27, 64-66]).

By including also temperature into the model, we have studied the Bénard thermal convection problem, employing
meaningful boundary conditions, which have been derived up to the highest order. We have shown that linear instability
provides the same results of a global nonlinear energy stability analysis; this is an optimal result and shows that linear
instability theory is enough to capture the physics of the problem.
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FIGURE 3 | Graph of Raversus g, case IIl boundary conditions, general adherence.y = 107>, = 0.01,y = 107>, and £ = 0.
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FIGURE 4 | Graph of a® versus g, case III boundary conditions, general adherence.y = 107>, £ = 0.01,y = 107>, and £ = 0.

The study of thermal convection for higher-order fluids can be very interesting from the technological viewpoint: for
instance, in [47] it is described a novel method in energy production, where a convective motion in a bath of suitable fluid
induces the creation of electricity via the pyroelectric effect with a PZT ceramic plate of thickness several um (see for more
details [47, 67]). A careful control of the convective motion is necessary in a small bath and we believe a fluid with long
molecules could be employed to ensure accuracy. Such a fluid will need to be modeled by higher spatial gradients.

Furthermore, recent applications of solar pond technology have incorporated phase-change materials and other additives
into the saline water to enhance electricity production efficiency (see [68-70]). The complexity of the resulting fluid
can be more accurately modeled with a higher-order Navier-Stokes theory. This approach, which predicts the onset of
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TABLE 3 | Critical Rayleigh and wave numbers for boundary conditions of Case III, general adherence, versus gq. The first two
columns with Ra, a? are for y = 107, £ = 0, whereas the second two columns with Ra, a? are for y = 107>, ¢ = 0.01.

Ra a’ Ra a’ q
2476.26 10.85 4346.97 11.47

2484.86 10.88 4354.86 11.47 1
2553.37 11.03 4420.06 11.56 10
2857.04 11.65 4766.95 11.90 100
3105.80 12.07 5147 12.28 1000
3155.21 12.13 5236.80 12.28 0

convective instability at a significantly higher Rayleigh number, could prove beneficial in advancing the effectiveness of
this technology. Moreover, it has been realized recently that the efficiency of a solar pond may be greatly increased by
using a mixture of coal and cinder at the base ([71-74]). Such a porous medium will have a double porosity structure and
in the micropores we believe a higher gradient theory for an incompressible fluid will be required for accurate assessment.
Such a porous material is known as bidisperse and convection in such is well-known [75, 76], although in the solar pond
case one would need to adapt the theory of convection in a fluid layer overlying a bidisperse porous medium developed in
[77].

Finally, convection in nanofluids is a very hot topic in heat transfer and renewable energy research (see, e.g., [78]). A
nanofluid is a suspension of typically metallic oxides in a carrier fluid and there is clear evidence that a nanofluid does
not behave like a linearly viscous Navier-Stokes fluid (see, e.g., [79]). For example, a CuO nanofluid suspension contains
particles of the shape of a prolate spheroid of aspect ratio 3 (see [79]). Such a molecular liquid is well-known to display non-
Newtonian behavior (see, e.g. [1]), where a flattened velocity profile is observed in Poiseuille flow instead of the parabolic
one of Navier-Stokes theory. Such behavior in fluid suspensions has been known for many years, see [80], and a higher-
order velocity gradient theory does not suffer from the drawback of a parabolic profile. Hence, a [28] sixth-order theory is
likely to also be suited to a proper description of convection in a nanofluid suspension.
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