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ABSTRACT

Thermal convection is the essential mechanism by which heat is transported in many
natural flows and reveals often a hierarchy of different flow structures. Any of the present
environments may offer its own set of specific boundary conditions, whereas the solar
convection zone represents one of the most prominent examples for a natural convection
flow that exhibits a distinguished pattern hierarchy. The formation of the latter and the
role of its involved flow structures on material transport are important open questions in
science.

This thesis at hand (1) expands our understanding of the alteration of large-scale
flow structures by different boundary conditions, and (2) investigates the former from a
Lagrangian material transport perspective. To this end, Rayleigh-Bénard convection — a
paradigm of natural thermal convection — is studied via direct numerical simulations.

The first main result is obtained by an explorative study with respect to idealised
mechanical and thermal boundary conditions. It is shown that the latter fundamentally
determine the nature of large-scale flow structures, opening an entirely new path for more
detailed studies. If the flow is driven by a constant heat flux, the gradual aggregation of
smaller convection cells to a domain-filling convection structure — which is in reminiscence
to the astrophysical motivation termed supergranule — can be observed for all accessible
Rayleigh and Prandtl numbers. It is furthermore shown that weak rotation around the
vertical axis is capable of limiting this aggregation process, and the scaling of the resulting
pattern size is investigated. The dynamical origin and formation of the supergranules is
analysed in the context of instabilities and spectral cascades.

The second main result is obtained by examining the evolution of massless Lagrangian
particles in the classical, constant temperature-driven scenario. Unsupervised machine
learning is used to identify coherent spatial regions, the latter of which are subsequently
related to the large-scale flow patterns and analysed in terms of their heat transport
across different working fluids. A new evolutionary clustering method, which overcomes
observation window restrictions of previous approaches, is developed. It is part of future
work to apply this technique to the gradual supergranule aggregation.

This thesis describes a new mechanism of self-organisation of flows and significantly
expands our understanding of large-scale flow structures in thermal convection. Due to
the simplicity of the underlying dynamical system, it applies to various natural flows
and allows to interpret their extremely complex nature more successfully.
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KURZZUSAMMENFASSUNG

Thermische Konvektion ist der essentielle Mechanismus durch welchen Warme in vielen
natiirlichen Stromungen iibertragen wird und weist zugleich oftmals eine Hierarchie von
verschiedenen Stromungsstrukturen auf. Jedes Umfeld kann dabei {iber seine eigenen
charakteristischen Randbedingungen verfiigen, wobei die solare Konvektionszone das wohl
bekannteste Beispiel mit ausgepragter Strukturhierarchie reprisentiert. Die Entstehung
Letzterer und die Rolle der involvierten Stromungsmuster bzgl. des materiellen Transports
stellen wichtige offene Fragen der Wissenschaft dar.

Die vorliegende Arbeit (1) erweitert unser Verstandnis von der Beeinflussung groiskali-
ger Stromungsstrukturen durch verschiedene Randbedingungen und (2) untersucht diese
Muster aus der Perspektive materiellen Transports. Zu diesem Zweck wird Rayleigh-
Bénard Konvektion — ein Paradigma natiirlicher thermischer Konvektion — mittels direkter
numerischer Simulationen untersucht.

Das erste wesentliche Ergebnis wird durch eine explorative Studie verschiedener ideali-
sierter mechanischer und thermischer Randbedingungen erreicht. Es wird gezeigt, dass
Letztere die Natur der groiskaligen Stromungsstrukturen fundamental bestimmen. Wird
eine konstante Warmestromdichte aufgepriagt, so kann eine allméhliche Aggregation
kleinerer Konvektionszellen zu einer die gesamte Doméne fiillenden Konvektionsstruktur
— welche in Analogie zur astrophysikalischen Motivation als Supergranule bezeichnet wird
— fiir alle zugdnglichen Rayleigh- und Prandtl-Zahlen beobachtet werden. Es wird zudem
gezeigt, dass schwache Rotation um die vertikale Achse imstande ist, den Aggregations-
prozess zu beschranken. Der dynamische Ursprung und die Formierung der Supergranulen
werden im Kontext von Instabilitdten und spektralen Kaskaden analysiert.

Das zweite wesentliche Ergebnis wird durch die Analyse der Entwicklung von masselosen
Lagrange’schen Partikeln im klassischen, durch konstante Temperaturen angetriebenen
Szenario erzielt. Uniiberwachtes maschinelles Lernen wird dazu benutzt, kohirente Re-
gionen zu identifizieren, welche anschliefend mit den grofiskaligen Stromungsstrukturen
in Verbindung gebracht und bzgl. ihres Warmetransportes in verschiedenen Fluiden ana-
lysiert werden. Abschliefend wird eine neue evolutionare Clustering-Methode entwickelt,
welche kiinftig auf die Supergranulenaggregation angewendet werden kann.

Diese Arbeit beschreibt einen neuen Mechanismus der Selbstorganisation von Stromun-
gen und erweitert damit unser Verstandnis grofiskaliger Stromungsstrukturen thermischer
Konvektion. Die Einfachheit des untersuchten dynamischen Systems erlaubt eine Ubertra-
gung auf verschiedenste natiirliche Stromungen sowie deren erfolgreichere Interpretation.
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‘“The experiment is the mightiest and most reliable lever
through which we can wrest its secrets from nature.’

— Wilhelm Conrad Roéntgen, 2nd January 1894
(translated from German [1})

Mr Roéntgen was the discoverer of X-Rays (also called Rontgen radiation) and grantee
of the first Nobel Prize in Physics in 1901. What if we could show him nowadays the
possibility of measuring numerical experiments even without the use of rays?
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CHAPTER

INTRODUCTION

1.1 Motivation

Gravity — the weakest of the four fundamental interactions in physics — pervades
the whole universe while being inescapable by acting as a body force. In contrast
to electromagnetic interactions, which may act on similar length scales and can be
considered as being 10%? times stronger than gravitational interactions®, there are no
negative gravitational masses [2]. This fact that gravity cannot be neutralised grants it
a very special omnipresent role, especially on large scales.

The interplay of gravity with mass density inhomogeneities, typically caused by thermal
heterogeneities, is called buoyancy and induces without any further help natural (thermal)
convection — the latter of which represents the essential mechanism by which heat is
transported in natural flows [3]. On the one hand, such a convective heat transfer is
much more efficient than pure heat conduction, whereas on the other hand the existence
of a fluid is mandatory to absorb and release heat. If this is not present, radiation as a
third mechanism may transfer heat even without any transmitting matter and becomes
dominant especially when the surface temperature of a body is extraordinary high.

Examples for such natural convection processes driven by heat transfer can be found
on Earth throughout its layers from mantle convection [4] over deep ocean convection [5]
up to convection in its atmosphere [6], eventually determining local and global aspects
of weather and climate. But natural convection is not only an effect that accompanies
humans, it can also be used and exploited by us through engineering. For instance,
natural thermal convection can be used to cool electrical devices without the need of an
additional fan and thus a plus of energy input. Vice versa, wind turbines may exploit
the pressure gradients across the Earth’s atmosphere by translating kinetic energy into
electricity.

Thermal convection flows reveal often a hierarchy of different structures and flow
patterns, e.g. as clusters of clouds over the warm ocean in the tropics of Earth [7]. The
solar convection zone in the outer 30% of the Sun [8], see also figure 1.1, might represent

!Considering exemplary the attracting forces between a proton and electron.
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Figure 1.1: Schematic structure of the Sun [9]. Heat that is generated in its core
is transferred through the convection zone and eventually radiated at its photosphere
into space. A prominent hierarchy of different patterns at and close to its surface is
observable from Earth.

one of the most prominent astrophysical examples of such a hierarchy formation. So-called
granules, i.e. small convection cells with typical horizontal extensions of I ~ 103 km that
exhibit lifetimes of about 10 minutes, represent the first stage and form the basic pattern
at the solar surface where a heat flux drives convection [8, 10]. The next larger building
block in this hierarchy is termed supergranules, offering extensions of lsq ~ 30lg and
lifetimes of a day. Finally, observed giant long-living fluid motions [11], that extend with
lam ~ 200lg across major parts of the solar convection zone and exhibit lifetimes of more
than a month, represent a third stage in this hierarchy [8]. However, our understanding
of this hierarchy’s origins is still far from complete [12].

Supergranules as part of this hierarchy are known to be connected to magnetic networks
such as sunspots [8, 10, 13, 14], the latter of which are directly related to the solar
cycle. On the one hand, this cycle impacts the solar radiation [10] and thus — besides
other cycles that originate in the orbital parameters of Earth [15-17] — the thermal
forcing of weather and climate on Earth. On the other hand, and even more important,
such magnetic networks are related to coronal mass ejections and thus to adverse space
weather. In other words, supergranules are related to accelerated and from the Sun
ejected particles, which can in turn pose severe danger to humans and their technology
[8, 18]. From this point of view it becomes clear that such hierarchies in natural flows
are of particular interest in research.

The phenomenon of natural convective heat transfer with its many facets is crucial
for many processes — so does it not surprise that the idea of convection is quite old
and that first quantitative experiments have already been performed around the year
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1900 by Henri Bénard [19, 20]. He studied the stability of a thin fluid layer with a free
surface, influenced by a vertical temperature gradient. Later in 1916, Lord Rayleigh
studied convection between two plates in more detail and developed a complete linear
stability analysis for selected boundary conditions [21]. Many scientists followed the
works of Bénard and Rayleigh in the last century while focussing on the thermally driven
turbulent convection — but still a large number of questions remains open, even for the
simplest experimental setup of so-called Rayleigh-Bénard convection [3, 20].

1.2 Fundamentals of Rayleigh-Bénard convection

1.2.1 Basic experimental setup

Rayleigh-Bénard convection is the simplest paradigm for research of thermal convection
and thus of thermally driven turbulence [3, 22]. There, ‘a continuous medium, whose
equilibrium state is uniform, is contained between two parallel uniform plates [...] whose
width L is large compared to their [vertical] separation H. The medium is driven out of
equilibrium [...] by gradients of temperature |[...]. Because the plates are uniform, the
gradients are normal to the plates and independent of their position along the plates’
[23]. In other words, heat shall be transferred across a layer of fluid that gets confined
between two horizontal planes — the bottom plane is heated whereas the top plane is
cooled. Because of the variation of mass density with temperature, this may destabilise
the fluid once the system is subjected to gravity. This is all that is necessary and thus
the reason for the simplicity of this setup.

Although already complicated in its own, various extensions can be made to include
further physical mechanisms into this dynamical system. Examples of such extensions
that are of particular importance to geo- and astrophysical flows include complex fluid
property dependencies [24—26], phase changes [27, 28], rotation around some axis [29,
30] or magnetohydrodynamic effects [31-33].

This present thesis deals mostly with the very basic setup of Rayleigh-Bénard convection
and includes rotation around the vertical axis at selected places as the only extension. If
not mentioned explicitly, rotation is not included. The underlying experimental setup is
visualised in figure 1.2.2

It should be stressed that this experimental setup of Rayleigh-Bénard convection is
in contrast to the more complex Bénard-Marangoni convection, which is the original
setup used by Henri Bénard. The key difference is that Bénard-Marangoni convection
offers a free surface at the top such that the flow is driven by surface tension instead of
buoyancy. Thus, it works even in a zero-gravity environment [20, 34-36].

When the applied temperature gradient between the plates in Rayleigh-Bénard con-
vection is increased starting from zero and eventually exceeds a certain point, the fluid
that was at rest before begins to move. If this thermal driving is constant over time,
the system might even enter a non-equilibrium statistically steady state. The strength

2Figure 3.12 and section 3.4.2.2 will point out and discuss in more detail how this Cartesian domain is
related to the motivating geo- and astrophysical objects.
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Ry e
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Figure 1.2: Basic setup of Rayleigh-Bénard convection in Cartesian coordinates.
A fluid is confined between two horizontal planes, the latter of which prescribe a
temperature gradient, and subjected to gravity. Rotation around the vertical axis with
angular velocity €2 is optional. If Ra > Ra;;, flow structures manifest that are driven
by hot ascending and cold descending fluid just as sketched on the right side.

of thermal driving can be quantified by the so-called Rayleigh number Ra, and so the
before-mentioned critical point is then given by the critical Rayleigh number Ra.,;; which
is typically of order O (10%) — O (10%), see table 1.1. This point of onset of convection
solely depends on boundary conditions [37, 38], the aspect ratio I' of the domain [20,
23, 35], and (if present) the strength of rotation [39, 40] which can be quantified by the
Rossby number Ro. In contrast, it is mostly independent of the working fluid® which
can be characterised by the Prandtl number Pr. These four dimensionless quantities
represent the fundamental system parameters that govern the entire fluid flow and will
be defined in section 1.2.2.

It is peculiar that a fluid suddenly gets in motion after the Rayleigh number is increased
beyond its critical value. At first thought one could expect that the unstable thermal
arrangement of the fluid, whose mass density becomes larger at the colder top but smaller
at the hotter bottom of the fluid layer, causes immediately a convective motion [37].
In fact, this is not the case. Suppose for this a quiescent state with Ra < Rauy. If a
volume element is moved due to a random fluctuation e.g. upwards — see also figure 1.2
—, it is hotter than its vicinity. Due to the heat conduction in the fluid, this temperature
difference will get balanced and also by friction, the volume element gets slowed down
and will stagnate. But if the temperature gradient gets increased beyond a certain critical
value, implying Ra > Rac, the stabilising mechanisms of heat conduction and viscosity
will not suffice any more. The hotter particle is also less dense than its vicinity, leading
to a buoyancy that strengthens the initial random fluctuation. The particle reaches even
colder vicinities, leading to a further enhanced buoyancy. The same is also valid for
a volume element which is moved downwards: it reaches hotter vicinities and thus its
density is higher than the density of its neighbouring volume elements. In the end also
this particle will continue to move downwards [41]. Nothing but this proportion between
buoyancy on the one side and dissipation through viscosity and heat conduction on the
other side is quantified by the Rayleigh number.

3This vague introductory statement will be rendered more precisely in section 3.2.1.
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Mechanical BC Ragit Kerit Acrit Reference
Thermal BC: Dirichlet / constant temperature
no-slip 1707.8 3.13 2.01 [42]
free-slip Imt~ 6575 52221 2V/2~2828 [21]
Thermal BC: Neumann / constant heat flux
no-slip 6! =720 0 00 [38]
free-slip 5! =120 0 00 [38]

Table 1.1: Critical parameters at the onset of convection. The critical Rayleigh
number Rag;, horizontal wave number ke = ki g, and horizontal wavelength
Aarit = An, erit With A = 27/k are provided for selected combinations of thermal and
mechanical boundary conditions, the latter of which will be explained in section 1.2.2.4.
These numbers hold for the non-rotating scenario with I' — oo only.

1.2.2 Mathematical model
1.2.2.1 Oberbeck-Boussinesq approximation

Although more than a century old, the basic concept of Lord Rayleigh’s theoretical
treatment has not become outdated — he described the fluid flow as a continuum based on
the so-called Oberbeck-Boussinesq approxzimation [43, 44]. In general, material parameters
depend on the temperature 7" and pressure p. The key idea of this approximation is
now that their dependence on ‘pressure is unimportant and that even the variation
with temperature may be disregarded except in so far as it modifies the operation of
gravity’ [21]. As a consequence, the mass density p becomes a linear function of only the
temperature such that [3, 45]

Lovi  10p

p(T,p) = p(T) == pres [1 — a (T" = Tef)] with  a= VAT ) == aT

SGRY

p

where « represents the volumetric thermal expansion coefficient at constant pressure,
V' the volume and pyer = p(Tref) the density at a reference temperature Tror — the latter
is typically chosen as the mean temperature in the system. This equation (1.1) comes
only into play when the mass density acts together with gravity, otherwise the fluid is
considered to be incompressible with p = pyet.

Physically, this incompressibility implies that and may be used only if the flow is
highly subsonic, as well as the height of the convection layer is small enough to assume
a uniform and constant background density [3, 10, 46]. In addition, the Oberbeck-
Boussinesq approximation might allow for ‘small’ temperature differences only [47, 48]
due to the linearisation in eq. (1.1) and the elsewhere assumed temperature-independent
fluid properties. Despite these restrictions, the approximation remains valid for many
practical flows and is thus commonly used even today.
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1.2.2.2 Dimensional governing equations

Based on the Oberbeck-Boussinesq approximation, the fundamental governing equations
of rotating thermal convection are [45, 48-52]

V-u=0, (1.2)
ou 1 2
E%—(U-V)u—l—%)ezxu:—p Vp+v Viu+ag (T — T e, (1.3)
ref
(Zﬂu-V)T:nv?T. (1.4)

Here, u = u (z,t) with v = (u,, uy, u,) is the velocity field, T' = T' (x,t) the absolute
temperature field and p = p(x,t) the pressure variation field around the hydrostatic
equilibrium profile that is further modified under the action of rotation. & = (z,y, 2)
represents the spatial coordinate and ¢ the time. The coordinate system is chosen
such that the acceleration due to gravity ¢ points against the z-axis, see also figure
1.2, therefore e, represents the unity vector along this axis. Rotation is, if present at
all, considered to be aligned along the vertical axis, anti-parallel to the direction of
gravity, constant in space and time, and explicitly included with respect to the Coriolis
acceleration only — the centrifugal acceleration term is not neglected but just absorbed in
the pressure field [53-56].% Further, 2 represents the angular velocity around the vertical
axis, v the kinematic viscosity, and kK = A¢/ (prercp) the thermal diffusivity with A as the
thermal conductivity and c, as the specific heat capacity at constant pressure.

The outstanding generality of the above equations is provided by the fact that the
continuity equation (1.2), the Navier-Stokes equation (1.3), and the energy equation (1.4)
represent conservation equations for the mass density, the momentum density, and the
internal energy density of any incompressible Newtonian fluid, respectively [57]. Crucially,
the temperature represents an active scalar as it enters the Navier-Stokes equation — so,
these equations are coupled.

1.2.2.3 Non-dimensional governing equations

The large number of parameters in equations (1.2) — (1.4) hampers a systematic study
capturing the relative strengths of the various terms in these equations. However, a
dimensional analysis reveals that the problem can be reduced to only three parameters
which can be obtained by non-dimensionalising the field variables based on characteristic
length, time, temperature, and thus also velocity scales.

In general, the height H of the fluid layer represents the characteristic length scale of
the Rayleigh-Bénard convection system. In contrast, the velocity scale can be chosen from
several options and depends on arguments of the strength of selected terms to each other
[56]. For large-scale structures in turbulent flows at high Rayleigh numbers, diffusion
becomes unimportant and the free-fall inertial balance will be achieved —1i.e., the forcing in
eq. (1.3) through buoyancy is balanced by the non-linear term. Thus, (u - V) u ~ agTe,

4A more detailed explanation on this is provided in section 3.4.2.
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and so Ufhar /H ~ agT ., which leads after solving for the characteristic velocity Ugpar

to the so-called free-fall velocity Uear ~ Us := VagTumarH [52]. As will become clear
when defining the boundary conditions in section 1.2.2.4, the characteristic temperature
Tenar can be either the applied constant temperature difference AT between the plates
such that Ty, ~ AT, or obtained via the applied constant temperature gradient
which leads to Tip. ~ SH. With this diffusivity-free velocity scale, the corresponding
time scale becomes the so-called inertial free-fall time scale 7t := H /Uy = \/ H/ (agTenar)-
The pressure scale results in p; := U?pyer. Thus, in a nutshell,

x=H&  uwu=Uwn T=Topul, t=mi  p=ph, (1.5)

with variables exhibiting tildes being non-dimensional — these tildes are, as is common,
dropped in the following.
A subsequent non-dimensionalisation translates equations (1.2) — (1.4) to [58, 59]

V-u=0, (1.6)
ou 1 Pr _,
E+(u~V)u+%ezxu——Vp+\/§Vu+TeZ, (1.7)

T 1
a—Jr(u-V)T: V2T. (1.8)

Starting here and throughout the remainder of this thesis, all field variables u, p, T" as
well as times and lengths are (unless otherwise noted) non-dimensional, i.e. they do
not exhibit a physical unit any more — instead, their unit is 1. Velocities, times and
temperatures are measured in units of the above-introduced free-fall velocity, free-fall
time and characteristic temperature of the system, respectively, whereas the lengths are
measured in units of the height of the fluid layer.?

Comparing equations (1.6) — (1.8) with (1.2) — (1.4) highlights the vast reduction
of the parameter space. The whole dynamics is now described by the following three
non-dimensional parameters only. The (molecular [61] or thermal [8]) Prandtl number

Pr:= (1.9)

v
K
represents the ratio of viscous to thermal diffusion and characterises the working fluid.
The Rayleigh number Ra, whose definition [58, 62| depends on the choice of the thermal
boundary condition — Dirichlet (D) or Neumann (N), see section 1.2.2.4 —, is given by

ATH? H*
Rap := el or Ray := g5 , (1.10)
VK VK

°In contrast to this non-dimensionalisation based on the free-fall velocity Uy, it can also be performed
based on a diffusivity. This results in either the viscous or the thermal vertical diffusion time scale,
7, = H?/v = \/Ra/Pr 1 or 7, := H?/k = v/RaPr 7, respectively. Finally, the Rayleigh and Prandtl
number comprise all these time scales as Ra = 7,7, /7% and Pr = 7,,/7, [60]. More information on
time scales especially corresponding to rotation are provided in section 3.4.2.
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repectively, and quantifies the strength of the thermal driving compared to diffusion
of momentum and heat. Finally, the (convective [52, 63] or gravitational [64]) Rossby

number
Ut

- 2QH
represents the ratio between the freely falling convective inertia to the system’s rotational
inertia [52]. This comes only into play if rotation around the vertical axis is considered —
otherwise Ro = oo and the Coriolis acceleration term vanishes.

One might wonder why scientists need to put so much effort in solving these equations
that obey only three control parameters — the reasons here are two-fold. Firstly, the Navier-
Stokes equation contains the non-linear term which prohibits applying the superposition
principle for a general analytic solution [65]. Secondly, the solution of the Navier-Stokes
equation is non-local due to the involved pressure field, the latter of which needs to be
computed based on the knowledge of the field variables across the entire domain (see
also eq. (1.18)). This in particular is caused by the incompressibility which implies to
set the speed of sound to ¢s — 00. Because of these two reasons, researchers are asked to
perform complex simulations or experiments to study the particular system of interest.

Ro (1.11)

1.2.2.4 Boundary conditions

Many natural buoyancy-driven convection processes, see also again section 1.1, can
be described by the governing equations (1.6) — (1.8). However, this set of equations
must always be complemented by appropriate boundary conditions (BCs) specifying the
environment in which it may then describe the actual flow.

First of all, the domain geometry needs to be defined. This can be very complex
in nature and systematic research relies on mathematical idealisations. These may
range from spherical shells — approximating, e.g., the entire solar convection zone —
up to Cartesian boxes, the latter of which might represent in the same example one
particular section of this zone while neglecting the spherical character (see also figure
3.12 and section 3.4.2.2). Every such flow domain introduces at least one additional
non-dimensional parameter, the aspect ratio

.= 7L (1.12)
describing the ratio of the typical horizontal length scale L of the flow domain to the
vertical length scale H.

Further, the variety of convection processes in nature and technology exhibits combin-
ations of different mechanical and thermal boundary conditions. Although sometimes
more a valid approximation than a perfect description of reality, the following ones [56,
65] capture typical scenarios.

On the one hand, boundary conditions for the velocity field demand always — due to
the nature of the experiment — impermeable top and bottom planes. However, the role of
tangential stress can be very different ranging from ‘as large as necessary to prevent any
fluid motion’ as one limit to ‘being absent’ as the complementary limit. The former is
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called no-slip (or rigid) boundary condition. Physically, this means that the fluid sticks
perfectly to the planes and so this is the typical boundary condition that laboratory
experiments or technological applications obey. It can mathematically be described by

u (z€{0,H})=0 or u (2€{0,1})=0 (1.13)

for dimensional or non-dimensional quantities, respectively. In contrast, the latter is
called free-slip (or stress-free) boundary condition. This can be the case when one fluid
flows over another one and has practical relevance in many geo- and astrophysical settings
8, 66, 67]. It implies that

Oty

u, (z€{0,H}) =0, o (2€{0,H})=0 or (1.14a)
@ (2€{0,1}) =0, 8;;*’ (2 € {0,1}) = 0. (1.14D)

Navier-slip boundary conditions [49, 68| represent an interpolation between these two
limits of tangential stress [69] and are, e.g., often used in microfluidics [70].

On the other hand, boundary conditions on the temperature field at the top and
bottom planes depend critically on the choice of working materials. Physically, this
depends on the ratio of thermal diffusivities kp/kg between the fluid (F) and solid plate
(S) [37, 38, 62, 71]. If kp/ks — 0, temperature inhomogeneities in the solid top or
bottom plate relax much more rapidly by thermal diffusion than in the fluid such that
their temperature can be assumed to be constant. Thus, this case is called constant
temperature (or iso-thermal) boundary condition and of Dirichlet type. Mathematically,

T (z=0) = Thot = Tiop + AT, T (z=H)=T,, or (1.15a)
T (3=0)=1, T (3=1)=0 (1.15b)

with the fixed temperature difference between the plates AT > 0. In the complementary
case of kp/kg — 00, the plates act — relative to the fluid — as thermal insulators which
prescribe a heat flux independently of the fluid motion. This case is called constant heat
fluz (or iso-flux) boundary condition and of Neumann type. It is described by

oT oT

with the fixed vertical temperature gradient 5 > 0. Robin boundary conditions [72] cover
the range between these two extreme cases [58].

The lateral boundaries may either close the domain — i.e. they exhibit similar velocity
or temperature boundary conditions to any of the above-mentioned, which is for instance
the case in laboratory experiments — or be periodic. Periodic boundary conditions are
often appropriate for geo- and astrophysical settings and indicate that the domain is
topologically equivalent to a ring [23]. Mathematically, this means that any quantity ®
is repeated after the periodic length L such that

¢ ()= (x+i,L.e, +iyLye,) or (1.17a)

® (&)= (& +i.l.e, +i,[ye,) (1.17b)
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for arbitrary integers i € Z [23, 55, 56, 65].

The pressure field as the last of the three fields in equations (1.6) — (1.8) becomes under
the Oberbeck-Boussinesq approximation an enslaved field only — it is not independent
any more but instead directly coupled to the velocity and temperature field. Its governing
pressure equation can be obtained by taking the divergence of the Navier-Stokes equation
(1.7) with the continuity equation (1.6) acting as a boundary condition and reads

1
Vip=-V- (u-V)u—l—%ezxu—Tez : (1.18)

representing mathematically a Poisson equation. Thus, the before-mentioned boundary
conditions from the velocity and temperature fields affect immediately the pressure field.

1.2.3 Heat and momentum transport and the role of large-scale flow
structures

As vividly explained in section 1.2.1, convection sets in once Ra > Ra. that eventually
supports the conductive heat transfer across the fluid layer. When Rayleigh-Bénard
convection is progressively driven out of equilibrium state, it becomes increasingly
dynamic and chaotic as the dissipative viscous effects compete only at small length scales
effectively with the strong thermal driving. This implies that a large number of degrees
of freedom participates in the dynamics [23].

Right at the onset of convection, a well-ordered flow structure establishes which consists
of straight convection rolls [39-41] with characteristic horizontal length scales dependent
of the boundary conditions [37-40]. For increased thermal forcing, these rolls become
susceptible to instabilities towards more complex structures and the flow gets strongly
influenced by the Prandtl number Pr [73-75]. Once Rayleigh-Bénard convection is driven
far from the onset such that Ra > Rag, disorder in space and time establishes due to
the influence of instabilities and defects on each other, as well as uncontrolled initial
conditions [23]. This leads finally to fully developed, chaotic turbulence in the flow.
However, recent research showed that not a completely disordered state manifests but
instead a large-scale order in the form of rolls and cells re-appears once the instantaneous
fluctuations of temperature and velocity are removed. These structures are termed large-
scale circulation [76] or turbulent superstructures [75] if I' = 1 or I' > 1, respectively.
While both exhibit typical horizontal length scales of order O (H), the latter are even
reminiscent to those patterns known from slightly above the onset of convection [75].

This dynamical response of the convection system — defined by its input parameters
Ra, Pr, Ro and I, as well as boundary conditions; see table 1.2 for typical values in geo-
and astrophysical flows — with respect to the resulting heat and momentum transport is
at the heart of modern research.

Heat transport comprises both diffusive and convective contributions and varies in
space and time. The (classical) Nusselt number quantifies the ratio of the (average)
total heat current J = uT + Jgg across the fluid layer to the diffusive heat current

10
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Ra Pr Ro
Mantle convection 10 —10° 102 —10% —
Deep ocean convection 10% — 103! 7 1072 — 109
Shallow atmosphere convection 1018 — 10 0.7 107t — 10!
Earth’s outer core 1022 — 10" 1072 —107! 107" —107°
Solar convection zone 1012 — 10 1072 —-10"% 10° —10°
r mechanical BCs thermal BCs References
54 fs D 3, 4, 56, 7779
102 — 103 ns, fs N 3, 5, 80-82]
102 ns, fs D, N 3, 6, 83-86]
10° — 10! ns D [56, 8789
10 f N 3, 8, 14, 90-92]

Table 1.2: Geo- and astrophysical thermal convection systems. Examples and
estimates of corresponding parameters and best matching boundary conditions (ns
= no-slip, fs = free-slip, D = Dirichlet, N = Neumann). Note that the estimated
parameter ranges are subject to partly large uncertainties.

Jair = —VT/v/RaPr that would take place in case of pure heat conduction,

Nu () := <§iﬁ .ejj@ = —6<8TZ>A + vVRaPr (u.T) 4 (1.19a)

=1+ vRaPr (u,T)y, (1.19b)

and can be derived from eq. (1.8) [93]. (-)s represents an average over the quantity ®,
the latter of which can be the horizontal cross-section A =T" x I" or the entire volume
V = A x 1.5 Hence by definition, Nu = 1 for Ra < Rae; and Nu > 1 else. The individual
terms on the right side represent the diffusive and convective vertical heat transport.
Although they depend on the vertical coordinate in eq. (1.19a), their sum is constant
for all z allowing for the equivalent definition (1.19b). These above definitions hold for
Dirichlet boundary conditions, as well as for the re-scaled fields (see section 3.1.2) in the
Neumann case.
In contrast, momentum transport can be quantified by the Reynolds number

Ra
== 1.2
Re Pr Uchar ( O)

through the ratio of inertial to viscous forces in eq. (1.7). Uepar represents a characteristic
velocity and is in simulations typically chosen as the root-mean-square velocity U.par =

Urms = 1/ (u?)y in the numerical domain [75, 94].
Researchers aim to predict these transports through scaling laws such as [§]

Nu = f; (Ra,Pr,Ro,I',BCs) and  Re= f, (Ra,Pr,Ro,I',BCs) (1.21)

50ne may also omit the averaging and define a local Nusselt number, see eq. (4.11).

11
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with commonly observed functional forms like [95]

2
Nu = ¢ P ( Ra ) Ro™. (1.22)

Acrit
Here, c is some constant and the exponents

O0ln (Nu) Jln (Nu) ~ 0In(Nu)

M= e’ T om@®a) T 9 (Ro) (1.23)

with In representing the natural logarithm. As the coefficient and these exponents may
depend on the range of input parameters and boundary conditions, such a question for
the response of the dynamical system becomes challenging.

Nevertheless, such scaling laws can be deduced either empirically or theoretically [95]
and are of particular interest for several reasons. Firstly, they may offer insights into
force balances in the governing equations. Once such balances are known and understood,
they allow for model reductions based on the identified key dynamics [95] which in turn
may let expensive experiments or numerical simulations become dispensable. Secondly,
scaling laws and knowledge about their range of validity permit extrapolations to study
even settings that are not accessible for experiments and direct numerical simulations.
This is of particular importance in geo- and astrophysical settings where extreme Pr and
Ra can be found [95]. Thirdly, the question of interest can especially in these settings
just be the opposite of eq. (1.21) — the heat transfer through the convection layer is
known but one would like to understand the flow structure that enables this heat transfer
to occur [8].

Interestingly, it is the above-mentioned large-scale flow structures that predominantly
cause the heat transport in the turbulent regime [96], raising and highlighting their
crucial role in current research.

1.3 Scientific objectives of the present thesis

The variety of natural flows with their different boundary conditions in the presence of
large aspect ratios, as summarised in table 1.2, stresses the complexity in research and
detection of large-scale flow structures, as well as the subsequent understanding of heat
transport across a fluid layer.

The twofold goal of the thesis at hand is thus

1. to understand how large-scale flow structures are altered by different boundary
conditions, as well as

2. to infer these large-scale flow structures from a Lagrangian material transport
perspective.

In general, fluid flows can be studied analytically, by the use of numerical simulations,
or by performing laboratory experiments. Analytical solutions, however, are limited to the

12
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onset of convection and right above, providing no chance of studying turbulent large-scale
flow structures. Instead, numerical simulations offer several advantages over laboratory
experiments that are beneficial for achieving the above-mentioned objectives. For
instance, boundary conditions can be flexibly chosen, easily modified and hold perfectly.
Furthermore, any global or even local quantity can be measured without interfering
the fluid flow, and material properties can be chosen at will allowing the Oberbeck-
Boussinesq approximation to be ideally satisfied [97]. Moreover, physical mechanisms of
arbitrary strength — such as rotation around some axis — can be implemented easily. In
contrast, laboratory experiments allow for inexpensive long-term investigations of the
slow dynamics of large-scale flow structures, realistic fluid properties and partly broader
parameter ranges [98, 99]. These drawbacks of numerical simulations are not expected
to cause serious limitations for reaching the goals of the present thesis, rendering this
method ideally suited. Fundamentals of the applied numerical method are provided in
chapter 2. In order to comply with the objectives, the following scientific contributions
were made.

The impact of different boundary conditions is investigated in an explorative study
with respect to idealised cases of velocity and temperature boundary conditions in
chapter 3. This part of the thesis offers predominantly an Eulerian perspective to allow
for a bird’s eye view on the entire flow. It is found and explained in section 3.1 that
switching the thermal boundary conditions changes the nature of the large-scale flow
structures fundamentally, opening an entirely new path for more detailed studies. In case
of constant heat flux boundary conditions, the gradual aggregation of smaller convection
cells to a domain-filling convection structure, the latter of which is termed supergranule
in reminiscence to the astrophysical motivation of this thesis, can be observed for all
accessible Ra (and Pr, see section 3.3). A subsequent leading Lyapunov vector (stability)
analysis, see section 3.2, reveals similarities between pattern formation in the turbulent
regime and the stability of convection rolls slightly above the onset of convection — in
both scenarios, patterns at intermediate scale give continuously rise to new patterns at
larger scale. The resulting hierarchy of flow structures is only in accordance with natural
examples when this aggregation process stops at some intermediate scale. Rotation
around the vertical axis is thus added in section 3.4 as an additional physical mechanism.
It is shown that this limits the aggregation process effectively and that the Rossby number
serves as control parameter for the resulting supergranule size. Ultimately, an energy
transfer analysis in spectral space, see section 3.5, shows that the gradual supergranule
aggregation represents an inverse cascade in the subset of two-dimensional modes within
the fully three-dimensional flow which can be limited by the effect of rotation. To the
best knowledge of the author, this is the first time that such an inverse cascade is proven
in naturally forced three-dimensional convection. Hence, these studies investigate the
gradual supergranule aggregation across the three-dimensional control parameter space
and analyse the former in particular with respect to its dynamical origin and transient
formation.

Insights on large-scale flow structures from a Lagrangian material transport perspective
are obtained in chapter 4. This part of the thesis obtains major results by advecting
massless particles that follow the turbulent flow perfectly, see sections 4.1 and 4.2. Such a
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material transport perspective represents a Lagrangian description of the flow. In section
4.3, coherent spatial regions in the flow are identified via unsupervised machine learning
for the case of classical thermal boundary conditions. These regions are related to the
turbulent superstructures, and their significantly reduced heat transport is detected.
Current Lagrangian analysis methods are limited to short observation time windows
and do not allow for investigations of gradually evolving structures over long periods
of time. To overcome this hitherto restriction, a new evolutionary clustering method is
developed and applied for the same case in section 4.4. It is part of future work to apply
this technique to the gradual supergranule aggregation found in this thesis to study for
instance how heat transport is altered during such a gradual long-term process from a
material perspective.

Finally, this thesis finishes with some concluding remarks and perspectives in chapter
5, underlining the extensive character of the present work.

As many results and details have already been published — or should probably be
published in the near future — in peer-reviewed journals, the general spirit of this thesis
at hand elaborates more on the fundamentals of the underlying concepts that offer a
more general picture. Hence, it should serve as a read-worthy and valuable accompanying
source of information.
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CHAPTER

FUNDAMENTALS OF THE APPLIED
NUMERICAL METHOD

All numerical studies in the present thesis are carried out as direct numerical simulations
using the open-source spectral element solver Nek5000.! In the following, a brief
introduction into key aspects of this numerical method is given.

2.1 General classification

From a more distant perspective, two points of the above statement are of particular
importance when comparing different numerical methods with each other.

Firstly, the actually solved equations. Direct numerical simulations (DNSs), in con-
trast to large-eddy simulations (LESs) and Reynolds-averaged Navier-Stokes (RANS)
simulations, provide access to the full information from all dynamically relevant scales
of the flow. This is not the case for its two alternatives. On the one side, LES filter
the flow spatially, resolving only the larger energy-containing structures of the flow on
coarse meshes while incorporating contributions of smaller structures through sub-grid
approximations. On the other side, RANS simulations follow the philosophy of the
Reynolds decomposition [100], splitting the fields into their (typically) temporal means
and fluctuations. The resulting equations contain the so-called Reynolds stress tensor
as the only term that depends on the (unknown) fluctuations. This is known as the
closure problem and requires approximations based on the mean values. Hence, both the
LES and RANS simulations rely on modelling of (either spatial or temporal) small-scale
components of the flow to reduce the complexity of the simulation [101-103]. The recently
developed generalised quasilinear (GQL) approximation can be seen as a combination
of RANS and LES as it decomposes the flow into low and high wave number modes
while circumventing the closure problem by excluding selected spectral interactions [104].
However, this thesis aims to answer questions for which it is necessary to include all
possible interactions, i.e. any conceivable energy transfer, and hence to resolve even the

Nek5000 version 17.0. Argonne National Laboratory, Illinois. http://nek5000.mcs.anl.gov
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CQ A
+
xQT—>
I
Finite element Spectral Spectral element

Figure 2.1: Spectral element discretisation. Two-dimensional example for N, = 3
spectral elements and polynomial order N = 4. Inside each spectral element, the GLL
nodal lines are indicated. The spectral element method combines complex geometries
from finite elements with high accuracies from spectral methods. Figure based on
[101].

finest scale of the flow — namely the Kolmogorov nx or Batchelor scale ng — without
further assumptions or models.

Secondly, the numerical discretisation for solving the underlying equations. The options
range from the finite difference method over the finite element method or finite volume
method to the spectral method. Especially the finite element and volume methods allow
easily for complex geometries and thus a variety of problems, representing in contrast a
weak point of spectral methods. However, the latter offer excellent spatial accuracy due
to the choice of high-order basis functions. A hybrid approach is the spectral element
method, combining the advantages of the generality and the accuracy from finite element
and spectral methods, respectively, into one framework [103, 105]. These high accuracies
are indispensable in fundamental research.

Nek5000 is used, benchmarked and validated for many years in fundamental research
of turbulent thermal convection [75, 106-108]. This well-established tool allows efficient
parallelisations exploitable on high-performance computing systems and is thus perfectly
suited for this present thesis.

2.2 Domain discretisation

Figure 2.1 visualises the characteristic domain decomposition applied in Nek5000, stress-
ing the key concept of spectral element methods. First, the global domain €2 is split
into N, non-overlapping sub-domains (elements) Q° with i = 1... N,. Second, a spectral
method is applied within each element individually, placing (N + 1) collocation points
along each direction. Global and local coordinates can be translated into each other by
a proper mapping.

For a one-dimensional example, the spectral element approximation ®%; of a quantity
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® within one element Q' can be written as [101]
. N . .
Py(C) =D P Z;(¢)  with (e . (2.1)
=0

Obviously, the quality of this approximation along the local coordinate ¢ € [—1,1]
depends on the polynomial order N and the size of the sub-domain. Z; are orthogonal
basis functions — more precisely, they represent so-called Lagrangian interpolation basis
functions, i.e. Z; (¢ = (i) = J;i at the collocation points with coordinates ¢ (see below)
with the Kronecker delta d;, and k = 0...N. Thus, the basis coefficients q>;‘, represent
nodal values of the unknown. The present implementation exploits Legendre polynomials
of order N which are given by

[N/2] N
" (2N — 2k)! N2 1 d , AN
Ly(¢) = kZ:jO (—1) N B (N—23<:)! AT A e [(c ~1) ] (2.2)

to construct these basis functions. Note that the expression on the right is the so-called
Rodrigues’s formula. The ordered set of (N + 1) discrete collocation points — with
Ce € [-1,1], (o = —1 and (y =1 — is crucial for the Lagrangian interpolation basis and
determined from solutions of

(1-¢*) Ln(Q =0  with(e® (2.3)

where L'y is the derivative of the corresponding Legendre polynomial. These points are
called Gauss-Lobatto-Legendre (GLL) quadrature nodes. Finally, the resulting elements of
the spectral basis are given by combining the information on the Legendre polynomials
and the collocation points via

. 11— Q)

j(C):N(N—l—l) (€= ) In(C) forj=0...N, (€. (2.4)

Figure 2.2 visualises such a set of basis functions together with the corresponding
GLL nodes for N = 4 (see also again figure 2.1). Although the GLL nodes result in non-
uniform grids which are more dense at the element boundaries, the final approximation
benefits from a good conditioning and minimal round-off errors compared to uniform
node placements. In particular, these benefits originate in avoiding Runge’s phenomenon,
i.e. the increasing divergence of the polynomial interpolation due to oscillations close
to the element boundaries for an increasing polynomial order when using uniform node
distributions [109, 110].

From a more practical perspective it is worth to mention that while the elements €
are configured during the mesh generation in advance of a simulation run, the polynomial
order N can be set flexibly during the simulation to adjust the grid spacing to the
simulation’s needs. With increasing N, the user implicitly benefits from the exponential
convergence — i.e., exponentially increasing accuracy — that spectral element methods
offer [103, 108].
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Figure 2.2: Legendre spectral element basis functions, exemplary for a polynomial
order N = 4 (see also figure 2.1). The Gauss-Lobatto-Legendre collocation points are
provided as red dots along the abscissa, highlighting their non-uniform distribution
and the characteristics of Lagrangian interpolation basis functions.

2.3 Adaptation and solution of provided equations

For incompressible flows, Nek5000 provides the following set of equations [111]

V-u=0, (2.5)
ou 9
p E—F(’UJV)’U/ :_Vp+77vu+pfvola (26)
aT
PCp [(% +(u-V) T] =V -\ VT) + ¢y (2.7)

Here, f,o and g0 represent volume forces and volumetric heat sources, respectively, and
the dynamic viscosity n = vp. To adapt these equations to any problem, the coefficients
p, 1, pc, and A, as well as fio and gyo can be defined.

These equations can be translated into equations (1.6) — (1.8) by setting the coefficients
p— 1, n— /Pr/Ra, pc, = 1, \y = 1/vRaPr, the volumetric heat source ¢y, — 0,
and the volume forces f,, — Te, — (u,e, — uye;) /Ro. In the non-rotating case, the
Coriolis acceleration is omitted in the latter. As a consequence, non-dimensional fields
manifest naturally.

Equations (2.6) and (2.7) represent evolution equations of the velocity and temperature,
implying that these fields need to be advanced in time — numerically, this is done by
the so-called time marching. Generally, the time marching 0®/0t = f (®) of a quantity
® can be performed either explicitly or implicitly, i.e. @, = f (P, Ppq,...) or
D, = f(Pri1, P, Pry, ... ), respectively, with some functions f and n denoting here
the discrete time step. These approaches follow thus the philosophy of either a forward
or backward difference in time. Although the latter requires solving a linear system of
equations to obtain the corresponding field at the next time step — which is not necessary
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2.4 Methodical details

in case of the former and thus much more expensive —, it benefits from an increased
numerical stability. This, in turn, allows for larger discrete time steps [101, 103, 112].

Nek5000 performs the time marching using a k-th order backwards differentiation
formula BDFk with &£ = 2 in this work. The non-linear term, as well as user-provided
right-hand-side terms (i.e. here the buoyancy and Coriolis terms) are incorporated
explicitly using high order extrapolations EXTE — in contrast, the linear terms are
treated implicitly. The pressure field can be either obtained via a Poisson equation
from the velocity field with special boundary conditions, or solved in a coupled manner
together with the velocity field. An algebraic multigrid is used as part of the pressure
pre-conditioner to enhance performance [105, 108, 109].

In order to make use of discretised versions of equations (2.5) — (2.7) at all, these are
transformed into a weak formulation using Galerkin methods. Afterwards, the latter are
spatially and temporally discretised using the basis functions outlined in section 2.2 and
the methods described above, respectively. This allows for exact evaluations of integrals
in the scalar products based on Gauss’s theorem and translates the equations into big
matrix systems [108, 113].

Such numerical procedures represent discrete approximations of the continuous equa-
tions and are thus subject to residuals. The (weighted) residual tolerances are set based
on past experience of the research department to 10™*, 107% and 10~° for the pressure,
velocity and temperature field, respectively.

2.4 Methodical details

All simulations will take place in Cartesian domains, thus the spatial domain will get
subdivided into N. = N¢ , X N, X N, . spectral elements. While their spacing is
uniform along the horizontal directions, it is non-uniform in the vertical direction to
allow for a more detailed representation of the boundary layers close to the top and
bottom planes. The final resolution — and thus the total number of discrete grid points —
is determined by the combination of this spatial subdivision and the number of GLL
collocation points placed inside each element. The latter can be controlled via Ix1 = N+1
with 1x1 representing a simulation configuration parameter.

The spacing of the discrete numerical grid is crucial for the CPU and memory con-
sumption during the simulation runtime as the total number of grid points Nz ~ N, N3.
Thus, the grid should be as fine as necessary but as coarse as possible. The smallest
observable scales in the flow are given by either the Kolmogorov or the Batchelor scale
— ng or g, see section 3.3.1 — for Pr < 1 or Pr > 1, respectively. To resolve them
sufficiently, it is common to apply the (refined) Grétzbach criterion [108]

A A
- < ™ for Pr <1, or © < ~ for Pr >1 (2.8)
(Mk)ae ™ 2 (MB)as ™ 2

with the vertical grid spacing Az.
The spatial grid spacing affects also the stability of the numerical time integration.
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Chapter 2: Fundamentals of the applied numerical method

The Courant-Friedrich-Lewy (CFL) number [101]

u At
T

CFL := max
u,Ax

(2.9)

quantifies the ratio of the distance a fluid parcel travels in a given time step to the local
grid spacing and is here of particular importance. Interpreting this as a propagation of
information across the numerical grid within one time step makes clear, why this quantity
affects the stability of the numerical time integration. Stability of the Navier-Stokes
equation in Nek5000 requires CFL < 0.5 [109, 111]. This shows that the spatial and
temporal grid spacings are coupled to some extend — typical time step sizes are of order
O (10_3Tf) -0 (10_2Tf>.

This time advancement of numerical simulations always starts with well-defined initial
conditions that are typically given by

u(xz,t=0)=0 and T(xz,t=0)=1-—2+17. (2.10)

T = T (x) represents small random thermal fluctuations of size 0 < T < 1073 that are
added on top of the linear conduction profile to accelerate the attraction of the dynamical
system towards the fully developed flow. Note that this initialisation provides a global
mean temperature of (T (t = 0))y = 0.5+ (T)y.

The above introduced requirements on the spatial and temporal discretisation become
even more challenging when considering that the (numerically discrete) total number
of degrees of freedom Ny of the dynamical system is Ngof = 3NVior. The coefficient 3 is
due to two velocity components (the third one is enslaved due to incompressibility) and
the additional scalar temperature field. This asks for professional computing resources —
thus, all numerical simulations of the present thesis were performed on either the local
compute cluster MaPaCC4, or on the national supercomputing machines JUWELS and
SuperMUC-NG. The largest simulation run — see simulation Nfs2 Pr001 in table 3.3
— occupied 131,072 CPUs in parallel with a peak memory footprint of 181 TB during
runtime and Ny ~ 7.2 x 10'%. At the time of writing, this represents almost half
of the largest? national supercomputer SuperMUC-NG. These numbers underline the
tremendous complexity of research of thermal convection flows, as well as its need for
efficient, highly parallelisable solvers like Nek5000 and extensive access to supercomputing
systems.

2Measured in terms of CPU resources.
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CHAPTER

LARGE-SCALE FLOW STRUCTURES AT
DIFFERENT BOUNDARY CONDITIONS

As highlighted in chapter 1, the enormous variety of thermal convection settings present
in nature exhibits a variety of different combinations of thermal and mechanical boundary
conditions especially at large aspect ratios.

Historically, past research started several decades ago to investigate the influence of
many different boundary conditions analytically with respect to the onset of convection.
However, this scenario is far off the before-mentioned examples. The emergence of precise
measurement techniques for experimental setups on the one hand, and computational
resources that allow to perform numerical simulations for increasingly disordered flows
on the other hand, paved the way to study thermal convection even for turbulent flows
far beyond the onset of convection. Unfortunately, these previous studies are typically
restricted to constant temperature boundary conditions — which is why this can be seen
as the ‘classical’ thermal boundary condition — and do not offer a systematic comparison
of various thermal and mechanical boundary conditions at large aspect ratios at once.

This chapter investigates the impact of boundary conditions in a first systematic
approach — in contrast to the Lagrangian material transport perspective from chapter
4, most of the analyses here follow an Eulerian approach. The first section 3.1 aims to
answer the open question in research, how long-living large-scale flow structures — that
coexist with local turbulence acting on very short time scales — are altered by variations of
boundary conditions. It comes out that thermal boundary conditions play a crucial role
in defining the nature of large-scale flow structures, which is the reason why subsequent
sections are dedicated to studying flow structures in case of the complementary constant
heat flux boundary conditions in much more detail. Here, the transient process of
the gradual pattern formation and its dynamical origin represent aspects of particular
interest.

Many parts of this chapter have already been published [V1, V5] or extended [V6] —
these publications may provide even additional information as for instance resolution
studies or the interpretation of laboratory experiment results.
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Chapter 3: Large-scale flow structures at different boundary conditions

3.1 The impact of thermal and mechanical boundary
conditions

3.1.1 General considerations and remarks

The flow that establishes in the dynamical system of Rayleigh-Bénard convection is
inherently biased by the available numerical domain as the latter prescribes the largest
accessible length scale — this holds equally for closed and periodic domains. Thus, the
domain represents an important aspect of scientific studies. An infinite aspect ratio is
only hypothetically possible in analytical treatises, whereas numerical studies rely on
finite geometries. Generally, the influence of lateral boundaries on the flow decreases
rapidly with O (I'"?) [20, 23, 35] and containers with T" 2> 20 are presumed to represent
fairly close approximations of infinite fluid layers for which the effect of lateral boundaries
practically disappears [22, 35, 96].

Here, the impact of boundary conditions on large-scale flow structures is studied in
a Cartesian domain with square cross-section and an extraordinary large aspect ratio
I' =T, =T, = 60, while the lateral boundaries are decided to be periodic (see eq.
(1.17)). This releases the dynamical system from the lateral bounds and simultaneously
ensures an isotropy in both horizontal directions x and y.

This fundamental analysis starts with the non-rotating scenario, i.e. Ro = co. Fur-
thermore, the Prandtl number be Pr = 1 which roughly approximates air (Pr = 0.7 [56])
as working medium.

3.1.2 Constructing sets of boundary condition combinations

Varying the thermal and mechanical boundary conditions, each between two idealised
options as set out in section 1.2.2.4, leads to a set of four possible combinations — a
subsequent systematic comparison between all of these options relies thus on a well-
defined scaling. Figure 3.1 visualises the scaling and comparison scheme that is applied
in this thesis.

The combination of the classical thermal Dirichlet with mechanical no-slip boundary
conditions, the latter of which apply to laboratory experiments, serves as starting point
for this scaling where Ra is varied in powers of 10. Pattern formation in Rayleigh-Bénard
convection depends at a given Pr on the distance of the applied Rayleigh number to
the critical Rayleigh number [23]. As the latter depends on the boundary conditions,
the Dirichlet free-slip case is obtained by keeping this distance or supercriticality r :=
Ra/Ragis fixed (see also eq. (1.22) where this ratio was already used).

The relation of the Neumann scenario to the corresponding Dirichlet case can again —
similar to the mechanical boundary conditions above — be performed based on either
the supercriticality 7, or the Rayleigh number Ra. Taking the linear stability (see again
table 1.1) as a first guess of emerging patterns, one might expect the latter to manifest
very differently for varying thermal boundary conditions. Thus, a scaling based on Ra is
preferred in favour of r. Here, it becomes important to understand the relation between
both definitions of Ra from eq. (1.10) as they do generally not equal.
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3.1 The impact of thermal and mechanical boundary conditions
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Figure 3.1: Scaling scheme for different boundary conditions allowing for a sys-
tematic comparison of the set of four different combinations of thermal and mechanical
boundary conditions. The abbreviation for each case is printed in bold at the top of
each box and will be used throughout this thesis. The most common scenario Dns
serves as reference, providing the initial Rap from which all other Ra will be derived.

In the Dirichlet case, the applied temperature difference AT is used as characteristic
parameter — thus, the non-dimensional temperature difference between the plates is
AT =T (2=0)-T(2=1)a=T(2=0)—T (2 =1) =1 as indicated by eq. (1.15).
However, in the Neumann case the applied temperature gradient /3 serves as characteristic
parameter as shown in eq. (1.16), so the non-dimensional temperature difference between
the plates ATy := (T'(z =0) — T'(2 = 1)) 4 < 1 is consequently not specified. Yet, based
on dimensional arguments it is possible to relate both cases via [93]

AT =T (z=0)—T(2=H))a (3.1a)
—BH (T(2=0)-T(2=1))5. (3.1b)

=ATy

Note that this simply represents a non-dimensionalisation of the dimensional AT based
on the characteristic parameters from the Neumann case. This relation, connected with
eq. (1.10), leads naturally to
RaN
Rap = Ray ATy = ——. 3.2
D N AIN = N (3.2)
Here, the right-most expression makes use of another important relation: In case of
periodicity at the lateral boundaries and thermal Neumann boundary conditions, it can
be deduced from the definition of the Nusselt number in eq. (1.19) that [93, 114]

BH 1

Nuy = oo = —
INTAT T AT

(3.3)

It should be stressed that relation (3.2) only connects both Rayleigh numbers such
that they represent a comparable thermal driving — however, this does not imply that the
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Chapter 3: Large-scale flow structures at different boundary conditions

resulting Nusselt numbers of the individual flows will equal. Unfortunately, the Nusselt
number is known a posteriori only, which asks for a slight variation from relation (3.2)
to allow for an a priori scaling and comparison scheme that uses the Dirichlet scenario
as starting point — here, presuming Nuy ~ Nup (which holds in particular at large Ra
[62]) suffices.

As pointed out in section 1.2.2, different thermal boundary conditions ask for different
characteristic temperatures for the non-dimensionalisation. Consequently, the resulting
temperature drop ATy across the fluid layer may vary. Contrasting different simulations
might thus ask for a re-scaling of the flow field — typically, this is done via eq. (3.1). The
non-dimensional quantities can thereto be re-scaled as follows: @3 = ¢, U, = u//ATx,
Ts=(T—(T)y) /ATx + (T)y, ts = t/ATN, and ps = p/ATx. Note that consequently
0 < (Tis)a < 1. Such a re-scaling (from, e.g., 7 x to 7, p) is not always necessary and
applied only at selected parts of the present thesis — if so, this will be explicitly signified.

3.1.3 Rayleigh-Bénard convection at various boundary conditions

The investigation of the impact of boundary conditions starts with scenarios at Rap €
{10%,10°,10°, 107} in the no-slip case — as the corresponding Ray are subsequently derived
based on the simulations’ Nup, the actual Ra differ significantly. Table 3.1 summarises
the important parameters for all simulations relevant for this section 3.1, underlining
that they cover the weakly non-linear up to the fully turbulent regimes independently of
the combination of boundary conditions.

3.1.3.1 Comparison of the global heat and momentum transport

Every simulation is run as long as necessary to relax into a statistically stationary regime,
which may — depending on especially the thermal boundary condition — require up to
O (10*7;). From a qualitative point of view, the global heat and momentum transport —
as measured by Nu and Re — increase when substituting no-slip by free-slip conditions.
This is due to the weaker impact of the plates on the flow in case of the latter, allowing
higher velocities and thus an increased heat transfer. The qualitative change of the global
transport is similar when replacing the Dirichlet with Neumann boundary conditions,
as well as when the Rayleigh number is increased while the specific combination of
boundary conditions is fixed. Overall, these global measures taken at the final phase of
the simulations confirm that the scaling scheme introduced above is well-chosen.

The quantitative scaling of the Nusselt number is visualised in figure 3.2 (a, b) for all
simulations. As can be seen, the estimated scaling exponents for Ray in the Neumann
scenarios differ significantly from the ones obtained for Rap at Dirichlet conditions.
However, re-scaling Ray to Rap via eq. (3.2) — yielding scaling exponents of roughly
Yo,Nns ~ 0.223 and v, ngs & 0.251, see also the dashed lines in the panels — supports the
expected increasing congruence [62] at large Ra. The vertical profiles of the temperature
fields confirm this similarity by an extended mixed bulk of the fluid layer. The bulk is a
region close to the midplane (i.e. z = 0.5) which is mostly unaffected by the (thermal)
boundary layers — the characteristic thickness of the latter is given by ér = 1/(2 Nu).
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3.1 The impact of thermal and mechanical boundary conditions

Run Ra r N, N t, Nu Re Ar

Dnsl 10,000 60 200% x 7 2,300 2.22+£0.01 17.3+0.0 4.55+0.04
Dns2 100,000 60 200%2x 4 11 1,450 4.34+0.02 68.6+0.1 4.60=+0.07
Dns3 1,000,000 60 400> 8 7 1,100 8.30+£0.03 219.2+0.3 5.06 4 0.05
Dis1 3,850 60 200®2x 4 7 1,250 2.71+0.02 21.64+0.1 5.25+0.09
Dfs2 38,501 60 200%x 4 11 1,450 5.294+0.04 7424+0.2 5.30+0.17
Dfs3 385,014 60 4002 x 8 7 1,100 10.214+0.04 215.8+0.5 5.34+0.10
Dfs4 3,850,139 20 280%>x 16 7 200 19.974+0.26 608.7 4.5 6.17+0.14
Nnsl 22,263 60 2002x 4 7 7,000 3.03+£0.01 18.940.0 59.75+ 0.00
Nns2 434,290 60 200% x 4 11 14,500 4.87+0.04 73.34+0.4 59.75+0.01
Nns3 8,310,000 60 400%2x 8 7 21,400 8.93+0.04 229.6+0.5 59.76 4+ 0.01
Nifsl 10,432 60 2002 x 7 4,000 3.93+0.12 26.44+0.4 59.66 +0.04
Nfs2 203,576 60 2002 x 11 6,500 6.74+0.10 81.4+0.7 59.66 +0.02
Nfs3 3,928,297 60 4002 x 7 10,000 12.29 40.16 229.0 = 1.4 59.72 4+ 0.02
Nfs4d 76,887,279 60 8302 x 7 19,000 23.47 +0.24 635.9 & 3.1 59.68 4= 0.02

Table 3.1: Simulation parameters of the direct numerical simulations studying the
impact of different thermal and mechanical boundary conditions — the Prandt] number
Pr = 1 for all runs. The table contains the Rayleigh number Ra, the aspect ratio I, the
total number of spectral elements NV, in the simulation domain via Ne ; X Ne 4 X Ne 2,
the polynomial order N on each spectral element, the total runtime of the simulation
t, in units of the corresponding free-fall times 7, the resulting Nusselt number Nu,
the Reynolds number Re, and the integral length scale Ar (see eq. (3.4)) of the
temperature field at midplane. All values correspond to the late state of the flow
where the large-scale flow structures are completely established. Nu, Re and Ap are
typically determined from 50 snapshots within the last 5007 of each simulation, while
error bars are determined by the standard deviation.

Such profiles are exemplified for one pair of simulations in panel (c). Interestingly, the
Neumann runs exhibit a (weak) stable stratification close to the midplane. As this
corresponds to a density stratification that is counter-directed to the applied inverse
one which initially causes the convective motion in Rayleigh-Bénard convection, this
observation suggests to analyse the flow structure in the following in more detail.

3.1.3.2 Comparison of instantaneous temperature fields at the midplane

The generated dataset provides three complete sets of simulations for which all four
combinations of boundary conditions, just as shown by figure 3.1, are available. Figure
3.3 visualises the temperature field of one instantaneous snapshot at the midplane for all

of them.
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Figure 3.2: Heat transfer at different boundary conditions. (a, b) The global heat
transport scales differently with Rap or Ray for different combinations of boundary
conditions. The legends include the estimated scaling exponents from eq. (1.23),
whereas the smaller brown markers result from re-scaling Ray via eq. (3.2). (c)
Vertical profiles of the temperature field indicate the extended bulk region and thermal
boundary layers independently of the thermal boundary condition. The inset highlights
the slight stable stratification in this bulk for the Neumann scenario by plotting the
re-scaled temperature profile (7).

The temperature pattern of Dirichlet simulation run Dnsl offers pretty regular and only
weakly time-dependent structures — these are called spiral defect chaos and reminiscent of
the straight convection rolls at the onset of convection. In this case, the temperature and
velocity fields are closely connected as (up-) down-welling fluid corresponds to (hot) cold
regions. As the Rayleigh number is increased, the flow becomes successively more affected
by fluctuations. The observation is similar for the Dfs scenario. Hence, independently
of the mechanical boundary condition, the flow evolves towards the recently studied
turbulent superstructures [75].

The flow structures transform fundamentally once the Neumann boundary conditions
are applied instead. All flows evolve in a characteristic way, exhibiting in the final state
basically one cold and one hot spot which both span across extremely extended parts of
the domain. As will be shown later in section 3.1.3.3, it is the gradual aggregation process
towards these structures that requires the extraordinary long evolution times of all the
Neumann simulations. These spots represent the thermal footprint of domain-sized
counter-rotating convection cells in z- and y-direction that are superposed by smaller
structures especially for larger Rayleigh numbers. Their arrangements indicate that they
represent the largest wavelength possible for the present domain — the rotated square
pattern is thus nothing but a final adjustment of the flow to the periodic boundary
conditions in the lateral directions. Simultaneously, the critical mode from the onset of
convection offers independently of mechanical boundary conditions an infinite wavelength
(see table 1.1), which suggests to interpret this large-scale pattern as a finite-size relic
of the critical mode. Remarkably, this critical mode seems not to be forgotten by the
dynamical system even far beyond Ra.; and dominates still the fully turbulent flows.
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Figure 3.3: Flow patterns at midplane for all boundary conditions. All panels
visualise the temperature field T'(z,y,z = 0.5) across the entire horizontal cross-
section from the final statistically stationary state. Different combinations of boundary
conditions are arranged in different columns, whereas the Rayleigh numbers increase
from top to bottom. Obviously, the thermal boundary conditions rule the large-scale
flow structure. See table 3.1 for detailed information on the simulations.

Figure 3.4 (a) proves the existence of this large-scale cell for the highest accessible
Rayleigh number. Enlarging a small fraction from within the thermal boundary layer
close to the top plane, see figure 3.4 (b), underlines the coexistence of very differently
sized structures in this flow. In analogy to the astrophysical motivation — for which the
free-slip boundary conditions are closest too —, the large-scale convection cell will be
termed supergranule whereas the significantly smaller fine-scale pattern will be termed
granules. As will be shown in section 3.1.3.3, these two hierarchical stages correspond
to different spectral peaks, whereas the granules will be related to instabilities of the
thermal boundary layer and the associated thermal plume formation later in section
3.2.2.3.
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Chapter 3: Large-scale flow structures at different boundary conditions

T(x,y, zo, to) (T(x, y, z0))at T'(x, y, zo, to)
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Figure 3.4: Hierarchies of flow structures. (a, b) The supergranule emerges even
for the highest accessible Ra and is superposed by finer granule patterns. The zoom
enlarges a region of size 5 x 5. (¢ — h) Reynolds decomposition of one Dirichlet and one
Neumann flow field. Panels (d, g) highlight the striking differences between turbulent
superstructures and the supergranule. All fields are taken close to the top plane at
20 = 1 —97/2 with ¢y located in the final phase of the simulation and At = 500. Unless
otherwise noted, all panels visualise the entire horizontal cross-section.

The different character between turbulent superstructures known from the Dirichlet
case, and the supergranule discovered for the Neumann case is underlined by figure 3.4
(¢ — h). Here, a Reynolds decomposition is applied to the temperature field such that
T (x,t) = (T (x))ar + T (x,t). With At = 500, this temporal filter separates the slowly
evolving characteristics of the flow from the rapid fluctuations. In the Dirichlet case,
this allows to differentiate between the turbulent superstructures and a fine skeleton
of plume ridges. Both of these structures are in terms of their horizontal extension
definitely related. In contrast, in the Neumann case the supergranule is now clearly
revealed. Although the instantaneous fluctuations are more similar to the Dirichlet case,
their horizontal extension differs significantly from that of the supergranule.

This systematic comparison shows unambiguously that Rayleigh-Bénard convection
as the paradigm of thermal convection is governed by the thermal boundary conditions.
Albeit the mechanical boundary conditions impact the flow to some extend, the thermal
ones transform the flow exceptionally. The similarity of the large-scale cell to the critical
structure known from the onset of convection is striking, however previous studies have
not recognised such fundamental differences to the Dirichlet scenario in the turbulent
regime. This might be attributed to the following three important aspects in which the
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3.1 The impact of thermal and mechanical boundary conditions

present study differs from the majority of previous numerical studies:
1. Neumann boundary conditions are applied to the temperature field.
2. The simulations are performed for extraordinary long evolution times O (10%7).
3. A horizontally widely extended domain is considered.

This clearly asks to study the emergence of this large-scale structure in more detail.

3.1.3.3 Time-dependent gradual supergranule aggregation

Figure 3.5 visualises the investigation of the entire evolution of simulation run Nfsl
from the initial condition over the transient state into the statistically stationary regime.
Panels (a — e) prove that the supergranule is the result of the gradual aggregation of
smaller flow structures. This process ceases only when the growing circulation rolls reach
domain size and is most easily detectable from the temperature field.

Interestingly, the global measures of heat and momentum transport, Nu and Re, stay
mostly unaffected during this process as shown in panel (f). However, as demonstrated
in [V1], the fraction of the convective heat flux transported by the supergranule shifts
throughout the slow formation and makes up eventually up to 40%.

To measure the growth of the patterns, the so-called integral length scale [115]

fkh [ETT (/{Zh, 20, t) /k‘h] dkh

A7 (20,1) == 27
v (20,1) S Er1 (Kn, 20, 1) dky,

(3.4)

based on the azimuthally averaged Fourier energy spectrum (see below) of the temperature
variance, Epr (ky, zo,1), is computed throughout the evolution. As indicated in panel
(g), this quantity converges during the transient towards the horizontal periodic length
given by the aspect ratio and finally indicates the numeric bound on the pattern size.
Its value for the statistically stationary state is given in table 3.1.

In spite of the converging pattern size for ¢ 2 1, 500, the aggregation has not completely
finished as the thermal variance of the flow field still increases until ¢ =~ 3,000. To
measure this, the temperature field is decomposed into the linear temperature profile
Tiin (2) := 1 — 2z which manifests in case of pure heat conduction, and its deviation © (x, t)
such that

O (x,t) =T (x,t) — Tiin (2) . (3.5)

The standard deviation — also known as the root-mean-square value — of the temperature
deviation field Oy := 1/(©?)y is included in panel (g). Its convergence marks the reach
of the statistically stationary regime of the flow.

This supergranule aggregation cannot only be observed in physical space, but also in
spectral space. Any horizontally periodic quantity can be expanded in a Fourier series
of the form

O (xh, 20,t) = > D (kn, 20, 1) oo (3.6)

kn
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Figure 3.5: Gradual supergranule aggregation. The final supergranule of simula-
tion run Nfsl establishes after a long initial transient that takes until ¢ ~ 3,000 and is
statistically stationary just afterwards. (a —e) Horizontal slices of the instantaneous
temperature field at zo = 1 — d7/2 visualise the gradual pattern formation across the
entire horizontal cross-section. (f) The global heat and momentum transport remain
mostly unaffected during the entire evolution. (g) In contrast, the integral length
scale of the temperature field Ay (zp), as well as the standard deviation O, of the
temperature deviation field indicate an ongoing transient process. (h — 1) Azimuthally
averaged instantaneous Fourier spectra at zy — corresponding to the kinetic energy
with respect to the vertical velocity component E, _,,., the co-spectrum of the turbulent
convective heat flux F, 7, and the temperature variance Epp — exhibit a shift of energy
towards large scales.
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3.2 Relating supergranule aggregation to stability mechanisms

with the imaginary number 2, as well as the vectors of horizontal wave numbers k;, =
(ksz, ky) and coordinates @, = (z,y). The numerically discrete wave numbers, here
exemplary along the z-direction, are given by k,,, := 27 n/L, withn € Nand L, =T,.
Thus, n represents the number of complete waves over the non-dimensional periodic
length L,. ® = F (®) € C is the so-called Fourier coefficient with the Fourier transform
F (-). With this in mind, the two-dimensional (co-)spectrum of the quantities ®; and @
is defined by

1 A Ak
ECI>1<I>2 (khy 20, t) = 5 R |:¢1 (kh7 20, t) (PQ <kh7 20, t)i| (37)

where R denotes the real part and the asterisk ®* the complex conjugate. In the present
domain, both horizontal directions are isotropic and so it might be equally expressed as
Es, 3, (kn, 20,t) = Eg,0, (kn, ¢, 20, ) with the absolute horizontal wave number &y, := |k |
and the azimuthal angle ¢. Due to the horizontal isotropy, the azimuthally averaged
spectra Eg, o, (kn, 20,t) := (Fe,0, (kn, ¢, 20, 1)) will be studied in the following.

Panels (h — 1) of figure 3.5 plot the spectrum of the kinetic energy with respect to the
vertical velocity component E,_,,., the co-spectrum of the turbulent convective heat flux
E,_r, and the temperature variance Fpp at several times throughout the flow evolution.
During the transient, there is a clear shift of spectral energy from larger to smaller wave
numbers, i.e., from structures of smaller to larger horizontal extension, which eventually
accumulates at the smallest available wave number k,;, = 27/I" &~ 0.1. Although the
supergranule is most prominent in the temperature field, it leaves its footprint even in
the vertical velocity field as indicated by E,_,.. Panels (k, 1) underline once more the
reach of the statistically stationary regime at late times.

The analysis of the full evolution of simulation run Nfsl from above highlights the
complexity of the supergranule establishment. The transient process alters both the
velocity and temperature field, although global measures remain mostly unaffected.
Based on Ap and O,,, the pattern size seems to increase roughly linearly. This process
proceeds very slowly — interestingly, it seems not to be related to either a wvertical or
horizontal diffusion time scale, T = T, ,, O Top 1= 274, respectively.

This supergranule formation was not studied previously and is thus an original result
of this comparison of different boundary conditions in Rayleigh-Bénard convection.
Hence, the subsequent sections in this chapter are dedicated to investigate its enthralling
character in more detail and even throughout the multi-dimensional parameter space. As
mechanical boundary conditions show relatively little impact, the focus is in the following
on the free-slip boundary condition in reminiscence to the astrophysical motivation.

3.2 Relating supergranule aggregation to stability
mechanisms

The previous section 3.1.3 revealed that the final supergranule — which establishes in
the Neumann case only — can be interpreted as the finite size relic of the critical mode

from the onset of convection which is included in table 1.1. This suggests to analyse the
stability properties of the flow in more detail.
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Chapter 3: Large-scale flow structures at different boundary conditions

3.2.1 Linear stability at the onset of convection

The primary instability of a flow at rest towards convection can be studied analytically
by a linear stability analysis. In fact, this is the method that already Lord Rayleigh used
back in 1916 to analyse Rayleigh-Bénard convection — the experimental setup that is
now named after him to honour his contributions — and to successfully explain the onset
of convection [116].

The key idea of such an analysis is to study the time-dependence of tiny perturbations
that are added onto a base (quiescent) state. As these perturbations are very small,
only the leading (linear) contribution is retained — disturbances of higher order become
successively smaller and are thus neglected. This terms the analysis linear. The fluid
at rest represents the equilibrium state in Rayleigh-Bénard convection from which
perturbations may either decay, persist or grow. This can be quantified by the growth
rate 0 = 0, +10; € C, see also eq. (A.37). Excluding oscillatory motions, i.e. oy = 0,
the case of o, = 0 = 0 is of particular importance as this marks the transition of the
system from being stable to being unstable against disturbances. In case of the latter,
the base state is left and perturbations grow over time. The transition state itself marks
eventually the neutral (or marginal) stability.

The linear stability analysis for (rotating) Rayleigh-Bénard convection with free-slip
boundary conditions is provided in appendix A step-by-step for stationary modes. The
solution is independent of the Prandtl number! but depends on the thermal boundary
conditions. In the Dirichlet case, the marginal state is given by [39]

1 3
1%aJD, marg — 79 |:(k}21 + 7T2> + Ta 7T2:| s (38)
ki
whereas in the Neumann case [29]
™,y a2 Tar?
RaN, marg — § [(k’h + ) + W (39)
can be derived for a truncated system. The Taylor number
40°H*  Ra
Ta := = _— Ro 2 A
a 2 r Ro (3.10)

represents the squared ratio of the system’s Coriolis to viscous forces [52] and can be
related to the Rossby number as seen in eq. (3.10). Its appearance clearly indicates the
importance of viscous interactions at the onset of convection (in favour of the free-fall
inertial balance).?

!The situation is actually very subtle. In the rotating scenario, oscillatory modes (i.e. o, = 0 but
o; # 0) might set in earlier than stationary modes (i.e. o = 0) if Pr < Pre with Preg ~ 0.677 and
rotation is strong enough. In contrast, stationary modes will always set in first if Pr > Pre.¢. In the
non-rotating scenario, stationary modes dominate independently of Pr [29, 39, 40].

2This can be further understood by a closer look at the definition of the Taylor number — it represents
in fact the squared ratio of the vertical viscous diffusion time scale to the (Coriolis) rotation time scale,
Ta = 72/73. The Ekman number Ek = 1o /7, = Ta~ /2 represents just another popular parameter
which can be used equivalently. More information on time scales related to rotation are provided in
section 3.4.2.
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Figure 3.6: Linear stability for varying thermal boundary conditions. The
primary instability is governed by the thermal boundary condition as highlighted by
slices at different Ta within the three-dimensional Ra—Ta—k;, parameter space (see eq.
(3.8) and (3.9)). The dashed lines trace the global minimum, indicating the course of
the critical values. Free-slip boundary conditions are applied throughout.

Figure 3.6 visualises the neutral stability curves for both thermal boundary conditions.
The global minimum of the individual curves mark the critical point at the onset of
convection — this is exactly what is provided in table 1.1 for the non-rotating scenario.
It is easy to realise that there is a striking qualitative difference between Dirichlet and
Neumann conditions already in this case.

Additional rotation around the vertical axis generally stabilises the fluid independently
of the thermal boundary conditions. However, while the critical wave number at the
onset of convection steadily increases in the Dirichlet case, the Taylor number needs
to surpass the critical value Tag ~ 180.15 [29, 40] to move the critical wave number
off zero in the Neumann case. In other words, the critical wavelength at the onset
of Rayleigh-Bénard convection with Neumann boundary conditions becomes finite if
rotation is only strong enough. The dashed black lines in figure 3.6 trace the critical
point through the parameter space and underline the qualitative differences between
both thermal boundary conditions once more. These differences vanish in the asymptotic
limit of strong rotation [29, 117], i.e. Ro — 0 or Ta — 0.

A further very interesting result is obtained by an analytical, fully non-linear stability
analysis of two-dimensional convection rolls in non-rotating Rayleigh-Bénard convection
with Neumann boundary conditions slightly above the onset of convection with Ra 2>
Ragic. Such a study of secondary instabilities reveals ‘that each mode is unstable to one
of longer wavelength than itself, so that any long box will eventually contain a single
roll’ [118]. This implies that flow structures slightly above the onset of convection tend
to extend horizontally towards the largest possible scale. This seems to be a striking
analogy to the growing size of the supergranule during its aggregation process, although
the latter takes place even far beyond the onset of convection.
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Chapter 3: Large-scale flow structures at different boundary conditions

3.2.2 Leading Lyapunov vector analysis

The non-linearity of the Navier-Stokes equation and the resulting complexity of its
solutions in the turbulent regime far off the onset of convection render an analytical
solution intractable. Thus, the stability analysis in this extended region of the parameter
space asks for different methods. One method to analyse the stability of complex flows
is the so-called leading Lyapunov vector analysis.

3.2.2.1 Conceptual framework

In the framework of dynamical systems (in which this analysis is well-established),
the evolution of the turbulent convection flow is seen as a trajectory in the very high-
dimensional (phase or) state space. In this space, the state of the fluid flow can be
described by the column vector y (t) = [u (x;,t), T (@;,t)] which combines the velocity
and scalar temperature field for all discrete grid points @; with i = 1... N,N? (in different
rows) for any time. The non-linear governing equations (1.6) — (1.8) can thus be seen as
an operator F' that acts on this vector y such that [119, 120]

~Fly(t). (3.11)

Rayleigh-Bénard convection represents a chaotic dynamical system [121-123], i.e. its
trajectory depends sensitively on the initial conditions [119, 123]. The key idea of
the leading Lyapunov vector analysis® is now to probe the strength of the exponential
separation of two initially very close system trajectories y (¢) and y (t) + dy (¢) in this
high-dimensional state space [57, 123] — see figure 3.7. The perturbation field or separation
vector 0y (t) = [0u (x;,t), 0T (x;, t)] of these two trajectories develops out of the random,
infinitesimal initial perturbation dy (0) due to the chaotic nature of the system via [119]

d oy (t

dt() =J (y) oy + G (y,0y) ~ J (y) oy. (3.12)
Here, J (y) dy represent the tangent linear terms with the Jacobian J = 0F /0y and
G (y, dy) covers the high-order non-linear terms [119]. As the perturbation is infinitesimal,
one can presume that its evolution is captured sufficiently by the linear terms which
avoids the complexity of the non-linear problem and leads to the expression on the right

3Theoretically it would be possible to evolve n < Nyt orbiting trajectories along with the original
system trajectory [57]. However, due to the computational complexity this becomes quickly impossible
as this requires to solve n versions of equations (3.13) — (3.15) for n different initial perturbations
dy», (0) simultaneously with the original equations (1.6) — (1.8). Furthermore, to avoid numerical
overflows as well as errors that might originate from the tendency that all perturbation vectors
point towards the direction of fastest growth in the tangent space, these dy, are periodically re-
orthonormalised using a Gram-Schmidt (GS) procedure [57, 122, 123]. Consequently the leading
Lyapunov vector dy = dy; represents the only one that points in a physically important direction
[122]. This underlines the importance of the leading perturbation vector and justifies the restriction
to its analysis.
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>
state space

Figure 3.7: Concept of the leading Lyapunov vector analysis. The original
system trajectory y (t) is orbited in the high-dimensional state space by another very
close trajectory y (t) + dy (t). The separation dy (t) quantifies eventually the former’s
susceptibility to infinitesimal perturbations and is periodically re-orthonormalised (see
the footnote on page 34) as indicated by 7gs.

of eq. (3.12) [119, 124]. In the particular Rayleigh-Bénard convection scenario at hand,
this set of linearised governing equations is given by [111, 124]

V- du =0, (3.13)
0 du 1 Pr _,
W—l—(u-V)éu—l—(éu'V)u—%%ez><5u-—V6p+\/%V5u+6Tez, (3.14)
00T 1
—— + (u- V)T + (bu-V)T = V26T 3.15
g T V)T + (bu V)T = e (3.15)

This time-dependent separation dy of the two nearby trajectories quantifies the system
trajectory’s susceptibility to infinitesimal perturbations. If this separation grows over
time, the system trajectory depends sensitively on the initial conditions and the system
can thus be termed chaotic. The resulting exponential growth can be quantified by the
instantaneous leading Lyapunov exponent [124]

M) = A () = ;ltln lm] (3.16)

and implies A > 0 for a chaotic system [122, 123] with a norm that is given by

16y ()| = ﬁ/v[(suz (t) + 6T2 ()] dV. (3.17)

Besides this global aspect, the perturbation field dy allows even further insights as it is
the local magnitude of its components that encodes the regions of largest susceptibility to
local instabilities out of the present (turbulent) state [122]. Hence, it should contain the
essential information to relate the supergranule aggregation to instability mechanisms.

35



Chapter 3: Large-scale flow structures at different boundary conditions

Run Ra r N, N t, Nu Re Ar
Dfs2 L 38,501 60 200®°x4 7 785 5.2940.03 74.0+0.3 527£0.12
Nfs2 L 203,576 60 200®2x4 7 6,770 6.71+0.10 80.2+0.5 59.37 4+ 0.06

Table 3.2: Simulation parameters of the direct numerical simulations performing a
leading Lyapunov vector analysis — the Prandtl number Pr = 1 and free-slip boundary
conditions are applied for all runs. Nu, Re and A; are determined from several
hundreds of snapshots within the last 5007¢ of each simulation. For more information,
see table 3.1.

3.2.2.2 Associating the temperature perturbation vector with flow instabilities

To study stability mechanisms in Rayleigh-Bénard convection through a leading Lyapunov
vector analysis, selected simulations from section 3.1 with free-slip boundary conditions are
repeated with a simultaneous evolution of the orbiting trajectory — table 3.2 summarises
important parameters for these additional simulation runs.

Figure 3.8 exhibits in panels (a — d) the temporal evolution of a local defect genera-
tion that can be detected in the temperature field T (z,y, 2o = 0.5,¢) at midplane. In
particular, the split of a turbulent convection roll as part of turbulent superstructures
in the Dirichlet case can be observed. Interestingly, this change in the flow structure
can also be detected based on the corresponding dynamical sequence of the temperature
perturbation field’s magnitude |07 (z,y, zo = 0.5,t) |, see panels (e — h).

This observation proves that the leading Lyapunov vector analysis — which got es-
tablished in the past for the weakly non-linear regime of Rayleigh-Bénard convection
only [120-122, 125] — is a useful tool even for a fully turbulent flow as it connects the
separation of the two nearby system trajectories with local instabilities. Moreover, the
detected instabilities are very similar to those found in the weakly non-linear regime.

As pointed out above in section 3.2.2.1, the magnitude of the perturbation field dy
encodes the regions of largest susceptibility to instabilities. Although the described
dynamical sequence is taken at the midplane where such a defect generation can be
related most easily to turbulent superstructures, it follows that horizontal slices at very
different vertical positions are most susceptible in the flow. In particular, in case of
Dirichlet boundary conditions the most sensitive regions can be found at the top of the
thermal boundary layer, whereas it is the top and bottom planes that are most sensitive
in the Neumann case [V1].

The dynamical sequence from above is thus repeated for z; = 1 — 2/3 07 in figure 3.8
(i — p). It can be found that instabilities in the Dirichlet case are largest close to (but
not at) the downflow regions.

This is in contrast to the Neumann case for which a temporal evolution is provided in
figure 3.8 (q — x) for a horizontal slice close to the top plane at zo = 1 — §1/2. Here, the
most unstable regions are found to coincide with the downflow regions. Interestingly, the
temperature perturbation field consists of a connected pattern of high-amplitude ridges
with a coarser spacing indicating a larger scale of instability.
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T (x,y,20,t)

|6T (x,y, 2o, )|

T(x,y, 21,t)

|6T (x,y, z1, t)|

Figure 3.8: Leading Lyapunov vector analysis. (a — h) The temperature perturb-
ation vector comprises information on pattern susceptibility in space and time as
shown here for a roll split at midplane, i.e., zo = 0.5. The most susceptible region
depends on the thermal boundary condition. (i — p) The same Dirichlet simulation as
n (a — h) but here for z; =1 —2/3 d7. (q — x) The Neumann scenario offers different
and stronger susceptibilities at z; = 1 — d7/2. The first column visualises the entire
horizontal cross-section, whereas the remaining panels highlight dynamical sequences
via enlarged regions of interest of size 10 x 10.
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Figure 3.9: Scales of instability in the Neumann scenario Nfs2_ L. (a) Global
measures of instability and heat transfer vary over time. (b, ¢) Azimuthally averaged
spectra Egg (kn, 20 =1 — d1/2,t) offer a time-dependent peak during the transient
supergranule aggregation. (d) This is captured by the temporal evolution of the
unstable wavelengths NstsT that correspond to local maxima in Fsrsr. The spectra
are time-averaged over 507 and Ejrsr is multiplied by 108 for better comparability.

3.2.2.3 Scales of instability

The striking differences of unstable structures between the Dirichlet and Neumann
flow — see again figure 3.8 (m — p) and (u — x), respectively — ask for a more detailed
analysis of the perturbation field. Hence, figure 3.9 provides additional information on
the instabilities and corresponding scales.

From a global perspective it can be confirmed that the leading Lyapunov exponent
A (t) fluctuates — as a global measure of instability — over time similar to the Nusselt
number Nu (f) — as a global measure of heat transfer — around a mean value. Both these
measures are contrasted in figure 3.9 (a). The fact that A > 0 proves the flow to be
chaotic even in the Neumann case.

In contrast from a local perspective, the particular scales of instability are studied via
the azimuthally averaged spectrum of the temperature perturbation vector Esrsr (kp, 22 =
1 — 0r/2,t) in panels (b, ¢). Interestingly, this scale analysis seems to offer again a
hierarchy of two separate instabilities. First, there is a large-wave-number bump with
a peak at ki ~ 2 which can be related to instabilities of the fine granule patterns
visualised in figure 3.4 (b). While these instabilities are time-independent, a second but
time-dependent peak ke (t) can be found to move gradually towards larger scales. A
comparison of Fspsr with Epp confirms that this instability corresponds to the gradual
supergranule aggregation that yields eventually the supergranule pattern as another step
in the pattern hierarchy and is visualised in figure 3.4 (a). This gradual shift suggests
finally that the turbulent flow develops instabilities at an increasingly larger scale.

These two scales of instability are given by their corresponding peak wavelength
Asor = 2 /ky and plotted over time in figure 3.9 (d). In fact, this underlines that the
instability mechanism corresponding to the supergranule formation moves steadily to
larger wavelengths and ceases only artificially when domain size is reached. It is worth to
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3.3 Supergranule aggregation across various fluids

stress that the discrete nature of its growth in this panel is just a result of the coarsening
of the spectral coordinates at large scales.

Interestingly, this dynamical behaviour of instability mechanisms, especially the time-
dependent character, is fundamentally different to the Dirichlet case. For the latter, no
time-dependent peak can be found in the temperature perturbation spectrum Espsr [V1].
In other words, the crucial distinction seems to be the lack of a hierarchy of instabilities
that eventually prevents the formation of a related hierarchy of patterns.

The above leading Lyapunov vector analysis evaluates the dynamical system from a
Lagrangian perspective in the very high-dimensional state space. This allows to identify
the basic instability mechanism that eventually yields the supergranule as a separate
flow structure at a separate scale. It is found that the fully turbulent flow develops
instabilities at increasingly larger wavelengths — crucially, this is analogous to secondary
instabilities which can be found analytically for slightly above the onset of convection
(see section 3.2.1 and [118]). Thus, in addition to the critical mode from the onset of
convection, even this formation mechanism seems to persist far into the turbulent regime
at Ra > Ragit.

In this regime, the Prandtl number becomes typically very important for the dynamics
[56, 75, 97] which asks to extend the study of the supergranule along this second control
parameter in the following section.

3.3 Supergranule aggregation across various fluids

The comparison of the impact of different thermal boundary conditions in section 3.1
revealed their striking effect on large-scale flow patterns. While the supergranules were
found to form for all accessible Rayleigh numbers, a subsequent linear stability analysis
in section 3.2.1 showed that their final state resembles the critical mode from the onset
of convection. Crucially, this critical mode is independent of the working fluid, the
latter of which is characterised by the second of the two control parameters of basic
Rayleigh-Bénard convection — the Prandtl number.

A subsequent numerical stability analysis of the turbulent system trajectory far beyond
the onset of convection via the leading Lyapunov vector, see section 3.2.2, found that
the transient flow develops instabilities at increasingly larger scales. Interestingly, a
similar behaviour was previously reported in [118] for secondary instabilities slightly
above the onset of convection. However, although the authors state that their ‘results
hold quite generally for all Prandtl numbers’ [71] — the latter of which does not enter the
analysis for symmetric mechanical boundary conditions [118] —, they simultaneously ‘do
not expect the theory to remain accurate for very small Pr’ [118].

As the final supergranule results from the transient supergranule aggregation, clarifying
this uncertainty becomes crucial especially due to the strongly varying Prandtl numbers
in geo- and astrophysical convection flows — see again table 1.2. The need for this
investigation is further supported by the well-known fact that the Prandtl number
strongly impacts instability mechanisms slightly above the onset of convection in the
complementary Dirichlet case [73, 74].
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Chapter 3: Large-scale flow structures at different boundary conditions

3.3.1 Diffusion of momentum and advected scalars

In fluid dynamics, diffusion represents the transfer of momentum, heat or other scalar
quantities from regions of high concentration to regions of low concentration due to
molecular processes. For instance, even in a simple turbulence scenario without advected
scalars, the inhomogeneous motion of any viscous fluid will eventually be relaxed by
molecular, viscous diffusion from fluid parcels of high momentum to adjacent ones of
lower momentum. Beside the gradients of velocities, the strength of this diffusion is
governed by the kinematic viscosity v which enters the Navier-Stokes equation (1.3). As
diffusion dominates smaller length scales but becomes practically irrelevant for larger
ones, it dictates the smallest observable dynamical length scale — in other words, any
inhomogeneous fluid motion below a certain length scale is relaxed immediately due
to the effect of viscous diffusion and thus subsequently dissipated into heat.* Within
the cascade picture of turbulence, see section 3.5.1 and in particular figure 3.15, this
corresponds to the last stage and thus the dissipation range.

Dimensional considerations based on this intuition allowed Andrey N. Kolmogorov
to quantify the (on average) smallest dynamical length scale in homogeneous, isotropic
turbulence — the (mean) Kolmogorov scale [126]

V3 1/4 Pré/? A
(MK)ve = <<8>W> =H (x)p;  with (fk)yz:= (Raw(é)w) ,  (3.18)

which depends in turn on the kinetic energy dissipation rate

1 T2_Uf2~ D~ 1 /Pr[,~_ - \T72
€= v [(V'u,) + (Vu) } = g withé:= S\ =l {(Vu) + (Vu) } . (3.19)
Here, the superscript ®7 represents the transpose, whereas tildes indicate non-dimensional
quantities based on the free-fall inertial balance — see again section 1.2.2.3. As diffusion
dominates conceptually at the Kolmogorov scale, the characteristic Reynolds number

becomes unity and thus the corresponding Kolmogorov time scale T« = \/v/{e)v: =

(Pr/Ra)"/* /\/(E)p 7 7 [126].

The presence of any scalar in the flow introduces a potentially new diffusion process
which may in turn be compared to the diffusion of momentum from above. For instance,
in case of molecular concentrations the mass diffusivity D can be compared to the
kinematic viscosity via the Schmidt number Sc := v /D [127]. In terms of heat transport,
the temperature represents the scalar quantity — the ratio between its thermal diffusivity «
and the kinematic viscosity yields eventually the Prandtl number Pr which was introduced
in eq. (1.9) and related to diffusion time scales in the footnote on page 7. In case of
Pr =1 (as used for the studies in sections 3.1 and 3.2), viscous diffusion is just as strong
as thermal diffusion and so both fields exhibit the same level of details. In contrast, in
case of Pr < 1 (Pr > 1) viscous diffusion is weaker (stronger) than thermal diffusion and

4The contribution of viscous dissipation as heat source is typically — as is also the case in the present
work — neglected in the heat equation (1.4) due to its vanishing significance [56].
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3.3 Supergranule aggregation across various fluids

so the velocity (temperature) field exhibits potentially more details compared to the
temperature (velocity) field.

As a complement to the Kolmogorov scale from above, this effect of thermal diffusion
similarly dictates the smallest observable scale in the temperature field. Based on the
work of Kolmogorov, Stanley Corrsin argued using dimensional considerations that the
(on average) smallest observable scale in the temperature field is given by the (mean)
Corrsin scale [128]

: o (e
(obps  with (che; = gt (320)

BT v
= = - =H
o= () =

In fact, this assumes the temperature field to be nested in the inertial sub-range of
the velocity field which requires Pr < 1 to hold — a detail that was clarified later by
George K. Batchelor [129]. In the opposing case of Pr > 1, thermal diffusion becomes
important only at scales smaller than the Kolmogorov scale, so different arguments
become necessary. A dimensional analysis based on the advective transport of material
iso-surfaces leads in this case to the (mean) Batchelor scale [129]

2\ 1/4 5N~
VK ) _ <77K>V,t <77K>V,t (3.21)

(s)ve == <<E>Vt /Pr = H (ils)v; with (7jg)y 7 = VPr

Despite the different underlying arguments, both scales coincide with the Kolmogorov
scale for Pr = 1. Coming back to non-dimensional quantities in the following, tildes will
again be dropped.

In a nutshell, these 3 different mean length scales deserve significance as follows. On
the one hand, the Kolmogorov scale (nx)y; represents the smallest mean scale in the
velocity field. On the other hand, the Corrsin scale (n¢)y: > (nk)v.: describes the
smallest mean scale in the temperature field if Pr < 1, whereas this is replaced by the
Batchelor scale (ng)v: < (nx)v: in case of Pr > 1.

As becomes further clear after this brief review, both of the dissipation scales for
advected scalars® are conceptually and by definition related to the Kolmogorov scale.
Hence, all 3 scales are linked to homogeneous, isotropic turbulence at large Re which is
not exactly the case for Rayleigh-Bénard convection. However, the latter is yet similar
enough to the former [56] to justify the use of these scales even in thermal convection
(61, 108]. To account for variations of the kinetic energy dissipation field € = ¢ (x,t) in
space and time [108, 130, 131], the global definitions of the mean Kolmogorov, Corrsin
and Batchelor scale may be generalised to the local ones nx = 7k (x,t), nc = nc (x, t),
and ng = np (x, t), respectively [108, 132]. This supports eventually tailoring them to
the inhomogeneous setup of Rayleigh-Bénard convection.
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Run Pr
Nfs2 Pr001 0.01 8307
Nfs2 Pr01 0.1 400?
Nfs2 1 2007
Nfs2 Pr7 7 2002
Nfs2 Prl0 10 2002
Nfs2 Pr100 100 2002

N t, Nu Re Ar
6 13 5,575 3.17+0.01 2063.0£0.7 59.65 4 0.00
8 9 4,250 4.94+0.09 433.0£3.4 59.71 +0.01
1 11 6,500 6.74 £0.10 81.4 4+ 0.7 59.66 £0.02
4 7 4,000 7.21+0.14 16.2 +£0.2 59.76 +0.01
4
4

7 6,000 7.134+£0.10 11.7£0.0 59.80 £ 0.01
7 14,000 7.0240.03 1.1£0.0 59.78 £0.02

X X X X X X|Z

Table 3.3: Simulation parameters of the direct numerical simulations at different
Prandtl numbers Pr — the Rayleigh number Ra = 203, 576, aspect ratio I' = 60, and
free-slip boundary conditions are applied for all runs. Nu and Re are determined from
several thousand iterations, whereas Az is based on 50 (10 for Nfs2_Pr001) snapshots
within the last 57 in case of Nfs2 Pr001, 10007; in case of Nfs2 Pr100, or 5007 in
case of any other simulation run. Information on the base run Nfs2 is re-printed as
reference in grey. For more information, see table 3.1.

3.3.2 Supergranules at different Prandtl numbers

In order to study the gradual supergranule aggregation for different fluids, a series of
simulations at fixed Rayleigh number but varying Prandtl number is conducted. To keep
the computational complexity tractable despite the large aspect ratio I' = 60, simulation
Nfs2 at Ray = 203,576 is chosen as reference. Table 3.3 summarises all for this section
relevant runs that cover the range Pr € [1072,10?] centred around Pr = 1.

3.3.2.1 Flow structures

Similar to the previous sections, every simulation is run as long as necessary to indicate a
stationary pattern size with a particular focus on the temperature field. Doing so reveals
two important results.

Firstly, the gradual supergranule aggregation proceeds even beyond Pr = 1 at all
accessible Prandtl numbers. Yet, the varying diffusivities affect the pace of the dynamics
and thus the necessary simulation runtime ¢,, see table 3.3. Although ¢, is by far largest
for the upper limit of Pr, one finds a similar trend towards longer necessary runtimes
in the opposing lower limit. This observation itself suggests that the efficiency of the
aggregation process depends on both the kinematic viscosity as well as thermal diffusivity,
and thus the interplay of the velocity and temperature field. This is in line with later
results from section 3.5.5 which trace the (thermal) supergranule aggregation basically
back to an advective transfer of thermal variance. These runtimes do thus again not
support any relation to diffusive time scales which agrees with the findings from section
3.1.3.3. Interestingly, the increase of runtime is larger in the direction Pr — oc.

®In fact, both the Corrsin and the Batchelor scale are originally stated for temperature fields where
variations are small enough to render buoyancy effects negligible [129] and so temperature represents
a passive scalar. Hence, they can also be exploited for other scalars which brings the reader back to
the Schmidt number from above.
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Figure 3.10: Supergranulation across 4 orders of Prandtl numbers. Although
the velocity field exhibits successively smaller features for decreasing Prandtl numbers
Pr, the supergranule aggregation can still easily be observed in the temperature field.
Panels (a, ¢, f, i, k, m, o, p, q, r) visualise the entire cross-section at zg = 1 — d7/2.
To highlight the vast scale-separation between the temperature and (vertical) velocity
field for small Pr, panels (b, d, g, j, I, m) enlarge a region of interest of size 15 x 15.
Panels (e, h) underline this fact by additional magnifications of regions of size 4 x 4.
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Chapter 3: Large-scale flow structures at different boundary conditions

Secondly, this process ceases again only once the domain size is reached. Figure 3.10
visualises the temperature and vertical velocity field in horizontal planes within the
upper thermal boundary layer for the final states of the flows. In particular, panels (a, i,
k, 0, q) depict the temperature fields across the entire horizontal cross-sections of the
domains, whereas panels (c, f, m, p, r) exemplary contrast them to the velocity field with
respect to its vertical component. This compilation underlines the enormous footprint
of the supergranule aggregation in the temperature field and justifies thereby the focus
on this scalar field at many places in the thesis at hand. Together with the previous
paragraph, this suggests that the instability mechanism found and described in section
3.2.2 rules the pattern formation independently of Pr.

While the flows display well-ordered stems of localised up- and down-flow regions for
large Pr, they become increasingly disordered for increasingly smaller Pr due to the
reduced importance of molecular friction. Consequently, the ranges of observable scales
or details diverge when comparing the temperature and vertical velocity field — this is
highlighted by magnifications of fractions of the flows. In case of Pr = 1, both fields
offer an equivalent richness of details which is shown in panels (I, n). This changes
once the Prandtl number moves off unity and the diffusivities of momentum and the
scalar temperature differ. On the one hand, the temperature field becomes successively
diffuse or imprecise for increasingly smaller Pr, compare thereto panels (b, j, 1). On
the other hand, the velocity field becomes simultaneously successively more chaotic as
directly contrasted in panels (d, g, n). The tremendous scale separation between the
two fields is ultimately highlighted by further magnifications of even smaller regions in
panels (e, h), underlining the vast complexity of low-Pr thermal convection flows. Despite
its significantly smaller Rayleigh number Ray ~ 2.0 x 10°, simulation run Nfs2 Pr001
required more computational resources than run Nfs4 at Ray &~ 7.7 x 107 (see table 3.1).

The increasing local disparity of the temperature and velocity field due to the different
time scales of the underlying diffusion processes suggests to investigate in the following
the impact of the Prandtl number on the global transport of heat and momentum.

3.3.2.2 Global transport properties and the role of stratification

The previous section showed that the supergranule aggregation takes place across the
entire range of investigated Prandtl numbers. Simultaneously, the flow structures are
significantly affected by the varying relative strength of viscous and thermal diffusion
processes. The incorporation of these two fields together with the Prandtl number in
the global measures of heat and momentum transport, see equations (1.19b) and (1.20),
suggests to analyse them in the presence of supergranules in more detail.

Figure 3.11 (a) visualises the dependence of these global transport measures on the
Prandtl number for the final flow states. On the one hand, the Reynolds number as
the global measure of momentum transport can be found to increase steadily when the
Prandtl number is decreased. This is in accordance with the vanishing role of viscous
diffusion, leading to successively more inertial flows. As this holds for the entire covered
range of Prandtl numbers, it implies that the flow becomes laminar for Pr > 1. On the
other hand, the Nusselt number as the global measure of the importance of convective
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Figure 3.11: Global and local transport for different fluids. (a) While the global
momentum transport increases with decreasing Pr, the convective heat transport is
reduced only for Pr < 1. (b) A stable stratification in the bulk, previously observed in
the inset of figure 3.2 (c), is no necessity for the emergence of the supergranule. The
temperature field is re-scaled for this panel to allow for a direct comparability.

against diffusive heat transport shows a more complex behaviour. For decreasing Prandtl
numbers in the range Pr < 1, thermal diffusion gains relevance as the disorder in the
flow intensifies. In contrast, Nu stagnates for Pr 2 1 — this might be induced by the full
nesting of the thermal boundary layer into the viscous one [3], so buoyancy effects get
suppressed or protracted by viscous diffusion and thermal plumes detach less frequently.

These observations are in line with the effect of the Prandtl number in case of the
complementary Dirichlet-type thermal boundary condition [61]. As the large-scale flow
structures differ fundamentally between these two cases (see section 3.1), this underlines
that diffusion processes are primarily locally important mechanisms.

The gradual supergranule aggregation was found in section 3.1.3.1 to be related to
a slightly stable stratification of the temperature field close to the midplane for all
accessible Rayleigh numbers. To answer the question if this represents a characteristic
feature or necessary condition for the supergranule aggregation, the vertical temperature
profiles of all for this section relevant simulations are plotted in figure 3.11 (b). Note that
the temperature fields are re-scaled here to allow for a direct comparability, see again
section 3.1.2. Despite the presence of supergranules for any Pr, the stratification develops
qualitatively differently. While it is stable for Pr > 1 and converges for Pr 2 10, it is
increasingly unstable for successively smaller Prandtl numbers Pr < 1. These convergence
properties agree with the above findings regarding the Nusselt number. Hence, the stable
stratification in the bulk is no necessity for the emergence of the supergranule.

In spite of the impact of the Prandtl number on the global heat and momentum
transport, as well as on the stratification in the bulk of the convection layer, the gradual
supergranule aggregation emerges across the entire range of investigated Pr and ceases
only when the artificially prescribed domain size is reached. This ubiquitous appearance
and dominance of this large-scale flow structure raises fundamental questions on the
completeness of the dynamical system and its involved physical mechanisms.
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Chapter 3: Large-scale flow structures at different boundary conditions

Figure 3.12: Physical interpretation of rotation around the vertical axis. The
region at the geographical pole (left) of geo- and astrophysical objects can be seen as
a fraction of their spherical shell (centre) — neglecting this spherical character results
in the Cartesian domain depicted in figure 1.2. Regions away from the poles (right)
add further complexity.

3.4 Limiting the supergranule aggregation

While it was shown in section 3.1 that the supergranule aggregation takes place for all
accessible Rayleigh numbers at fixed Pr = 1, the previous section 3.3 proved that it
prevails even across all accessible Prandtl numbers at fixed Ra ~ 2.0 x 10°. Assuming
that (1) the qualitative results of these two series of simulations are independent of
the particular fixed Ra or Pr, and (2) this pattern formation mechanism exists even
beyond the numerically accessible ranges of Ra and Pr, one might hypothesise that the
supergranule formation prevails throughout the entire two-dimensional Ra—Pr parameter
space of any basic, heat flux-driven Rayleigh-Bénard convection flow (recall here equations
(1.6) — (1.8)). As shown in section 3.1.3.3, this process ceases only when the (artificially
prescribed finite) domain size is reached. Such an infinite growth is, however, in contrast
to natural examples, implying in turn that this basic dynamical system needs to be
extended to offer additional physical mechanisms that may eventually balance the
instability.

3.4.1 Rotation as a promising candidate

While natural geo- and astrophysical flows offer a variety of extensions, they all have
rotation as an additional physical mechanism in common (see also table 1.2). Figure
3.12 visualises the spherical shell of such a rotating object® and cuts selected fractions
out of it. Although the angle between the vectors of gravity and rotation covers the
entire spectrum of possibilities in case of a planet or star, a vector of rotation that is
anti-parallel to the vector of gravity represents the most accentuated setting. In fact,
this situation is given at the geographical pole of such spherical objects and can even be
mimicked by Cartesian domains if the sphericity is neglected — compare for this purpose

5The background of the centre part of this figure 3.12 shows exemplary a photograph of the Sun with
its several visible sunspots taken on 14/12/2022, 17:42:46 GMT via MicroObservatory [133].
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3.4 Limiting the supergranule aggregation

the left part of this figure 3.12 with the basic experimental setup of Rayleigh-Bénard
convection in figure 1.2.”7 This circumstance suggests to continue to work with the simple
latter system and to incorporate the effect of rotation correspondingly.

In the previous sections, the behaviour of the non-rotating system at and slightly
above the onset of convection has turned out to be quite insightful even for the turbulent
flow. As already pointed out in section 3.2.1, additional rotation around the vertical
axis generally stabilises the flow at the onset of convection. It is important to realise
that this effect is more intense on large scales than on small scales — i.e., it suppresses
large-scale motions —, consequently the critical mode may eventually become finite if
rotation is only strong enough. Hence, rotation might turn out as a promising extension
to limit the supergranule aggregation even in the fully turbulent flow.®

Studies in Rayleigh-Bénard convection (in particular with Dirichlet boundary condi-
tions) report indeed that the flow patterns can be influenced under the action of rotation
[30, 134] (see also [52, 63] for examples from even more complex flows). In the limit of
rapid rotation, the flow structures transform towards so-called Taylor columns [117] with
smaller horizontal scales as a consequence of the Taylor-Proudman theorem [45, 55, 56,
135-137]. In contrast, it might be expected that the stop of the gradual supergranule
aggregation at large scales makes only weak rotation (Ro 2 2.5 [30, 138]) necessary.

In the following, rotation around the vertical axis will be added as the only additional
physical mechanism to the dynamical system and extend the parameter space by Ro.

3.4.2 Mathematical inclusion and involved time scales
3.4.2.1 Frames of reference

Mathematically, a measured quantity of a rotating system depends on the frame of
reference, the latter of which can be either the inertial (I) or the rotating (R) frame.
These frames imply that the observer is standing either outside or inside the rotating
domain, respectively. Concerning the velocity field as part of the (dimensional) Navier-
Stokes equation (1.3), the relation between these two frames is given by [55, 84]

d d
T _ (TR 900 x g + Q x (Q x zR) (3.22a)
a )~ \Car ),
dug 1 2
_ (dt>R +20 X ug —5V (|Q X 7| ) (3.22b)
Coriolis centrifugal
acceleration acceleration

"Regions away from the geographical pole add further complexity as the rotation of the spherical shell
needs to be decomposed into a vertical and an additional horizontal component. The latter causes an
anisotropy in the horizontal directions [100], see also the right part of figure 3.12.

8An analysis of the evolution equation for the temperature perturbation above the onset of convection
(similar to [118]) was reportedly started in [40]. Although not finished, it might be expected that the
instability mechanism (which drives the supergranule aggregation) does not disappear suddenly when
rotation is added to the system. Thus, one might expect this instability to rival with the stabilising
effect of rotation on large scales.
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Chapter 3: Large-scale flow structures at different boundary conditions

once the angular velocity and the reference point of the rotating frame are assumed to
be time-independent and non-accelerated, respectively. It introduces generally both the
Coriolis acceleration as well as the centrifugal acceleration term, while r = (r,,r,,7,)
represents here the perpendicular distance of the fluid parcel from the axis of rotation.
Obviously, these two frames coincide in the non-rotating scenario — it is thus convenient
to refer always to the ‘rotating’ frame and drop the subscript R in the following.

These above considerations point out that the Coriolis and centrifugal accelerations
are fictitious accelerations for an observer inside a rotating frame [55]. The particular
role of the Coriolis acceleration is to deflect fluid parcels perpendicular to their direction
of motion.

3.4.2.2 Mathematical inclusion of rotation and its physical interpretation

It is crucial to understand the relation between the studies within a Cartesian domain
and the actual physics in the motivating spherical geo- and astrophysical objects. In a
spherical shell of the latter, the projection of the angular velocity or rate of rotation €2
onto to the local unit vector along the vertical direction e, (which is anti-parallel to the
vector of gravity) depends on the latitude (lat), i.e.

2Q - e, = 2Qcos (¢) el 200 + h.o.t. = 2Q (3.23)
aylor series
around ¢o=0

with ¢ = 7/2 — ¢1ay being measured from the geographical pole as indicated in figure 3.12.
Considering now — as described above in section 3.4.1 — a region close to the geographical
pole at ¢ ~ ¢g = 0, the truncation of a Taylor series after the very first term yields the
expression given on the right of eq. (3.23). Neglecting the sphericity of the region close
to the geographical pole, rotation is thus anti-parallel to the acceleration due to gravity
as well as constant throughout the spatial domain.” Note that the angular velocity is, as
stated above, further assumed to be constant in time. Given these considerations, the
inclusion of an angular velocity €2 = {2e, in the Cartesian domain indeed approximates
the physics at the geographical pole.

Based on the characteristic angular velocity €2, a non-dimensionalisation (further based
on the free-fall inertial balance as in section 1.2.2.3) of the Coriolis and centrifugal
acceleration terms from eq. (3.22b) yields

2QH O2H?
e, X u— -V (7"2) with 7= \/r2 + 12 (3.24)

within the (non-dimensional) Navier-Stokes equation (1.7).
The centrifugal acceleration term represents basically a gradient field, and as such it
can be included into a modified pressure field ppoq := p— Q*H?/ (2U?) r* [53, 54]. Hence,

9This is known as the so-called f-plane approzimation and represents a good approximation in case
of a negligible sphericity [84], i.e. [?H/Rcpar < 1 with a characteristic radius Renar of the spherical
object. The S- or v-plane approximations represent higher-order approximations [29, 84, 100, 139]
but lie beyond the very general scope of this work.
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3.4 Limiting the supergranule aggregation

the centrifugal acceleration term disappears from the governing equations although not
being neglected [55, 56]. Further, there is no need to solve it numerically as a separate
term as its solution is consequently part of the elliptic equation (1.18) for the pressure
field. For simplicity, the pressure field will be termed p even in the rotating scenario.

3.4.2.3 Time scales associated with rotation

The inclusion of the two terms from eq. (3.24) introduces also two new time scales to
the system. Firstly, the left term indicates the ratio of the free-fall time scale 7 = H /Uy
to the system’s rotation time scale due to Coriolis acceleration Tq = Tq, = 1/ (20).
Secondly, the right term can be interpreted as the squared ratio of the free-fall time
scale 7; to the system’s rotation time scale due to centrifugal acceleration tq, = v/2/S0.
Recalling the definition of the Rossby number in eq. (1.11) (which corresponds closely
to the non-disappearing Coriolis term), eq. (3.24) can be re-written as

1 11 , . T
%ezxu— g QV(T) WlthRO_; (325)
~—
22,

This highlights clearly that these two rotation time scales are not independent but
closely connected via 7, = 2v/2 1q. As Tor 2 Tq, processes or effects caused by Coriolis
acceleration may be roughly expected to dominate processes caused by centrifugal
accelerations.

It might be of interest how these time scales compare with the remaining time scales —
see section 1.2.2.3 and especially the footnote on page 7 — in the flow. Such a hierarchy;,
however, depends sensitively on the particular parameters Ra, Pr and Ro. Based on
typical values of natural convection flows (see table 1.2), Pr > 1/Ra and Pr < Ra.

From this, the hierarchy establishes in the non-rotating scenario to

(Tar, TQ) > (T4, ) > 1. (3.26)
Presuming for the rotating scenario Pr ~ O (10°), Ra 2 O (10*) and Ro ~ O (10')
instead (for the latter, see also table 3.4),

T, X Te > Tar 2, Tq > Tt (3.27)

holds. Thus, although buoyancy-driven processes continue to set the smallest time scale,
effects caused by weak rotation may eventually dominate diffusion effects (on large length
scales, as on small length scales still 7; > 7k ) and become more important.

3.4.3 Controlling the size of supergranules

The effect of rotation as an additional physical mechanism is studied by approaching the
weakly rotating regime starting from the non-rotating limit — the non-rotating simulation
runs performed in section 3.1 serve thus as starting points. In terms of control parameters
of the flow, this implies that the two previous ones (Ra and Pr = 1) are kept fixed while
rotation is introduced via the new parameter Ro, the latter of which will subsequently
be varied. Table 3.4 summarises all simulations that are relevant for this section 3.4.
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Run Ra Ro N . Nu Re Ar
Dfs3 385,014 oo 7 1,100 10.21 £0.04 215.8=+=0.5 5.34+£0.10
Dfs3 Rol0 385,014 10 7 625 10.2240.05 212.04+0.5 5.18 =0.10
Nfs1 10,432 oo 7 4,000 3.934+0.12 26.4+£0.4 59.66 £ 0.04
Nfsl Robs 10,432 5 7 1,250 3.69+0.05 244+0.2 21.854+3.31
Nfs2 203,576 oo 11 6,500 6.74+0.10 81.440.7 59.66 £ 0.02
Nfs2 Rol0 203,576 10 9 4,500 6.62=+£0.09 80.3+0.8 42.25+0.73
Nfs2 Ro9 203,576 9 9 4,500 6.584+0.09 78.7+£0.9 33.43+1.83
Nfs2 Ro8 203,576 8 9 4,500 6.534+0.09 76.3£0.5 29.17+0.92
Nfs2 Ro7 203,576 7 9 4,500 6.454+0.07 72.8+0.3 25.11 +0.82
Nfs2 Rob6 203,576 6 9 4,500 6.324+0.07 69.1£0.3 18.3240.47
Nfs2 Rob 203,576 5 9 4,500 6.134+0.05 65.1£0.3 1592+ 1.54
Nfs3 3,928,297 o0 7 10,000 12.29 £0.16 229.04+1.4 59.72 £0.02
Nfs3 Ro30 3,928,297 30 7 4,500 12.38+£0.13 286.0 1.3 59.24 4+ 0.07
Nfs3 Ro20 3,928,297 20 7 4,500 12.26 £0.08 231.54+ 1.0 45.70 +0.21
Nfs3 Rol7 3,928,297 17 7 4,500 12.274+0.13 2314+ 1.6 36.84 £2.18
Nfs3 Rolb 3,928,297 15 7 4,500 12.234+0.10 2245+ 1.3 28.85+1.49
Nfs3 Rol3 3,928,297 13 7 4,500 12.18+£0.09 2174+ 1.2 25.37+0.57
Nfs3 Rol0 3,928,297 10 7 4,500 12.0540.09 205.1 0.9 19.55+1.11
Nfs3 Rol0s 3,928,297 10 7 4,500 12.05+0.09 199.940.7 17.73 +1.56
Nfs3 Ro9 3,928,297 9 7 4,500 11.974+0.09 199.6 £1.1 15.02£0.55
Nfs3 Ro8 3,928,297 8 7 4,500 11.854+0.08 197.5+£0.7 10.98 £0.46
Nfs3 Ro7 3,928, 297 7 7 4,500 11.714+0.08 205.9+0.8 9.71£0.59
Nfs4 76,887,279 o0 7 19,000 2347 £0.24 635.9=+3.1 59.68 £0.02
Nfs4 Ro30 76,887,279 30 7 7,500 23.44+0.17 640.2 4+ 3.3 27.34 +0.47

Table 3.4: Simulation parameters of the direct numerical simulations including
rotation as an additional physical mechanism — the Prandtl number Pr = 1, the aspect
ratio I' = 60 and free-slip boundary conditions are applied for all runs. All values
correspond to the late state of the flow where the large-scale flow structures converged
with respect to their mean size. Nu, Re and Ar are typically determined from 50
snapshots within the last 5007 of each simulation, while error bars are determined by
the standard deviation. While simulation runs Nfsl Robs and Nfs3 Rol0s started
from scratch, all other simulations started with the final corresponding non-rotating
flow as initial condition — run Nfs3_Ro10s thus proves the independence of statistical
results from the specific initial condition. The total number of spectral elements N,
coincides for all runs with their corresponding non-rotating scenario. Information on
these base runs are re-printed as reference in grey. For more information, see table 3.1.
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Figure 3.13: Effect of weak rotation on the flow structure hierarchy. (a — d)
Weak rotation as an additional physical mechanism is capable of fragmenting the
domain-sized supergranule into smaller, yet large-scale supergranule filaments. (e — h)
Despite this significant transformation, the smaller-scale granular flow patterns are
still preserved. While the top row visualises the temperature field T (z,y, z9) across
the entire cross-section of the domain for a late state, the bottom row magnifies regions
of size 5 x 5 at zg = 1 — d7/2. Note the analogies to the granule patterns observed in
the non-rotating scenario as shown in figure 3.4 (a, b) for even higher Ra.

3.4.3.1 Qualitative observations

Generally, it can be found that the global heat and momentum transfers are almost
unchanged when introducing weak rotation. This can be realised when comparing
simulation runs Dfs3 Ro10, Nfsl Robs, Nfs2 Rol0, Nfs3 Ro020, Nfs4 Ro30 with their
non-rotating counterparts. As this series shows, this holds not only for the Dirichlet
case — for which this effect was already previously reported [30, 138, 140] —, but can
similarly be confirmed for the Neumann case here. Increasing rotation tends to suppress
convective motions [134, 138, 140], i.e. Nu and Re decrease. Although this effect is quite
small, it can be confirmed for within the regime of weak rotation that is covered by the
two simulation series Nfs2 Ro and Nfs3 Ro.

In the classical Dirichlet case, the large-scale flow structures — which predominantly
cause the heat transport [96] — are almost unchanged. This is supported quantitatively
by the integral length scale Ap (which is included for all simulations in the table) and
might explain why the regime of weak rotation got only little attention in past studies.
In contrast to these turbulent superstructures, the situation becomes very different for
the supergranules.

In the Neumann case, the large-scale flow structure depends strongly on the strength
of rotation even in the case of weak rotation as shown in figure 3.13 (a — d). The
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Figure 3.14: Scaling of fragmented supergranule filaments in the weakly rotating
regime. The two comprehensive series of simulations at I' = 60 indicate a linear scaling
up to Ropo; as described by eq. (3.28).

gradual aggregation process can be stopped at an intermediate scale (when starting the
simulation from scratch) or fragmented into smaller supergranules of intermediate scale
(when rotation is suddenly introduced to an existing supergranule) once the strength of
rotation is only strong enough. While simulation run Nfs3_Ro30 substantiates that latter,
runs Nfs3 Ro10 and Nfs3_ Rol0s prove the former by confirming the independence of
statistical results from initial conditions. One might at this point extend the hypothesis
from the beginning of section 3.4 and expect that there exists some transition in the
three-dimensional parameter space which separates the regions of infinite and finite
supergranule growth. Interestingly, the global heat and momentum transport is barely
altered during this massive re-organisation of the large-scale flow. This is, in fact, in line
with the behaviour of the flow during the gradual supergranule aggregation as previously
shown in figure 3.5. The smaller-scale granular flow patterns, however, are not affected
in an equal manner as shown in figure 3.13 (e — h).

3.4.3.2 Scaling of the fragmented supergranules

The observations from figure 3.13 suggest to quantify the resulting supergranule size as
a function of the control parameter for the strength of rotation, Ro. Figure 3.14 reveals
that the characteristic horizontal scale of the large-scale flow structures is in fact a linear
function of the Rossby number which can be described by

Ar (Ro) = f1 (Ra) Ro+ fy (Ra) for 2.5 < Ro < Roproj- (3.28)

This linear scaling can be understood by a closer look at the definition of the Rossby
number in terms of time scales, see eq. (3.25). From this perspective, Ro defines basically
the time scale of mechanisms induced by Coriolis accelerations. As the supergranule
formation proceeds during its transient aggregation with a constant speed (see figure 3.5),
a variation of this time scale via Ro might eventually set a limit to this buoyancy-driven
aggregation process. Clearly, this argument relies on the independence of these two
mechanisms.
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3.4 Limiting the supergranule aggregation

Section 3.5 will highlight the responsibility of the non-linear term to the supergranule
aggregation, allowing for an alternative argument for this linear scaling here. Suppose
the (dimensional) non-linear term in eq. (1.3) will be constrained by the Coriolis term in
magnitude, i.e. |(u-V)u| ~ [2Q e, X u|. For a characteristic dimensional flow structure
of size Awar and velocity Uy, this translates to U? /Aear ~ 22Ut or a Agyar-based Rossby
number of Roy, .. = Us/ (2QAchar) ~ 1. A subsequent re-translation to the original
definition from eq. (1.11) results then in Ay = Ap = Ay /H ~ Ro, supporting the
observed linear nature of the scaling further.

From table 3.1 it is known that in the non-rotating case the supergranule aggregation
proceeds slower when the strength of turbulent fluctuations — or in other words the
Rayleigh number — is increased. One may thus expect that the slope f; depends on Ra
too, which is confirmed by figure 3.14. However, further series of simulations at different
Ra are required to draw a firm conclusion on this dependence.

One might wonder if it should not be possible to collapse the data onto a single line
when plotting it against another rotation-based parameter such as Ta or Ek — these
parameters are, however, not able to do justice to such expectations. This circumstance
is just the logical result of the independence of the supergranule aggregation time from
diffusive time scales as stated before in sections 3.1.3.3 and 3.3.2.1.

In eq. (3.28), Ropo; is the projected, Rayleigh number-dependent Rossby number
beyond which the aggregation process becomes independent of Coriolis accelerations and
thus A7 = I establishes just as in the non-rotating scenario. For the two available series
of simulations at varying Rossby numbers, Nfs2 Ro and Nfs3_Ro, this projection yields
Roprej = 14 and Rop,o; & 26, respectively.

As pointed out in section 3.2.1, the critical mode at the onset of constant heat
flux-driven Rayleigh-Bénard convection transitions from ki = 0 to key > 0 once
Taci ~ 180.15 is surpassed. In other words, the critical flow structure changes from
infinite to finite size once the weakly rotating regime is approached sufficiently from
the limit of no rotation. This critical point corresponds to critical Rossby numbers of
Rogit & 34 and Rog,y = 148 for the series Nfs2_Ro and Nfs3__Ro, respectively. Assuming
a continuing validity of the slopes from figure 3.14 even beyond the covered range, these
Rogit correspond to critical structure sizes of Ay ot = 162 and Ap, ot = 392 — a potential
numerical domain might need to be even significantly larger to obtain definite results.
However, one single simulation in a domain of aspect ratio, e.g., I' = 400 ~ 2.5 x 162
exhibits roughly (400/60)” &~ 44 times the complexity of a simulation in the current
domain with I' = 60. Keeping further in mind that the time which is necessary to form
the supergranule increases with increasing aspect ratio [V1], it becomes clear that this
exceeds what can be investigated with the current computational resources. Hence, it is
not possible to confirm or reject this transition for the turbulent regime at this point.

Lastly, it is worth to mention that the linear nature of these results is not altered when
considering another horizontal plane at a different height, vertically averaged fields [V5],
or when quantifying the structure size based on different measures such as for instance
the first zero-crossing of the correlation function [141]. The above findings thus clearly
prove that rotation as an additional physical mechanism is able to limit the gradual
supergranule aggregation at an intermediate scale I' > Ar > 1.
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Chapter 3: Large-scale flow structures at different boundary conditions

Even stronger rotation than the ones listed in table 3.4 will eventually change the
characteristics of the flow significantly as the weakly rotating regime will be left [30]
and the flow patterns converge eventually towards Taylor columns [117]. These effects
beyond the weakly rotating regime are, however, not at the focus of the present study.

3.4.4 Relating rotation to the vortex stretching term

While incompressible flows are most typically described by the evolution equation for
the velocity — see the Navier-Stokes equation (1.7) —, their evolution can be formulated
mathematically equivalently [57] by the use of the so-called vorticity w := V x w. This
corresponding (non-dimensional) vorticity equation is obtained by taking the curl of the
Navier-Stokes equation (1.7) and reads [52]

0 1 P
§+<u.v>w = (w-V)u+t (RO ez-v) qu\/Rf; Viw+Vxe T,  (3.29)
vortex additional
stretching term Coriolis term

including here only rotation around the vertical axis as an additional physical mechan-
ism.' Note that w = w (@, t) with w = (w,, wy, w,).

Using this representation of the dynamics of the system, it becomes clear that the shape
of the first two terms on the right side of this equation — i.e. the vortex stretching term
and the additional Coriolis term — is similar, which suggests to merge them hypothetically
into one as

(w~V)u—|—<Pioez'V)u:[(w—l—Rloez)~V}u (3.30a)

Uy

0 0 1y 0
— lwl’ax Tyt (wz + Ro) azl Zy . (3.30b)

z

This highlights that additional rotation can in fact be interpreted as a reinforcement or
extension of the vortex stretching term.

Interestingly, the vortex stretching term exists only in three-dimensional turbulence
but disappears in two-dimensional problems. Hence, also the governing vorticity equation
(3.29) differs fundamentally, leading to qualitatively different physics [57, 142]. Two-
dimensional turbulence [143-146] — or three-dimensional turbulence which is by external
mechanisms, such as rapid rotation [147, 148] or suitable artificial forcing [149, 150],
rendered quasi-two-dimensional — is commonly associated with the growth of flow struc-
tures up to domain size. In contrast, in three-dimensional turbulence such phenomena are
typically absent [57]. For this reason, the vortex stretching term was originally suspected
of being responsible for this phenomenological disparity [55, 142]. Indeed, recent research
confirmed that the latter can — beside the slightly more important self-amplification of

ONote that although the pressure disappears in this formulation, the equation is still non-local due to
the presence of w which has to be computed according to the Biot-Savart law [55, 57].
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3.5 Superganule aggregation as inverse spectral cascade process

the strain-rate field — partly be related to the presence of the vortex stretching term
in the three-dimensional case [151-153]. Roughly speaking, the vortex stretching term
supports the suppression of a large-scale flow structure formation in three-dimensional
turbulence.

Constant heat flux-driven Rayleigh-Bénard convection in a horizontally extended
domain seems to contain characteristics from both scenarios. On the one hand, the
ongoing supergranule aggregation up to domain size is accompanied by an accumulation
of energy on large horizontal scales (see again figure 3.5 (h — 1)) and resembles a
characteristic of two-dimensional turbulence. On the other hand, even though the vortex
stretching might be too weak in the non-rotating scenario to suppress this large-scale
effect, additional weak rotation — which is related via eq. (3.30) — is able to limit the large-
scale aggregation eventually which provides finally closer analogies to three-dimensional
turbulence.

Although these considerations might help to classify the character of the flow, they
lack a well-founded explanation of root-causes for the transfer of energy towards large
scales in the fully three-dimensional flow. Nevertheless, the necessary direction of the
scientific journey becomes clearer as these considerations suggest to analyse the (spectral)
energy transfer of constant heat flux-driven Rayleigh-Bénard convection in the following.

3.5 Superganule aggregation as inverse spectral cascade
process

The discovered supergranule aggregation is a transient process that proceeds over thou-
sands of convective time units before it is limited by the finite domain size, see again
figure 3.5. Albeit the underlying constant heat flux-driven convection is fully three-
dimensional and naturally forced over a whole range of scales [154] — which incorporates
the locally fluctuating thickness of the (detached) thermal boundary layer fragments —,
it simultaneously exhibits characteristics of a two-dimensional flow. Several signs for the
latter can already be found in previous parts of this work, e.g.:

1. The thermal variance in the domain increases throughout the transient process and
accumulates at the largest scales, see figure 3.5. As mentioned in the discussion
in section 3.4.4, such an accumulation is typically observed in two-dimensional
processes.

2. The (thermal) supergranule is practically height-independent. This can be detected
when comparing figure 3.3 (1) and figure 3.4 (f), which both visualise the temperature
field of the same snapshot but at very different vertical coordinates — once at
midplane, and once within the upper thermal boundary layer close to the top plane,
respectively.

Additional rotation around the vertical axis seems to control the extension of the
two-dimensional characteristics as it has been shown in section 3.4.3 to limit the growth
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Chapter 3: Large-scale flow structures at different boundary conditions

of the large-scale flow structures at intermediate scales. Note that this also interrupts
the growth of the thermal variance [V5].

Hence, one might ask how energy is actually transported across different scales in this
three-dimensional flow and what in particular causes the accumulation of kinetic energy
and thermal variance on large scales. This fundamental question shall be started to be
answered by a spectral energy transfer analysis.

3.5.1 Basics on the nature of turbulence
3.5.1.1 Richardson’s cascade picture

The cascade picture is yet the most revealing insight into the nature of turbulence and its
transfer of energy [155]. This picture goes back to Lewis F. Richardson who summarised
it in his book on weather prediction in 1922 in the following famous rhyme:

‘Big whirls have little whirls that feed on their velocity,
and little whirls have lesser whirls and so on to viscosity.’
— L. F. Richardson [156]

More precisely, this concept supposes the coexistence of vortices or eddies of different
size in turbulent flows and consists basically of three stages [57, 142, 157].

1. Kinetic energy, which is injected to the system at a relatively large scale [, generates
large vortices.

2. These vortices become unstable after some time and break up into smaller vortices
— without the loss of energy. These new vortices exhibit the same instability and
decay again and again to even smaller vortices.

3. The transfer of energy towards even smaller vortices comes finally to an end at a
scale where viscous diffusion becomes important. Here, kinetic energy is dissipated
into heat.

These three stages allow a statistically stationary transfer of energy — from the initial
injection at larger scales over intermediate scales down to the smallest scales — if the
source of energy is maintained. In this case, the rate of energy input (g,)y, throughput,
and dissipation (¢)y coincides.

The general arrangement of this process in a series of stages, such that each stage —
in particular the recursive second one — is driven from the preceding one, terms this
process a cascade [158]. Tts concept is visualised in figure 3.15.'* This cascade picture of
turbulence describes the energy exchange across different length scales (which is not to
be confused with the energy flux across a certain area in physical space) [159], which
immediately suggests to analyse the flow in spectral space in favour of physical space.
From this spectral perspective, the three stages of the above picture are thus termed the
forcing range, inertial range, and dissipation range [159].

"Note that flow structures of all available scales are superposed during this entire process, i.e. the
region of a large vortex may also contain smaller vortices [142].
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Figure 3.15: Sketch of the three-dimensional cascade of turbulence. The at
large scales [y injected energy is transferred towards increasingly smaller scales until
dissipation becomes effective at the mean Kolmogorov scale (nk)y. The three arrows
at the top correspond to the transport of energy in the three stages of the cascade
model. If the process is statistically stationary, all these arrows correspond to (g)y .

3.5.1.2 Energy transfer in two- and three-dimensional turbulence

The qualitative picture of Richardson’s energy cascade got quantified in 1941 by
Kolmogorov for three-dimensional homogeneous, isotropic turbulence [126, 142, 159,
160]. Exploiting the constancy of energy flux and dimensional arguments, some of his
main results were to find the scaling of the kinetic energy spectrum E,, (k) ~ k=°/3
in the inertial range and to quantify the (on average) smallest dynamical length scale
in the flow, the mean Kolmogorov scale (nk)v: (see eq. (3.18)). The latter allows
further to estimate the range of present dynamical length scales in a turbulent flow as
Re = UeharLehar/V ~ Uply/(Uxnk) ~ (lo/nK)4/3 — the subscripts correspond here to the
first and third stage of the cascade, see figure 3.15. Assuming [y to be of the size of the
system, this relation has important implications also for direct numerical simulations as
it sets the minimum requirement on the numerical grid resolution [159].

The above picture exhibits a transfer of energy from large to small scales — this is
called a forward cascade. However, also the opposite is possible which is termed inverse
cascade. Which of them applies depends on the dimensionality of the flow, as well as on
the quantity of interest — the following statements can be derived for conserved quantities
of inviscid flows. In three-dimensional turbulence, the kinetic energy u?/2 exhibits a
forward cascade whereas the kinetic helicity h := w - w [55, 159] shows an inverse cascade.
In two-dimensional turbulence, the kinetic energy u?/2 exhibits just the opposite, an
inverse cascade, while the enstrophy w?/2 offers a forward cascade [56, 159, 161].

Using these conservation laws, Robert H. Kraichnan was eventually able in 1967
to provide statements on the scaling of kinetic energy in two-dimensional turbulence,
resulting in E,, (k) ~ k=3 or ~ k=% depending on the wave number range [56, 162].
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Chapter 3: Large-scale flow structures at different boundary conditions

The above considerations on two- and three-dimensional turbulence provide first
valuable insights on the nature of turbulence. However, the complexity of Rayleigh-
Bénard convection goes (because of its dimension and anisotropy in the vertical direction)
beyond these general theories — in particular, none of them applies strictly [159]. Albeit
the bulk region of Rayleigh-Bénard convection can be interpreted to be similar to three-
dimensional turbulence [56], its natural forcing via the thermal boundary layer is very
complex and only numerical investigations of such complex flows allow detailed insights.

3.5.2 Spectral description of the dynamical system

As outlined above in section 3.5.1.1, the study of energy transfer across scales — which
allows eventually to conclude over the existence of inverse or forward cascade processes —
requires a spectral description of the dynamical system. This implies that the governing
equations (1.6) — (1.8) need to be translated into spectral space. The corresponding
spectral expansion, however, must be performed in accordance with the boundary
conditions. The focus is here, just as in the previous sections, again on the combination
of free-slip and constant heat flux boundary conditions.

3.5.2.1 Spectral expansion of all fields

For this set of boundary conditions, the velocity, pressure and temperature fields can be
expanded as Fourier series via

Up (z,t) = > Ak, kay t) €™ cos (k,2), (3.31)
kn ks

uy (x,t) = zh: > dy (kn, ke, t) € cos (kyz), (3.32)
kn ks

u, (x,t) = Zh:z G, (Kn, ks, t) €@ gsin (k,2), (3.33)
ki k.

p (x,t) = Z}Z b (k, k.o, t) e ™ cos (k,2), (3.34)
ki k.

O (x,t) = Zh: > O (kn, k., t) e*v®n cos (k.z). (3.35)
kn ks

In general, these expansions represent three-dimensional generalisations of the two-
dimensional expansion described by eq. (3.6). The spectral Fourier coefficients o
represent thus the key elements to describe the fields in spectral space — these depend
on wave numbers k = (ky, k) instead of locations & = (xy, z). Recall thereto also from
section 3.1.3.3 the vectors of horizontal wave numbers ky, = (k,, k,) and coordinates
xy, = (7,y), as well as the definition of the numerically discrete k, and k,. In the
vertical direction, strictly either k., := 27 n/L, with n € N for cosine basis functions
or k., := 2m m/L, with m € NT for sine basis functions and L, = 2. By defining
P (kzm=o = 0) = 0, it follows that k, = k., for all fields. The resulting leading vertical
spectral basis functions are visualised in figure 3.16.
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Figure 3.16: Leading vertical spectral basis functions. The particular choice —
cosine or sine basis functions — depends on the boundary conditions of the spectrally
expanded quantity. Amplitudes are highlighted by the shaded areas.

Note also that, due to the periodicity of the lateral boundaries, all fields support using
the typical Fourier basis function '® = cos (®) + ¢sin (®) in both horizontal directions.
In contrast, the basis function in the vertical direction depends on the particular quantity
and is either cos (®) or ¢sin (®). Remark in case of the latter the usage of the coefficient
1 — this allows for a direct comparability of the resulting Fourier coefficient with the one
obtained for a similar but periodic quantity that is expanded through the typical basis
function e'®.

The above spectral expansion requires (in case of both Dirichlet and Neumann boundary
conditions) to describe the temperature field through the temperature deviation field ©,
recall thereto eq. (3.5) and find more details on this requirement in appendix B. This field
will for simplicity just be termed ‘temperature field” in this section. The corresponding
evolution equation'? and boundary conditions'® in physical space are given by

00

1
— 4+ (u-V)O = V2O + u, 3.36
5 T V) o u (3.36)
and 96
5. (ze{0.1}) =0, (3.37)
respectively.

3.5.2.2 Modal governing equations

To the knowledge of the author, a derivation of the governing equations in spectral
description — which are in particular in accordance with constant heat flux boundary
conditions — cannot be found in literature. Hence, a detailed derivation is included in
appendix B.

12Tn contrast, the evolution equation for the velocity field — the Navier-Stokes equation (1.7) — does
basically not change and can be simply adjusted by replacing 7" with ©. This involves a modification
of the pressure field.

13In case of Dirichlet boundary conditions, this reads © (2 € {0,1}) = 0 and makes in eq. (3.35) an
expansion in the vertical direction with respect to sine basis functions necessary.
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The spectral governing equations read eventually

k@ = 0, (3.38)
aﬁ ]_ ~ ~ Pr 2 A A
E+(u~V)u+%ezxu——zkp—\/Raku—i—@seez, (3.39)
00 1 .
i (u-V)O = — k2O + 1, co. 3.40
5 (u-V) oD i, (3.40)

These equations describe the evolution of the modal energy of both the velocity and
temperature field, i.e. they are projected onto one particular wave number k with a
magnitude given by k := |k|. For this reason, O needs to be described by a sine expansion
(se) in eq. (3.39) and @, by a cosine expansion (ce) in eq. (3.40) — this can be done by
either projecting the Fourier coefficients obtained from sine (cosine) expansions onto
cosine (sine) basis functions, or by directly transforming the corresponding field with
cosine (sine) basis functions.!* More details on this are included in appendix B — see in
particular equations (B.29) and (B.30) for the definitions of 0., and U, ce, Tespectively.
In order to keep a compact notation, the advection terms are transformed here after
computing the corresponding product — see also equations (B.14) — (B.17). However,
they can be expressed equivalently via convolution sums as will be shown later in section
3.5.2.4.

Note that an evaluation of these spectral equations does not require to run different
numerical simulations — so, the same numerical method can be used. However, as the
latter makes use of non-uniformly spaced GLL nodes, it becomes necessary to spectrally
interpolate the snapshot data onto a uniformly spaced grid to subsequently compute the
Fourier coefficients from equations (3.31) — (3.35).

3.5.2.3 Spectral evolution equations for kinetic energy and thermal variance

The observations from section 3.1.3.3 and especially figure 3.5 (h — 1) suggest to analyse
the transfer of kinetic energy FE,, and thermal variance Fgeo across scales. Recalling
that in spectral space \@\2 =& & for & € C — which is similar to the physical space
product |®|? used in, e.g., the kinetic energy density u?/2 —, it becomes clear that the
corresponding modal evolution equations for these two quantities can be derived from
equations (3.39) and (3.40) by a multiplication with the projected complex conjugates
u* and (:)*, respectively, as well as subsequently taking the real part to ensure real results
for all terms [159]. This yields after some re-arrangements

aEuu _ o 3 Pr 2 A A~ 3k A Ak
Y (k,t) = —R {(u-V)u'u } “\T&a k-1 —i—f)‘i(@se uz), (3.41)
aE@@ Ak 1 2 A AKX R Ak
kt)=— . — 42
222 (k, 1) %{(u V)@@} T 60 9 (00 ©) (3.42)

UThis implies that a forcing of, e.g., @, (kn, k. = ko) in eq. (3.39) happens not only via © (ky, k. = ko)
but also via many different k.
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with the kinetic energy and thermal variance defined spectrally as

By (K, t) = ;u -4*  and  Feo (k1) = ;éé*, (3.43)
respectively. Note in eq. (3.41) that two terms from eq. (3.39) vanished: (1) the pressure
term drops out due to incompressibility, and (2) the Coriolis term'® drops out due to
symmetry constraints as ‘R (ti)lfi);) =R (@:&32) for (‘fl, @2) e C.

Both evolution equations become thus very similar as they consist basically (from left
to right) of a time derivative, as well as an advection, a dissipation, and a forcing term.
So, it is convenient to assign certain abbreviations for these terms [159], all of which are

in the following!®

Ay (K 1) = R {(u V)u- u] , (3.44)
Pr Pr
D,(k,t):=|— kK a-a*=2— Kk E 4
wllo,t) = [ K @@t =2/ o B B, (3.45)
Fy (k1) =R (Os 7). (3.46)
Ao (k1) = ] {(u V)6 é*} , (3.47)
De (k. t) := L _poo -2 _pg (3.48)
O /RaPr ~ VRaPr '
Fo (k,t) =R (i1, ©), (3.49)
translating equations (3.41) and (3.42) into
E
8a:u (k,t)=—A, — D, + F,, (3.50)
E
88?@ (k,t) = —Ae — Do + Fo. (3.51)

Now that the fundamental evolution equations are derived, the exploration for the
root cause of the supergranule aggregation raises two particular questions:

1. Which wave numbers k capture the observed supergranule aggregation principally?
2. Which mechanism — and thus which term in eq. (3.50) or (3.51) — is responsible?

The first question might seem trivial at first glance as one might state that large
scales and thus small wave numbers should be relevant. Albeit this is not entirely wrong,
the inherent anisotropy of the setup allows to deduce even more valuable statements.
As explained at the beginning of section 3.5, the temperature field becomes practically
height-independent — in the spectral description, this corresponds to the &, = 0 plane, see

5Physically, the Coriolis acceleration is a fictitious acceleration and acts only perpendicular to the
velocity field, thus (2€2 x u) - v = 0 and so there is no contribution to the kinetic energy [55].
16Some works, such as [55, 159], may also define the spectral transfer function Ty := —Ag instead.
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again figure 3.16. However, this plane does not capture the convectively heat transporting
velocity structures. Convection rolls fundamentally require up- and downflow regions.
The vertical velocity — which is expanded as a sine function, see eq. (3.33) — does, however,
not participate in this plane and so the main velocity structures of the supergranules
are only captured by higher vertical modes. As ideal convection rolls correspond to
the k, = 7 plane, see also figure B.1, one may expect most of the kinetic energy there.
In a nutshell, the vertical mode k. to focus on depends on the particular quantity of
interest. In any case, large horizontal scales are of importance which correspond to small
horizontal wave numbers kjy,.

To answer the second question it becomes helpful to contemplate the general effect
of the different terms in these equations. The dissipation terms Dg are mathematically
positive definite and (because of the negative sign) thus always reduce the amount of
energy in these modes — this dissipated energy is provided by the forcing terms Fg. In
the Dirichlet case F,, = Fg, whereas in the Neumann case F,, # Fg due to the projection
onto complementary basis functions. Albeit the forcing becomes thus more complex in
the Neumann case, the nature of these dissipation and forcing terms is still rather simple.
In contrast, the advection terms Ag couple (as will be shown below in equations (3.53)
and (3.54)) three different wave number vectors, and re-distribute thereby energy across
scales while keeping the total amount of energy constant, i.e. >, A = 0 [55, 159]. It
seems thus conclusive to suspect that the advection terms are responsible for the gradual
transfer of energy across scales. As will be proven later in section 3.5.5, it is indeed a
subset of the advection term that can be identified to be responsible for the (thermal)
supergranule aggregation.

3.5.2.4 The advection terms revisited

Most terms in equations (3.50) and (3.51) consist of ‘pure’ expansions of either the velocity
or temperature field — this is not (yet) the case for the advection terms. These terms
contain still expansions of the product (u - V)wu or (u - V) O, respectively. However, due
to the particular choice of trigonometrical basis functions in equations (3.31) — (3.35)
(which leads in combination with the coefficient ¢ to typical Fourier coefficients), these
products can be expressed and evaluated as well-known convolution [159]

u® (k,t) = a(qt) ®(p,t) withg=k—p (3.52)
p.q

as in case of incompressibility (u-V)® = V - (u®). Further, the above-mentioned
projection onto a particular wave number vector k requires ¢ = k — p to hold. In other
words, the three wave number vectors k, q, p must form a closed triangle — this basic
unit of interaction is often called a triad [159]. With this convolution in mind, it is hence
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possible to re-formulate eq. (3.44) and (3.47) to

A, (k,t) =R {z; [k-a(q,t)]a(p,t) a* (k, t)} (3.53a)
= —Zf{[k A (g, t)]a(p,t) -4 (k,t)}, (3.53b)

" =:Su(kl|plg.t)
Ao (k,t) =R {zpz; k-a(q,t)]6(pt) © (k,t)} (3.54a)
=— 25{% - (q. 1) O (p.t) O (K1)} (3.54D)

" =:5e (k|plq,t)

with the imaginary part J. The second line of each above equation defines the so-called
(rate of) mode-to-mode energy transfer S (k|p|q,t). This quantity describes the transfer
of energy from mode p (giver) to mode k (receiver) with g acting as mediator [159].

3.5.3 Fluxes of spectral energy
3.5.3.1 An intuitive introduction

The net budget of spectral energy Fge within certain ranges of wave numbers k can be
obtained by accumulating the energy in all modes up to a threshold wave number k'.
This concept thus helps answering why kinetic energy or thermal variance grows over
time on large scales. The question is now: how is a sum like ", ., over equations (3.50)
and (3.51) related to the direction of the cascade? -

This can be answered by defining the spectral energy flux terms (just as required by
the above concept) [55, 159]

I, (K, t) :== > A, (k,t) as wellas  Ilg (K,1) := > Ag (k,1), (3.55)

k<K' k<K'

and relating them to the mode-to-mode energy transfer Sg (k|p|g,t) from equations
(3.53) and (3.54). Together with p = |p|, this yields [159]

H@ (k’/, t) = Z A@ (356&)

K<k’

=—>_ > Se(klplg,t) (3.56b)
K<k’ P.q

=— > > So(klplg,t) = >_ > Se (klplg,t) (3.56¢)
k<K' p>Fk’ k<K' p<k’

=0

= > > Selklplg.t). (3.56d)

k>k' p<k'
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Figure 3.17: Subsets of triads. All possible triads are disentangled based on the
dimensionality of the involved wave number vectors. (a) Purely two-dimensional triads
with k, = p, = ¢, = 0. (b) Triads ending up in the k, = 0 plane that interact with
three-dimensional modes p, = —q, # 0. (c) Fully three-dimensional triad interactions.

In other words, the sum of Ag over all k within a sphere of radius k&’ equals the total
transfer of energy from modes p inside of this sphere to modes k outside of this sphere.

This allows eventually to define mathematically the ranges of existence of inverse or
forward cascades [56], i.e. the types of cascades that were already introduced conceptually
in section 3.5.1.2. An inverse cascade exists in the range of wave numbers where

Mo (K1) = Y So (klpla.t) <0, (3.57)

E>E p<k’

whereas a forward cascade exists where

e (K. ) = 3 3 Se (klplg. t) > 0. (3.58)

k>k p<k’

The above explanations and their relation to spectral spheres cohere with isotropic
flows. This is in contrast to Rayleigh-Bénard convection, the latter of which exhibits
anisotropic physics already due to the action of gravity in the vertical direction. As,
however, the above argument from equation (3.56) can be interpreted as Gauss’s theorem,
one may equivalently re-formulate the initial sum >, ;s to another one that describes
the quantity of interest in a better way (and simply changes the volume or surface over
which is being integrated).

3.5.3.2 Disentangling the energy flux

As elaborated at the beginning of section 3.5, the supergranule aggregation leaves a
practically height-independent footprint in the temperature field. It was further explained
in section 3.5.2.3 that this is in contrast to the complementary velocity field — its situation
becomes more advanced, which suggests to give the scalar field imprint priority.

The observations thus suggest, on the one hand, to focus the spectral energy flux on
the two-dimensional receiving modes at k, = 0, and, on the other hand, to disentangle
all the possible triads based on the dimensionality of the involved modes. Three different
subsets of spectral interactions can be derived from these considerations, all of which
are visualised in figure 3.17. Interactions of the first subset — visualised in panel (a) —
capture all those interactions that are made up of purely two-dimensional modes, thus
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k., = p, = q. = 0 and one may define the corresponding energy flux due to purely
horizontal interactions as

I (ki t) == — > Y Se (klpla,t) [r.—o, - (3.59)

kn<kj P4 P2=q>=0

In contrast, the second subset — which is visualised in panel (b) — contains all those triads
that still end up in the £, = 0 plane but which result from interactions with vertically
non-homogeneous modes. The corresponding energy flux is given by

HV kh? = Z ZSJI' k|p|q7 k.=0, : (360)

kn<k] P:q Pz=—qz#0

All the remaining, fully three-dimensional interactions — see panel (c¢) — do not contribute
to the k., = 0 plane and are thus not of particular interest here.

These above definitions and explanations will be used in the following to evaluate the
spectral energy transfer of the dynamical system at hand.

3.5.4 Spectral energy transfer analysis

The preceding sections 3.5.2 and 3.5.3 introduced the formalism that allows to study the
spectral energy transfer in three-dimensional, constant heat flux-driven Rayleigh-Bénard
convection. In a nutshell, this enables to identify inverse and forward cascade mechanisms
by evaluating the net budget of the spectral energy flux, the latter of which is caused
by the advection term. The phenomenon of interest — the supergranule aggregation —
is most prominent in the temperature field where it leads to a significant increase of
thermal variance over time and leaves a clear footprint in the k, = 0 plane. To this
end it becomes necessary to study how energy is exchanged with this particular plane.
Equations (3.59) and (3.60) provide eventually corresponding definitions of energy fluxes
for two different subsets based on arguments on the dimensionality of the involved modes.

3.5.4.1 The non-rotating system

The spectral energy transfer analysis is shown exemplary for the non-rotating simulation
run Nfsl, see also table 3.1. The absence of rotation is important as rotation increases
the complexity while simultaneously not appearing explicitly in the evolution equations
for kinetic energy and thermal variance, see section 3.5.2.3. Furthermore, this simulation
run is the same as the one used in figure 3.5. This run at lower Ra offers a large
number of snapshots which allows in turn to compute averages over a few subsequent
snapshots without being significantly biased by the slow evolution. Figure 3.18 captures
all important quantities for this analysis.

Panels (al — a4) visualise the instantaneous temperature fields © of the entire horizontal
cross-section during and after the transient supergranule aggregation. Note that these
depict the k, = 0 plane which correspond to a vertical average of the numerical domain.
A comparison of some of these panels with the ones contained in figure 3.5 (a — e) confirms

65



Chapter 3: Large-scale flow structures at different boundary conditions

S (@) t=350 . (a2) t=650  (a3)t=1,000  (a4)t=3,500
S o M S - T ~ -
I fv;\)* % 2E\ i ~*:j~ ‘ )
> WAL IR P
Lo et o Yalam © > 1/ .
<o WLAEiE] ~ YlE e o o
o< — ‘ - X
S e 0D (b2) (b3) (bd)
o
ey - - -
~
£ 1076 - . . .
§10_11 Hlk T T "'lk' URRALLY Hlk T T T "'lk' LR |
03 (cl) h (c2) h (c3) h (c4) h
\,.E: O 0 ] r\\"\ /-\\—\ ] Py - -——\A
= [
E —0.3 1 - - -
30 d1) ' (d2) (d3) (d4)
2 ]
F 15 ] ] _/—
>@ ]
=
0 AU | MR | T T R | L | R | T R |
01 (el) (e2) (e3) (ed)
ﬁ i i
=5 —0.1 1 V - \/ 1
= . _
_0.2 VN T T T T T ALY | T T
(f1) (£2) (£3) (f4)
= 0.1- . . /\ .
- )
X 0.0
>3 1
et 1 e i e L
10-! 109 10! 10-! 10° 10! 10! 10° 10! 10! 10° 10!
ki, ki, ki, ki,

Figure 3.18: Spectral energy transfer analysis. The supergranule aggregation of the
non-rotating simulation Nfsl is captured by (a) the k, = 0 plane of the instantaneous
temperature field O, as well as (b) the corresponding azimuthally averaged spectrum
Foo. (¢ — f) The disentangled spectral thermal variance or kinetic energy fluxes
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v exhibit both inverse and forward cascades which are shaded here in blue and

red, respectively. The solid and dashed khaki vertical lines quantify the current and
preceding pattern size, respectively, based on the integral length scale of the above
Ege. The data in (b4 — f4) corresponds to the statistically stationary state and is
thus time-averaged over 1037 centred around the indicated time.



3.5 Superganule aggregation as inverse spectral cascade process

that this plane captures indeed the (growing and final) supergranules. All subsequent
rows in this figure will correspond to the times given above these top panels. Note that
the subsequent panels (bl — f3) contain (almost) instantaneous data that corresponds to
the transient growth of the supergranule. In contrast, the data in the right-most panels
(b4 — f4) corresponds to the statistically stationary state where the supergranule growth
finished. Hence, this data is time-averaged over 1037 centred around the indicated time.

Panels (bl — b4) plot the respective azimuthally averaged thermal variance spectrum
Foo (kn, k. = 0,t). In agreement with figure 3.5 (h — 1), these spectra capture the
aggregation of thermal variance in the smallest horizontal wave numbers. The size of the
temperature patterns is evaluated based on the integral length scale corresponding to
this k, = 0 plane, see also eq. (3.4). The current values are included in these and all
subsequent panels as solid khaki vertical lines — the dashed lines re-plot this quantity
from the previous column to highlight the gradual growth.

In accordance with these previous panels, the study of spectral energy flux is started
with a focus on the thermal variance. Panels (c1 — ¢4) show how purely two-dimensional
mode interactions contribute to the thermal variance in the k, = 0 plane. Indeed,
throughout the transient period an inverse cascade with 1% < 0 can be discovered acting
at large scales. Moving towards larger wave numbers kj,, 1% changes its sign and thus
a forward cascade can be found at smaller scales. The region of an inverse (forward)
cascade is filled with blue (red) colour. This qualitative picture persists throughout the
transient times albeit the gradual supergranule aggregation leaves a clear footprint in the
spectrum of II%. Once the statistically stationary state is reached, this changes and the
inverse cascade vanishes — a forward cascade establishes then throughout the spectrum.

This analysis is repeated in panels (d1 — d4) for the spectral thermal variance flux
into the k, = 0 plane but due to three-dimensional interactions. Despite a footprint of
the supergranule aggregation, II; > 0 throughout the spectrum which thus exhibits a
forward cascade only. It can be found that this behaviour is predominantly caused by
interactions with the high-energetic p, = —¢. = +7 modes.

As IT§, > 0 throughout the spectrum, interactions between purely two-dimensional
modes — captured by the spectral flux II§ — can be identified as the only interactions
causing an inverse cascade of thermal variance at large scales. The involved triads com-
prise (beside the temperature) also velocities from the k, = 0 plane, see again equations
(3.59) and (3.54b). However, a closer look at the governing kinetic energy equation (3.50)
and in particular its forcing term from eq. (3.46) reveals that F), (kn, k, = 0,t) = 0, i.e.
there is no forcing in this spectral plane. In other words, the advection term is the only
source for kinetic energy in this k£, = 0 plane. For this reason, the above spectral flux
analysis is repeated for the kinetic energy fluxes II! and IIY in the following.

As shown in panels (el — e4), one can identify a pronounced inverse cascade of spectral
kinetic energy at scales kj, S 3 caused by purely two-dimensional modes — this corresponds
to large-scale structures of horizontal extension larger than 2H. For smaller scales, a
forward cascade establishes. Interestingly, this picture is quite time-independent.

Further, it is in contrast to the contribution of three-dimensional interactions to the
kinetic energy in the k, = 0 plane, see panels (fl — f4). These interactions cause an
inverse cascade on small scales with k] = 1 only which corresponds to structures up to a

67



Chapter 3: Large-scale flow structures at different boundary conditions

horizontal extension of about 6 H. For larger scales, a relatively weak forward cascade can
be found. Similarly to the analysis of IT!, this picture is again quite time-independent.

The scale separation of the two identified inverse cascade processes in the kinetic
energy field suggests to attribute them to either the supergranule or granule patterns.
Moreover, the overlap allows the emergence of velocity structures of arbitrary horizontal
extension in the k., = 0 plane which enter subsequently the thermal variance flux IT%.

The above analysis of the spectral flux of thermal variance H}é’ ¥ and kinetic energy 11 v
proves that interactions between purely two-dimensional modes cause inverse cascades
in both the temperature, as well as the velocity field on large scales. As shown in [V5],
the situation is similar for simulations at higher Rayleigh numbers. Thus, one might
eventually be able to attribute the gradual supergranule aggregation to these purely
two-dimensional mode interactions.

3.5.4.2 The weakly rotating system

The above analysis has proven the existence of inverse cascades in the case of non-
rotating constant heat flux-driven Rayleigh-Bénard convection. The inverse cascade in
the temperature variance vanished once the supergranule size reached the horizontal
extent of the numerical domain. However, as shown in section 3.4, additional rotation
around the vertical axis may stop the growth of the supergranules at intermediate scales
I' > Ar > 1. This suggests to repeat the analysis for the corresponding weakly rotating
run Nfsl Robs — see also table 3.4 — to study the effect of such rotation on the inverse
cascades.

As shown in more detail in [V5], the cascade pictures are not altered qualitatively
during the transient supergranule growth even in the weakly rotating scenario. This
holds even in the statistically stationary regime for the observed cascades of kinetic
energy. However, the situation changes at these late times to some extent for the cascades
in I1%. Despite its initial appearance during the transient supergranule growth, the
inverse cascade is interrupted once the statistically stationary pattern size and thus also
thermal variance in the system is reached. As eventually II% ~ 0 at scales larger than
this final pattern size, II§ > 0 throughout the entire spectrum and the complex Coriolis
acceleration becomes dominant at the given horizontal extension.

3.5.5 Is the advective transfer the root cause of the thermal
variance aggregation?

The spectral energy transfer analyses above identified time-dependent inverse and forward
cascade regions of horizontal wave numbers kj in the spectral thermal variance fluxes
Hg’ ¥ — the particular existence of an inverse cascade on large scales during transient
times implies that energy is re-distributed from small to large scales. However, as shown
and explained in section 3.5.2.3, a growth of thermal variance over time could — beside
the advection term Ag — also be caused by the forcing term Fg. So the final question to
answer in this section 3.5 becomes eventually: Is the advective transfer really the root
cause of the thermal variance aggregation?
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Figure 3.19: Root cause identification. (a — ¢) Temperature can be advected via
height-independent velocity components. All panels visualise the entire horizontal
cross-section. (d, e) A comparison of azimuthally averaged terms that participate in
the thermal variance equation (3.51) allows to identify such an advective transfer as
the root cause of the supergranule aggregation. Here, the advection term is split and
each term is plotted in accordance with its corresponding sign in this equation. All
data corresponds to simulation run Nfsl at time ¢, = 350, see also figure 3.18.

If there is one single term that is responsible for the observed (thermal) supergranule
aggregation, its spectrum should coincide with the spectrum of the time derivative
OFee /0t at the spectral plane k, = 0 for transient times. So to conquer the above
question, the azimuthally averaged spectra of all terms from the thermal variance equation
(3.51) will be compared. Figure 3.19 captures the corresponding data for one snapshot
of the early transient of simulation run Nfsl — this is the same run as analysed above in
the non-rotating case. The time t; = 350 coincides with the time in the first column of
figure 3.18, allowing a direct comparability.

Panels (a — ¢) visualise all important physical space fields. Note that the depicted
horizontal velocity fields represent constant translations of fluid across the entire domain
height. Further, their structure already appears to be related to the early superganules.

Panels (d) and (e) compare the azimuthally averaged spectra. In accordance with
the above disentangling of involved triads, see figure 3.17, the advection term is split
into AY and AY with Ae (kn, k. = 0,t) = AY (ky,t) + AY (ky,t). These subsets of
the advection term are thus directly related to IT§ and IT%, respectively. Each of
these two panels captures an important point. Firstly, panel (d) shows that while the
forcing Fg supplies thermal variance, a similar amount is immediately compensated by
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Chapter 3: Large-scale flow structures at different boundary conditions

three-dimensional interactions AY and thus transferred to three-dimensional structures.
Secondly, a comparison of the time derivative of the thermal variance with the advection
AL due to purely horizontal mode interactions in panel (e) confirms that these two
terms agree almost perfectly on horizontal scales where dEgg /0t > 0.17 This comparison
allows to conclude eventually two important points:

1. The growth of thermal variance and thus the gradual (thermal) supergranule
aggregation can indeed be associated with inverse cascades between purely two-
dimensional modes at large scales. The responsible inverse cascade can be found in
the non-rotating, as well as in the weakly rotating dynamical system.

2. In case of the latter, the final balance between the non-linear term on the one hand,
and the Coriolis term on the other hand allows for scaling arguments as exploited
in section 3.4.3.2.

These points prove that even the three-dimensional dynamics of a system can be signific-
antly affected by two-dimensional characteristics of the flow. This becomes even more
striking considering that three-dimensional modes outnumber the two-dimensional ones.

Crucially, not all convection flows allow for the above identified inverse cascades
mechanisms. In particular, the complementary constant temperature boundary conditions
require © to be expanded with respect to sine basis functions along the vertical direction
in eq. (3.35). Hence, the corresponding dynamical system exhibits fewer spectral degrees
of freedom and does generally not allow for the spectral thermal variance fluxes Hl(i)’ v,
This explains eventually the different characteristics of large-scale flow structures for
these two scenarios as discovered in section 3.1.

3.6 Summary

As elaborated in chapter 1, geo- and astrophysical convection systems exhibit a variety of
different combinations of boundary conditions and sometimes even particular hierarchies
of flow structures. This observational fact motivated the first objective of the thesis at
hand.

This chapter 3 aimed at understanding how large-scale flow structures are altered by
different boundary conditions. To this end, sets of combinations of idealised thermal and
mechanical boundary conditions were deduced and studied in an explorative approach.
In order to minimise the influence of the lateral boundaries of the flow domain on this
systematic comparison, an extraordinary large aspect ratio combined with periodic
boundary conditions in the horizontal directions was chosen.

From a perspective of global statistical values it was found that the heat transport
across the fluid layer scales differently for different combinations of boundary conditions in

1"Note that the time derivative 0FEge /0t needs to be reconstructed from the other terms Ag, Do, and
Fo. However, the determination of the advection term Ag represents an independent computation
and does thus not alter this time derivative.
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the Ra-range under consideration. Even more strikingly, it was discovered that the large-
scale flow structures changed fundamentally once the classical constant temperature
boundary conditions were substituted by the opposing constant heat flux boundary
conditions. Albeit large-scale skeletons emerge in both scenarios as backbone of turbulent
heat transport, they are extraordinarily different in nature.

For constant heat flux-driven convection layers, a large-scale flow structure grew
gradually until the domain size was reached while being superposed to smaller (but
still large-scale) flow structures. This exemplified that hierarchies of different large-
scale flow structures are achievable even in simple Rayleigh-Bénard convection flows.
In reminiscence to the astrophysical motivation, this interesting structure was termed
supergranule. Albeit the common global measures of heat and momentum transport,
Nu and Re, were mostly unaffected by the slow transient growth of the supergranule,
several alternative observables — e.g. the standard deviation of the temperature deviation
field — were able to capture it and to mark reaching the statistically stationary state of
pattern formation. This effect of a gradual supergranule aggregation was not observed in
previous studies and hence asked for more detailed investigations. Subsequent sections
of this chapter thus aimed at improving our understanding of this new mechanism of
self-organisation of the flow.

It was found that, in addition to the thermal driving, this mechanism seems to continue
to exist for all accessible working fluids. This is in particular because of the astrophysical
motivation remarkable. Given the reachable limits, one might hypothesise that this
supergranule aggregation mechanism prevails throughout the entire two-dimensional
Ra—Pr parameter space of any basic, heat flux-driven Rayleigh-Bénard convection flow.

This quasi-unlimited growth is in contrast to the observed flow structures in geo- and
astrophysical examples. Rotation as one promising candidate was thus added around
the vertical axis as an additional physical mechanism to the dynamical system. It was
shown that weak rotation allowed indeed to control the final size of the supergranules or
large-scale flow structures, whereas the granules or smaller structures remained mostly
unaffected.

The computational costs of simulations at the given aspect ratio did not allow to study
a hypothesised separating transition between unlimited and limited supergranule growth
in the three-dimensional Ra-Pr-Ro parameter space. Instead, its dynamical origin and
formation were studied by two different methods.

On the one hand, a leading Lyapunov vector analysis was performed. This dynamical
system approach evaluated the susceptibility of the high-dimensional system trajectory
to linear instabilities. From this, the turbulent flow was found to develop instabilities
at increasingly larger wavelengths. Interestingly, the same behaviour can be found
analytically for secondary instabilities slightly above the onset of convection. One may
thus conclude that the dynamical system has not forgotten its origin although being
fully turbulent where non-linearity plays typically a crucial role.

On the other hand, a spectral energy transfer analysis was performed to classify
the supergranule formation into the picture of energy cascades. In contrast to the
Lyapunov vector analysis, which represents a Lagrangian ansatz, this approach evaluates
the governing equations in spectral space for (discrete) wave numbers and represents thus
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Chapter 3: Large-scale flow structures at different boundary conditions

an Eulerian ansatz. The transfer of thermal variance due to the advection term was at
the focus of this investigation. The observations suggested to pay particular attention to
the k£, = 0 plane, i.e. two-dimensional height-independent structures. Disentangling the
transfer contributions correspondingly allowed to identify inverse cascades in the subsets
of purely two-dimensional mode interactions for the thermal variance (as well as kinetic
energy) at large scales during the transient supergranule growth. This analysis proved
eventually the inverse cascade as the root cause for the growth of thermal variance,
underlining the importance of two-dimensional characteristics even for three-dimensional
flows.

The initial explorative study of the impact of different boundary conditions on large-
scale flow structures provides in its essence information about what kind of large-scale
flow structures can emerge from Rayleigh-Bénard convection as the paradigm of natural
thermal convection — this fundamental insight should turn out to be really insightful for
several geo- and astrophysical convection flows. Especially the gained understanding of
the dynamical origin and transient formation of the gradual supergranule aggregation
might help building or significantly improving reduced order convection models, the latter
of which simultaneously avoid the vast complexity of direct numerical simulations while
still capturing the essential key dynamics. Galerkin projections [159, 163] that make use
of the identified spectral inverse cascade mechanisms might represent one particularly
promising extension of the reported discoveries.
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CHAPTER

LARGE-SCALE FLOW STRUCTURES FROM
A MATERIAL TRANSPORT PERSPECTIVE

Nature offers a variety of different flows that are of particular interest for scientists, see
again table 1.2 for examples of corresponding thermal convection flows. Albeit chapter 3
has contrasted such flows numerically for various boundary conditions and subsequently
described and analysed their large-scale flow structures, comparably detailed velocity
and scalar field data can most typically not be collected from any natural flow — even
not at a single time. The observation techniques do simply not allow to do so.

Instead of measuring a dense Eulerian grid, one may track (coherent) structures or
point-like objects — as for instance sunspots [164], the great red spot [165], ocean surface
drifters [166], or (weather) balloons in the atmospheres of geo- [167] and astrophysical
[168] objects — that are drifted by the surrounding flow and eventually provide some
sparse data. Beside inferring properties of this surrounding flow from the gathered data,
it can also be desired to know how such structures interact or mix with their vicinity.
This latter aspect in particular would not just improve our understanding of natural
convection flows in general, but becomes crucial when considering, e.g., the anthropogenic
release of radioactive material into the ocean or atmosphere [169-172].

This chapter bridges the gap between observations from the Lagrangian (i.e. material
[173]) perspective and the turbulent superstructures, the latter of which are known from
the Fulerian framework. To this end, coherent flow structures will be identified based on
particle data by unsupervised machine learning techniques in section 4.3 — the extracted
coherent regions of the turbulent flows will be related to spatial regions of the large-scale
flow structures described in the previous chapter 3. It follows eventually that these
coherent flow regions interact only weakly with their spatial complement as they reduce
the heat transport significantly across different fluids. To allow for an investigation of
the gradual supergranule aggregation via Lagrangian techniques, a new evolutionary
clustering method will be developed and applied to turbulent superstructures in section
4.4. Tts application to the supergranule aggregation remains open for future studies.

Many parts of this chapter have already been published [V2, V3] or extended [V7],
which may again provide additional information beyond this chapter’s content.
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Chapter 4: Large-scale flow structures from a material transport perspective

4.1 The Lagrangian framework and particles

4.1.1 Lagrangian coherent features

As pointed out for several examples in this chapter’s introduction, natural flows are often
inferred from observations of coherent features, i.e. parts of the flow that mix or interact
only weakly with their surroundings [174, 175]. This perspective is inherently linked
to material transport as those features consist of particles which in turn may exhibit
certain scalar properties — they can, for instance, describe the advective transport of
concentrations or heat. This role of Lagrangian coherent features in classical Rayleigh-
Bénard convection on the global heat transport will be studied later in section 4.3.4.

Coherent features of the flow can basically be extracted from two different categories of
approaches [176, 177]. Lagrangian coherent structures are interested in finding material
surfaces based on the deformation of nearby material elements and thereto rely on detailed
local gradients of the flow field [173]. In contrast to this ‘dense’ method, Lagrangian
coherent sets use ‘sparse’ particle data to detect coherent behaviour between different
trajectories [178]. Albeit these two categories are quite different, the extracted coherent
features may coincide as the Lagrangian coherent sets represent the interior spatial
regions that are bounded by the Lagrangian coherent structures [173, 176, 177].

In accordance with the motivation of this chapter, Lagrangian coherent sets will be used
in the following to extract coherent sets from numerically obtained particle trajectories.

4.1.2 Properties and advection of particles

Placing particles in fluid flows is not trivial — they can be, e.g., light or heavy, small or
big, spherical or non-spherical. The situation is similarly complex when describing the
corresponding effects of the flow on the particles, as well as their feedback on the flow.

To narrow down this vast complexity, it is common to study point-like particles — i.e.
the particles’ radii 7, < nx [179] — that do not support particle-particle interactions
[180]. Presuming them further to exhibit the same density as the fluid, i.e. p, = pyes, the
(dimensional) equation of motion for any particle can be written as [180]

72 |Ra 72
u, = (u, —u)|,_ e /™ +u with 7, = -2 = P—a gp T (4.1)
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where 7, represents the inertial response time scale. In the ultimate limit of vanishing
radii with r, — 0, the particles will follow the flow without any delay and one arrives at
the concept of Lagrangian particles, the latter of which represent the simplest conceivable
sort of point-like particles. Conceptually, they can be seen as individual particles of the
original (continuum of) fluid. They introduce no additional parameters, and as being
massless they do not provide any feedback on the fluid flow. Note that these particles
correspond to a Stokes number St := 1./ — 0 [180].
The evolution of any Lagrangian particle is eventually given by [181]

diBLp (t)

g = UL (t) and  ur, (t) =ulx =, (1),1] (4.2)
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e pair dispersio®

Figure 4.1: Lagrangian particle pair dispersion and coherence. Suppose the
blue particle trajectory to represent a reference in a turbulent flow. Any initially
extremely close particle (grey trajectory) will eventually be separated — hence, coherent
behaviour is always limited to intermediate time intervals (red trajectory).

with the particle’s (non-dimensional) trajectory @y, and velocity wr,. Scalar properties
of the Lagrangian particles, such as the temperature, can be similarly obtained via
Op, (1) = @ [x = a1, (1), t]. In the following, these Lagrangian particles will be used to
extract material transport behaviour that is inherent to the turbulent flow.

4.1.3 The obstacle to Lagrangian coherent sets: pair dispersion

The previous sections introduced concepts for Lagrangian coherent feature detection
as well as particles — Lagrangian coherent sets and Lagrangian particles got selected
because of their applicability to sparse trajectory data and paradigmatic simplicity as
the methods of choice for the subsequent analysis of large-scale flow structures from a
material transport perspective. One might expect now that it should be easily possible
to detect coherent features in the convection flow from comparing Lagrangian particles
trajectories, and — given the access to long corresponding histories — to track these
coherent spatial regions’ evolutions over time. Unfortunately, meeting this expectation is
not trivial due to one fundamental obstacle: Lagrangian particle pair dispersion.

Section 3.2.2.1 introduced the concept of chaoticity of a dynamical system’s trajectory
in the high-dimensional state space and illustrated that any two initially close system
trajectories will eventually diverge in case of turbulent flows. Such a sensitivity on the
initial conditions can be found equivalently for Lagrangian particles that participate in
these flows, see figure 4.1. Suppose two initially adjacent particles as shown at the bottom
left of the figure — as long as their initial position does not coincide, their trajectories
will be separated once advected only long enough by the turbulent flow.

Y
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Figure 4.2: Regimes of Lagrangian particle pair dispersion. The tiny initial
displacement of partner particles grows over time while going through the Batchelor,
Richardson and Taylor sub-regimes. In the end, the particles will be de-correlated and
correspond to substantially different regions of the turbulent flow. This statistics is
based on the entire particle ensemble of simulation run L2, see also table 4.1.

The effect of Lagrangian particle pair dispersion can easily be quantified for actual
trajectory data. To show this numerically, the trajectory data from simulation run L2
(which will be reported in more detail in section 4.2.1, see also table 4.1) is analysed. In
a nutshell, two sets of 5122 particles each are seeded once the turbulent superstructures
have formed — the difference between the two sets is an initial vertical displacement
of dpp, (t =0) =5 x 1072, In other words, there are N, = 512% pairs of particles and
every single particle from one set exhibits a ‘partner’ particle (pp) which is initially
highly nearby. After seeding the particles, they are advected in the time-dependent flow
in accordance with eq. (4.2) while the distance dp, between the partner particles is
quantified via

dpp (t) = [2Lp1 (1) — @rp2 (1)) (4.3)

The subscripts 1 and 2 refer to the corresponding particle from set 1 and 2, respectively.
The average increase of squared displacement over time due to Lagrangian particle pair
dispersion, (Ad2 ), (t) == (d2, (t))n,, — d>, (t = 0) [182-184], is obtained from the
statistics over all N, particle pairs and quantified in figure 4.2.

Three different sub-regimes of pair dispersion can be identified from this dataset. At
early times t < 7¢, the particles remember still their initial velocity difference Au. Hence,
as the separation Az ~ Aw t, the mean increase of displacement (Ad? )y, ~ t*. This
sub-regime is called Batchelor or ballistic regime [182-184]. Once the displacement is
large enough, the partner particles will be swept by different larger eddies in the second
sub-regime, which in turn increases their speed of separation. A dimensional analysis
motivated by the inertial range of the Richardson cascade — see section 3.5.1.1 — yields
(AdZ )N, ~ € t* [159, 184], so this sub-regime at 7t St < 7y, (with the Lagrangian
turnover time scale 7y, see section 4.2.2) is typically referred to as Richardson regime
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4.2 Lagrangian trajectories in Rayleigh-Bénard convection

[182-184] (even if it might also just be a transition region between the surrounding sub-
regimes [184]). In the third sub-regime, the average vertical displacement has reached its
limits given the vertical confinement of the domain [183] and the continued displacement
of the particle pairs proceeds due to an increasing horizontal separation. The motions
are now completely de-correlated as the different particles participate now in different
turbulent superstructure rolls. This de-correlation resembles Brownian motion and
one finds accordingly (Adf)p> Nop ™~ t! for 1, < t. Therefore, this sub-regime is called
Taylor or diffusive regime [182—184]. For even longer evolutions of the trajectories, the
finite horizontal extent of the domain will become significant and the displacement will
eventually converge.

These vivid interactions of particle pairs with different scales of the flow represent a
fundamental obstacle for all Lagrangian coherent set detection methods. Undoubtedly,
in the course of the evolution of a single particle its trajectory might be swept into the
vicinity of another particle, see again figure 4.1. Both of them might then exhibit some
coherent behaviour over intermediate times, but will definitely diverge again eventually.
Hence, any (coherent) set of particles will vanish once just enough time has passed.

The remaining parts of this chapter will infer properties of coherent features of the
flow over longer times via different approaches such as independent time windows, see
section 4.3, or advanced evolutionary clustering methods, see section 4.4.

4.2 Lagrangian trajectories in Rayleigh-Bénard
convection

4.2.1 Generation of Lagrangian datasets

As indicated in the previous section 4.1.3, large-scale flow structures in Rayleigh-Bénard
convection seem to play a crucial role concerning the longer-term particle advection. The
nature of these structures is, however, governed by the thermal boundary conditions
as shown previously in chapter 3. In essence, in the (Neumann) case of an applied
constant heat flux a hierarchy of different large-scale flow structures — termed granules
and supergranules — can be observed, whereas turbulent superstructures emerge in the
opposing (Dirichlet) case of applied constant temperatures.

The dynamical character of these structures, i.e. their alteration over time, adds beside
pair dispersion another challenge to the detection of Lagrangian coherent sets. On the one
hand, turbulent superstructures re-organise extremely slowly over time while showing a
practically constant pattern size [185, 186]. On the other hand, supergranules re-organise
fundamentally during their gradual aggregation process. For this reason, Lagrangian
coherent features will be extracted in the following from turbulent superstructures in
Rayleigh-Bénard convection.

To account partly for the enormous variety of different fluids in natural convection
flows, a set of three simulations with varying Prandtl numbers is generated! — table 4.1

!The raw data of simulation run L2 is acquired from [183].
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Chapter 4: Large-scale flow structures from a material transport perspective

Run Pr N, N t, Nu Re Ar
L1 0.1 178 x14 5 368 3.50+0.04 409.04+2.3 3.50=£0.04
L2 0.7 1662x16 5 469 4.13+£0.05 91.1+05 4.134+0.05
L3 7 1782 x 14 5 1,400 4.18+0.03 10.74+0.0 4.18 £0.03

tLr Ato Tto Atow Eks <ncf>tLr <Nucf>

133 3.66 £2.13 13.7+ 87 3.25 49/800 759+12 290+ 6.65
234 3.58+2.08 21.7£145 5.5 9/200 79.8+1.6 274+ 9.98
700 4.98+£2.43 68.6+51.1 17 9/200 39.5+1.0 2.87+11.08

Table 4.1: Simulation parameters of the direct numerical simulations performing
Lagrangian particle advection — the Rayleigh number Rap = 10°, the aspect ratio
[' = 16, the total number of advected Lagrangian particles N, = 2 x 5122 and
no-slip boundary conditions are applied for all runs. Besides values known from
table 3.1, the table includes the total Lagrangian runtime ¢, (which is a fraction of
t;), the characteristic turnover wavelength A, and time 7,, the temporal width of
the observation windows At,,, the Gaussian kernel scale e, the observed number
of coherent features (n)s ,, and the Lagrangian Nusselt number of the extracted
coherent features (Nu). All statistical values correspond to the time window captured
by tr, where the turbulent superstructures are fully established.

summarises the important parameters for all of them. The Prandtl numbers Pr = 7 and
0.7 correspond to water and air, respectively, whereas Pr = 0.1 addresses the transition
to fluids as found in the Earth’s outer core. All simulations take place in non-rotating
closed domains of aspect ratio I' = 16 which exhibit no-slip boundary conditions at every
boundary. In addition to the fixed temperatures at the top and bottom planes, the
lateral walls are set adiabatic. With a fixed Rayleigh number of Rap = 10, this setup
resembles laboratory experiments and ensures that the complexity is still tractable.

Once the turbulent superstructures have formed after the initial transient of each
dynamical system, a total of N, = 2 x 512? Lagrangian tracer particles is seeded on
two regular horizontal grids at zp = 3 x 1072 and 2z; = 25 + 5 x 1073, Every particle is
advected at each numerical iteration in accordance with eq. (4.2) using a third-order
Adams-Bashforth scheme [187] while its velocities and temperature are interpolated with
spectral accuracy to its time-dependent position — this advection procedure is performed
for a total Lagrangian runtime of ¢,.

4.2.2 Lagrangian characteristics of turbulent superstructures

Lagrangian particles follow the time-dependent streamlines of the turbulent flows perfectly
[188], so one might expect that their trajectories can be related to the turbulent super-
structures which are known from the Eulerian perspective. To address this thought and to
obtain a better understanding of the Lagrangian properties of turbulent superstructures,
two objective Lagrangian measures [183] will be derived in this section.
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4.2 Lagrangian trajectories in Rayleigh-Bénard convection
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Figure 4.3: Distribution of Lagrangian turnover scales. Both the individual
turnover wavelengths (a) and times (b) are spread over extended ranges. The data is
based on the entire particle ensemble from simulation run L2.

The first measure, the characteristic turnover wavelength A, is a horizontal length
scale that can be associated with the counter-rotating double roll-like movement of the
particles. This characteristic is determined via

Ato = <)\it0>Np with >\ito =4 lhta (44)

where Ay, is the distribution of individual turnover wavelengths and [,y captures the
particles” horizontal travel distances between two successive intersections of the midplane.
The coefficient 4 is supposed to approximately convert the latter to a wavelength (which
is the well-known measure known from the Eulerian framework).

The second measure is the characteristic turnover time 1. This time scale is quantified
as the average time necessary for each particle to complete an entire turnover, the latter
of which is probed by passing the heights z; = 0.2 and z; = 0.8. An example helps
understanding how this is evaluated: suppose a particle is initially at 21, < 2; and
passes at time t; the horizontal plane at z;. To finish an entire turnover, it is required
to continue moving upwards, pass 2o, start moving downwards, pass 2o and z; again,
start once more moving upwards and pass z; at t5. The time difference t5 — ¢; yields
subsequently the corresponding turnover time. The characteristic turnover time

Tio = (tito) N, (4.5)

is eventually determined from the distribution t;, of these above described individual
turnover times.

Figure 4.3 provides the distribution of the individual turnover wavelengths A\, and
times ¢, exemplary for simulation run L2 via their probability density functions (PDFs).
Both distributions are characterised by extended tails, underlining the high probability of
long excursions of the particles in either a boundary layer or the bulk. The corresponding
characteristic turnover wavelengths and times are included for all simulations in table
4.1 — as the characteristic turnover wavelengths can be found to be in good accordance
with the integral length scale of the temperature field, Ay, ~ Ar, the consistency of the
Lagrangian with the Eulerian framework is confirmed.
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Chapter 4: Large-scale flow structures from a material transport perspective

4.3 Lagrangian coherent features and their impact on
the global heat transport

Albeit Lagrangian coherent features mix or interact only weakly with their surroundings
[174, 175], pair dispersion introduces chaoticity and prohibits any efficient manual
extraction of coherent sets. Instead, unsupervised machine learning — i.e. learning from
a dataset that is not biased by labels provided by a human — is the key to automated,
objective, and data-driven feature recognition [189, 190]. For this reason, previous
studies [174, 177, 178, 183, 191, 192] developed and applied corresponding approaches to
successfully detect coherent sets for simple flows or structures.

In this section, the knowledge on spectral clustering — i.e. the sub-division of data
into different groups by exploiting spectral properties — gained from these previous
studies will be combined with a recently developed feature separation technique [193]
to objectively extract a large number of individual coherent sets in three-dimensional
Rayleigh-Bénard convection. To subsequently quantify the interaction of these sets with
their surroundings, their transport of temperature as an advected scalar will be compared
with their complement.

4.3.1 Feature extraction procedure

The feature extraction procedure consists of several distinct steps [183, 191, 192] and
will be described in the following.

4.3.1.1 Generation of Lagrangian data

Lagrangian data is generated for 3 different flows as pointed out in section 4.2. In
every run, a vast number of Lagrangian particles is advected for about 10 characteristic
Lagrangian turnover times 7y, while position, velocity, and temperature are recorded
throughout. Although being seeded on regular grids, the particles are randomly distrib-
uted across the domain after approximately 37,.

4.3.1.2 Graph construction using some (dis-)similarity measure

Coherent features are represented by trajectories that remain in close proximity through-
out the time interval of observation [176]. As pair dispersion destroys any coherence for
too long observation times, see again figure 4.1, coherent sets are extracted from several
distinct observation windows of length At,, < t,. In accordance with the intuition,
the (dis-)similarity of trajectories is evaluated within each window by the time-averaged
distance between the trajectories fragments [178, 191]

dij (to) = (|2i — x| ) Aten.- (4.6)

Here, t; indicates the centre of the observation window — i.e. the average is computed for
the time interval ty — Atoy /2 <t <ty + Atow/2 —, and the subscripts ¢ and j denote the
particle indices with (i, j) = 1...ne, where ne, < N, is the number of evaluated particles.
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Figure 4.4: Graph construction. (a) Different data points (here trajectory fragments)
are represented in graphs by different nodes. The relation between different nodes is
described by the edges (drawn thinner and less dark for weaker relations) and can be
used to extract features of the graph. (b) A Gaussian kernel adjusts the edges based
on the kernel scale €, and helps deciding which to cut off.

This measure relates any such particle to every other particle and thereby constructs
a graph or network amongst them, see figure 4.4 (a). In such a graph, different data
points are represented by different nodes and the relations between these different nodes
are characterised by the edges. As the time-averaged distance between the particles is
symmetric, the graph is undirected.

4.3.1.3 Adjustment of edge weights and sparsification of the graph

The constructed graph is an alternative representation of the high-dimensional dynamical

system. However, the measured data is often embedded on a lower-dimensional manifold

which might not be captured properly by the chosen (dis-)similarity measure. In contrast,

a diffusion process on this manifold would optimally feel its intrinsic geometry [194]. To

resemble such a diffusion process, the edge weights of the graph need to be adjusted.
In a first sub-step, a Gaussian (or diffusion) kernel [195, 196]

—d?. [exs .
K;; = {e " if dij < deuws,

. (4.7)
0 if dz] > dCut7

with the kernel scale ey, see also figure 4.4 (b), is applied to the graph. The resulting
edge weights are now bounded between 0 and 1, include non-linearity (just as the
dynamical system), and can be interpreted in terms of similarity. Weak connections
between different nodes are hardly relevant for the global manifold, so these edges can
be cut off and the graph sparsified without loss of accuracy [196] — this is implemented
in the above equation by the cut-off distance d.y;.

In a second sub-step, the graph Laplacian L is obtained via [196]

1 . R K. Tep
LZ:—(H—(Z) with Plzniw,\, Kz: a%]a7 and kl: K,L (48)
J ng ! Zjip]_ KZ] ! k’L k] ; !
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Chapter 4: Large-scale flow structures from a material transport perspective

Therefore, the kernel matrix K can be pre-normalised to account for density variations
on the manifold, and the edge weights are translated in the stochastic transition matrix
P to transition probabilities between different states of a Markov chain [197]. With
a =1 (as used in this work), a random walk generated by P on the data points may
converge to Brownian motion on the manifold and the resulting graph Laplacian L may
be related to the Laplace-Beltrami operator [196, 198, 199]. In more detail, the entries of
this Laplacian rate matrix are related to the expected holding time of state i (for i = j)
and the transition probability from state i to j (for ¢ # j) of the Markov chain [192].
Hence, after these two sub-steps, the Laplacian L € R™»*" describes eventually the
different data points or trajectory fragments effectively on the underlying manifold.

4.3.1.4 Translation of the graph data into eigenspace

To detect coherent features, the graph needs to be sub-divided such that the within-
cluster similarity is maximised whereas the between-cluster similarity is simultaneously
minimised [191], see again figure 4.4 (a). This aim requires a similarity graph and
could thus already be applied after the first sub-step from above. However, to avoid the
separation of a single node from the rest, a balanced or normalised cut is necessary [191]
— unfortunately, this is practically not solvable for large datasets [200]. Fortunately, the
solution of the eigenvalue problem

LE, = &5, (4.9)

approximates the solution of this cut problem [201] and serves as an indicator for the
sub-division of the graph [183, 191]. The subscript n = 1...n,, and by construction
of the graph Laplacian the ordered eigenvalues &, satisfy 0 = & > & > -+ > &, [192]
— as these represent the spectrum of the Laplacian, the clustering derived from such
eigenvalue problems is termed spectral. Jumps in this spectrum, so-called spectral gaps,
provide information on the intrinsic connectivity of the graph [196] and thus potential
numbers of coherent features n. [V3]. In contrast, the eigenvectors E,, € R™» encode
the inherent (diffusion) coordinates of the data points on the manifold [194, 197]. They
can eventually be used to extract the desired features.

4.3.1.5 Feature separation and extraction

Different eigenvectors contain the coordinates of all the n., data points along different
axes in eigenspace. This implies in turn that individual features may be spread over
several different coordinates. This becomes unintuitive and an obstacle to feature
extraction — for instance via the k-means algorithm [177, 178, 183, 191] — once the
number of features becomes large (say, 2 10). For these reasons, the recently developed
sparse eigenbasis approzimation algorithm [193] is utilised subsequently to the spectral
procedure from above. In a nutshell, its key idea is to iteratively apply a rotation to the
coordinates in eigenspace such that the set of eigenvectors {En}n:L..ncf is transformed to
a new set of vectors {W, } . which span approximately the same sub-space but are
significantly sparser.

n=1...n¢
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4.3 Lagrangian coherent features and their impact on the global heat transport

In more detail, this is realised as follows. First, let the sub-space that is spanned by
the set of original orthonormal eigenvectors {E,},_, , beV C R™r. As the individual
features are spread over different coordinates, every entry of these eigenvectors is most
probably non-zero and so these eigenvectors are dense. One aims now at transforming
this set of eigenvectors to a new set of vectors {¥,},_,  which (1) spans a sub-space
S C R™» such that § ~ V, and (2) contains mostly sparse vectors. Considering the
matrices V 1= [Ey|...|8,,] and S := [¥,|...|¥, ] with (V,8) € R"»*" as well as
some rotation matrix R € R"*™ such an optimisation problem can mathematically
be expressed as [193]

1
argmin - [|V — SRIZ + ]S, (4.10)
ReGnet 2
Sei(iep nef ——— N —
sub-space sparsity
preservation induction

Here, &"t = {® € R"*mer : TP = [, } is the Stiefel manifold with the identity matrix
L, ., and 4U"ermet = {d € R"r*"f : cach column of ® has an [y norm 1}. Furthermore,

p=0.99/,/Mep is a small positive sparsity parameter, whereas || ®|[|r := /3, ; 7, and
| @11 := >, ; |®i;] represent the Frobenius and [; ; matrix norm, respectively. In contrast,
the I, or Euclidean norm of a vector is given by ||®||2 := />, ®7. Thus, the optimisation
in eq. (4.10) considers the two conditions from above just as indicated below the two
individual terms. Unfortunately, finding a global minimum of (R, S) € &"f x {Mep et jg
non-trivial due to non-convexity.

It is therefore proposed to find a local minimum by alternately fixing the rota-
tion matrix R and optimising the sparse vector matrix S, and vice versa. Both of
these steps can be solved fast and exactly. First, suppose the case that R is fixed.

The sparsification of S can be performed by a thresholding transformation such that
v, = f, [(VRT) }/Hfﬂ {(VRT) ”‘2 yields the n-th column of S where f, (®) =

sgn (®) max {|®| — i, 0} is an element-wise thresholding function. Second, suppose the
case that S is fixed. In order to find R, the Procrustes problem mingegnes 5|V — SR||}
has to be solved by a polar decomposition. If the singular value decomposition of STV
is denoted as STV = MXNT, then R= MNT.

After an initialisation with R = I,,_, a loop of these two steps can iteratively be
applied until the rotation matrix has converged. Finally, S is re-scaled to allow for an
interpretation in terms of likelihoods — i.e., its columns ¥,, exhibit maximum values of 1
—, and its columns get re-ordered based on their minimum values [193].

The central result of this algorithm is revealed when recalling that the columns of S
are composed of the new set of sparse vectors {‘I’n}nzl...ncf with W¥,, € R™»: different
features are now separated into different vectors, because the many data points that
do not belong to a particular feature cause a high sparsity in the corresponding vector.
As the individual (non-negative) entries within each vector encode the likelihoods of
the ne, data points to belong to this particular feature, these feature vectors W,, are
extraordinarily intuitive and useful.

Ultimately, there are two particularly interesting things one can do with these sparse
vectors. Firstly, one may combine the information captured in the n. sparse vectors
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Chapter 4: Large-scale flow structures from a material transport perspective

into a single vector W, with Wy, i = max,—1_n_ ¥; » which captures the maximum
likelihood of feature affiliation of every data point to any feature. Secondly, one may
threshold the sparse feature vectors using some threshold value ( to extract distinct
clusters, i.e., to assign every data point either to exactly one feature or to the incoherent
background (in case no feature is assigned to the data point).

4.3.2 Algorithmic parameters and details

The above steps for Lagrangian coherent set extraction introduce several parameters.
Although this allows algorithms to be flexible, physical or data-driven arguments help
deciding for particular values which makes the process much more objective and auto-
matable.

The number of evaluated particles ne, — for which the pair-wise time-averaged distances
are evaluated in eq. (4.6) — represents a spatial resolution parameter. Here, ne, = N, to
allow for the most detailed feature detection.

The temporal width of the observation window At,, acts as a temporal coherence
filter — patterns that exist only for significantly shorter times do not offer coherence on
this time scale and thus cannot be detected. Physical arguments based on particle pair
dispersion, see section 4.1.3, suggest 7t S Aty S Tio- For these reasons, Aty ™ 7i0/4 is
chosen for all flows.

The Gaussian kernel scale ey, see again figure 4.4 (b), represents in the present
context predominantly a spatial coherence filter — as it defines which time-averaged
distances are evaluated as ‘close’, patterns of size d;; < /éxs can (roughly speaking)
not be disentangled or extracted [197, 202]. So, while small values are desirable, this
affects the connectivity of the graph and the lower limit of this parameter is thus clearly
influenced by ne, and At,,. Given their previous choices, ey is decided to be as small as
the connectivity of the graph permits.

The previous section has only briefly justified a sparsification of the graph via the
cut-off distance d..;. However, this is actually crucial for the evaluation of larger datasets —
why? Already the matrix D), collecting the pair-wise distances d,;, scales with the number
of evaluated particles by D € R"»*"_  For n., = N, as chosen above, this implies
that D requires 2 TB of memory — beside its storage itself, its determination becomes
extremely expensive. Considering the properties of the Gaussian kernel, this effort
bears above some threshold no relation to its advantages. For this reason, already the
instantaneous pair-wise distances are efficiently computed using k-d tree data structures
(via scipy.spatial.KDTree) together with an intermediate threshold dicy; > deyt. The
final cut-off d.. is eventually applied after the time-averaging. The resulting sparse
matrices can be stored using sparse array formats (see scipy.sparse). Setting the
sparsification parameter d.,, = /2¢ys directly relates it to the kernel scale — avoiding
thus another independent parameter —, and simultaneously ensures that disregarded
edges of the graph do not affect its accuracy [192, 196].

The number of coherent features n. depends on what one is searching for — in the
present context, this could be for instance entire double-roll related regions of turbulent
superstructures [183] or fractions of them [192]. Expecting coherent sets to be related to
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4.3 Lagrangian coherent features and their impact on the global heat transport

Figure 4.5: Locating Lagrangian coherent features. (a) The entire horizontal
cross-section is covered by high maximum likelihoods of feature affiliation ¥ ., of the
particles x; (to). From this, (b, ¢) Lagrangian coherent features can be extracted and
further segregated from each other for different thresholds (. Different colours indicate
different features, whereas the isotherm (T (z,y,z = 0.5,t))as,,, = 0.5 is superposed
via black solid lines. The data corresponds to simulation L2 at ¢ty = 303.75.

individual convection rolls (which are not continuously disrupted by thermal plumes),
one may estimate the number of coherent features by net est =~ [I'/ (Ato/ 2)]2. The precise
number of coherent features per time window is eventually determined based on a
data-driven spectral gap criterion with ne & net, st as described in [V2]. Furthermore,
this allows to efficiently compute only the leading nj, eigenpairs in eq. (4.9) with
Nt S Miep K Nep (Via scipy.sparse.linalg.eigs).

Finally, the threshold ( applies the final clustering by prescribing a particular certainty
of cluster affiliation. In principle, this divides the data points into two different groups
depending on if they are part of some feature or not. While (i, represents the minimum
threshold necessary to isolate the individual features, higher thresholds ¢ > (i, can be
used to focus even stronger on the core elements. For the flow data at hand, (i, =~ 0.7
and the final clustering is performed using ¢ = 0.94 for all cases.

Hence, after these above considerations, At,, and ¢, represent the only simulation
run-dependent parameters, and so they are included in table 4.1.

4.3.3 Relating coherent features to large-scale flow structures

The previous sections outlined how unsupervised machine learning can be used to re-
organise the data in useful ways [190] by exploiting its spectral properties. This algorithm
is now applied to detect Lagrangian coherent features from the three simulation runs
introduced in section 4.2.

The first observation window — at ty = 303.75 — of simulation run L2 is used to obtain
first insights on the relation between Lagrangian coherent features and the turbulent
superstructures. For this time, the data suggests ns (t9) = 80 coherent features.
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After employing the algorithm, high maximum likelihoods of feature affiliation W ., (o)
— see again section 4.3.1.5 for their definition — can be attributed to all data points. As
every such data point corresponds to a particular trajectory fragment, it is possible
to relate W, spatially to the simulation domain. Figure 4.5 (a) plots the horizontal
position of all Lagrangian particles at time ¢y and colours them according to W..
It can be found that the entire simulation domain is covered by pronounced spots
of extraordinarily high maximum likelihoods. To relate those regions to the present
turbulent superstructures, the isotherm (7" (x,y, z = 0.5,%)) s, = 0.5 is superposed via
black solid lines. Note that these lines correspond to the presence of the global mean
temperature, so they should typically indicate the cores of convection rolls where the fluid
is well mixed. As the isotherms intersect most of the pronounced maximum likelihood
spots, a relation to the turbulent superstructures can be confirmed.

To isolate different features from each other, a minimum threshold (,;, has to be
applied to the feature vectors W, [193] — after doing so, every trajectory fragment
corresponds either to one particular feature or to the incoherent background instead.
To focus on the former, figure 4.5 (b) re-plots only their corresponding particles. As
different features are indicated here by different colours, their proper separation can be
clearly verified.

In the following, only the very certain aspects of Lagrangian coherent features shall
be used to draw conclusions on their character and properties. For this reason, a
significantly higher threshold (see section 4.3.2) is applied. As visualised by figure 4.5
(c), this promotes the segregation of the individual features significantly without the
extinction of any of them.

These general insights into the relation between Lagrangian coherent features and
turbulent superstructures can also be drawn for other times, as well as the other simulation
runs. Furthermore, a statistical analysis of the corresponding particles shows that these
are located more likely outside of the boundary layers and exhibit more often close-to-
mean temperatures [V2]. These trends are in accordance with the expectation of finding
coherent sets at the centres of convection rolls.

Figure 4.6 visualises one Lagrangian coherent set for every simulation by evaluating
vertical slabs of the domains. Every particle that is part of the focussed feature and
located within the slab is drawn as a black dot for some time ty, whereas the background
shows the temperature field that is averaged over At,, — grey arrows indicate the
instantaneous surrounding flow field of the incoherent background. Firstly, this figure
shows nicely how different Prandtl numbers affect the flows — thermal stems become
thinner and the flow more organised for successively larger Pr. The increased spacing
between the stems indicates further the slight trend towards larger patterns [75]. Secondly,
it proves eventually that Lagrangian coherent features can indeed typically be related to
the centres of convection rolls and so to the large-scale flow structures independently
of the Prandtl number. Albeit the sets are located between regions that are more
frequently disrupted by up- or down-welling thermal plumes, they are not completely
decoupled from the background flow as can be expected for a continuum of fluid. Finally,
Lagrangian coherent structures, see section 4.1.1, might be expected to be related to the
quite regular shape of these Lagrangian coherent sets.

36



4.3 Lagrangian coherent features and their impact on the global heat transport
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Figure 4.6: Lagrangian coherent sets at focus. Vertical slabs in the xz-plane of the
domains reveal detailed information on the fundamental character of coherent features
across the different Prandtl numbers. Particles that correspond to the coherent set at
focus are shown as black dots for some time ¢ if located within the slab, whereas the
coloured background encodes the time-averaged temperature field (T') o, within the
slab. The grey arrows indicate the instantaneous surrounding flow field. The slabs’
thickness is 0.2 and placed around the centre of the coherent sets.

4.3.4 Heat transport of Lagrangian coherent features

Coherent sets or features are represented by trajectory fragments that remain in close
proximity throughout some intermediate time interval [176] and can thus be expected
to mix or interact only weakly with their surroundings [174, 175]. However, the above
detected coherent features in Rayleigh-Bénard convection are shown to be clearly embed-
ded into the surrounding flow — in other words, they are not fully decoupled from the
incoherent background. This suggests to analyse the participation of those sets in the
heat transfer across the fluid layer, which should eventually allow to conclude on their
interaction with the surrounding flow.

In order to evaluate the heat transfer of individual Lagrangian particles, one may start
by defining a local Nusselt number

oT
Nugoe, i [@i (t),t] == — 5 +vVRaPr u,T (4.11)
% e (t) i (t)

that is proportional to the vertical component of the heat current vector and corresponds
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Figure 4.7: Lagrangian heat transport statistics. The Lagrangian Nusselt numbers
are disentangled for all three simulation runs depending on the affiliation of the
trajectory fragments to either (a) coherent features or (b) the incoherent background.
The inset in panel (a) contrasts the statistics close to the peak for simulation L2.

to the instantaneous position of any particle.? As entire trajectory fragments — which are
generated by the individual particles during the various distinct observation windows
At — are evaluated in the feature extraction procedure, it is possible to subsequently
associate a Lagrangian Nusselt number Nuy, ; (¢9) = (Nuec,; [@i (t),t])ar,, to any of
these fragments.

In the following, the Lagrangian heat transport of the trajectory fragments will be
disentangled depending on the affiliation of these fragments to any coherent feature (cf) —
or to the incoherent background (ib) otherwise — within the different observation windows.
More specifically, two statistics are generated for each such window: one for trajectory
fragments that correspond to coherent features and another one for the remaining
fragments, Nuy, ¢ (to) and Nuy, i, (to), respectively. Incorporating information from all
the different times ¢, across the total Lagrangian runtime ¢y, allows eventually to obtain
more robust statistics and yields Nues = (Nuy, ¢f),, as well as Nuy, = (Nuy, )¢, The
results of this statistical analysis are displayed for all three investigated Prandtl numbers
in figure 4.7.

On the one hand, by comparing the statistics between different Prandtl numbers it is
observed that both PDFs are most narrow for the smallest Prandtl number Pr = 0.1. This
observation is in line with the less efficient global convective heat transport across the
fluid layer and the coarse thermal stems® shown in figure 4.6 (a). In contrast, the PDFs
corresponding to the largest investigated Prandtl number Pr = 7 exhibit pronounced
bi-modal shapes. While the peak on the positive side of the abscissa originates in strong
plume detachments from the bottom and top boundary layer, the peak on the negative
side is related to plume reversals — this effect is strongest for the largest Pr due to its

2This local definition can be obtained similar to eq. (1.19) but without taking any average.
3See also section 3.3 for similar effects of the Prandt] number on the global heat transport and thermal
stems in case of complementary thermal boundary conditions.
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smallest thermal diffusion and Reynolds number, i.e., the plumes do not lose as much
thermal energy on their way up or down due to thermal diffusion and turbulent mixing.

On the other hand, the two different statistics within each simulation run indicate
a significant separation of the coherent features from the incoherent background. For
instance, the peaks in Nuy, due to the thermal plume dynamics (described above) are less
pronounced or even excluded in Nu. — the inset in panel (a) highlights this by a direct
comparison of the two statistics for run L2. The differences between the distributions
become even more prominent by their mean values. While these are close to the global
Nusselt numbers for the incoherent backgrounds, (Nuy,) &~ Nu [V2], the heat transfer of
the coherent features is substantially reduced. Table 4.1 includes these latter values for
all three simulations, highlighting eventually that (Nu.) =~ 2/3 Nu.

This locally refined analysis of the heat transport demonstrates unambiguously that
coherent features — which are typically trapped for intermediate times at the centres of
convection rolls, see again figure 4.6 — contribute considerably less to the global heat
transport across the fluid layers than the incoherent background. Hence, the spatial
regions that are represented by the former are proven to interact or mix only weakly
with their surroundings.

It is clear that the individual particles are not trapped for arbitrary long times inside the
Lagrangian coherent features. Instead, some particles from the incoherent background
will join the coherent features whereas others will leave them — this is the effect of
Lagrangian particle pair dispersion, see again section 4.1.3. In turn, this suggests to
incorporate a memory in time into the clustering analysis such that the coherent features
can be treated as abstract entities.

4.4 Evolutionary clustering of Lagrangian trajectories

The previous section showed that a large number of Lagrangian coherent sets can be
extracted by the use of unsupervised machine learning from complex three-dimensional,
turbulent flows and related these sets to turbulent superstructures. On the one hand,
the spatial regions that correspond to the former are shown to interact only weakly with
the surrounding flow due to their coherent nature. On the other hand, however, such
observations are limited to finite intermediate time windows. With increasingly extended
observation, particle pair dispersion destroys any coherence and the underlying similarity
measure — see eq. (4.6) — becomes meaningless.

This circumstance might seem contradicting at first glance. How can coherent sets
vanish for times Aty = Ti, while turbulent superstructures survive over ¢t > 7,7 Actually,
this question leads astray as it misses the point — it compares, casually speaking, apples
and oranges. In fact, even turbulent superstructures vanish once the flow field is averaged
over excessively long times [75] instead of being observed for shorter windows.

This comparison suggests that even coherent spatial flow regions — that are inferred
from (finite-time) Lagrangian coherent sets — do not need to disappear if evaluated
in the right way. Instead, they could be seen as abstract entities that may consist of
different particles or trajectory fragments over time. Some particles from outside of a
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Figure 4.8: Concepts of information blending. (a) Albeit different observation
windows At,,, are technically independent, they may share significant historical inform-
ation if Aty < Atyy. (b) The active transfer of information I > 0 from one instance to
the subsequent one allows to manipulate the results based on historical information.

coherent feature may join it, while others from inside may leave it. What matters is
not the particular sets of trajectories, but the ongoing existence of certain coherent flow
regions that trap sufficiently many particles. As the contributing trajectories may alter,
this concept can be termed leaking Lagrangian coherent sets. To keep identifying these
evolving sets, this makes necessary to remember their origins.

4.4.1 Concepts of incorporating historical information

In order to overcome the constraints of particle pair dispersion, the clustering procedure
should blend information from a given time with information from some previous time.
This concept of evolutionary spectral clustering [203] should eventually allow to study
the coherent features’ long-term evolution. Two possible approaches are outlined in the
following.

4.4.1.1 Technically independent temporal overlaps

Suppose the spectral clustering is performed for one observation window at ¢y;. The
subsequent clustering at time ¢; can be seen as shifting the observation window At in
time by At such that t; = tq + At,. This concept is visualised in figure 4.8 (a).*

Clearly, if Aty < Atgy, the subsequent clustering incorporates a significant amount
of previously seen information, drops some historical information, and adds new future
information. As most of the information is shared, one can expect a smooth variation of
the different clustering results over time. This sliding window approach is the easiest
way to blend current information with some historical information, and an evaluation at
time t; is technically independent of the clustering performed at .

4In section 4.3, this time lag Aty ~ Tio/2 =~ 2 Atyy, yielding thus fully separated observation windows.

90



4.4 Evolutionary clustering of Lagrangian trajectories

4.4.1.2 Active short-term memory about past coherent features

The inclusion of historical information through independent overlapping windows works
well when spectral gaps are sufficiently strong [V3], i.e., when the current intrinsic
connectivity of the graph deviates only slightly from the preceding time. However, in
the presence of a large number of coherent features that are subjected to a turbulent
flow, the induced noise in the graph can become a serious obstacle.

To overcome this issue, a short-term memory about the previously extracted sub-
dominant features can be added to the present evaluation. Mathematically, this can be
done in the form of a linear combination

A

Koo (to) = ptopK (to) + (1= top) F [Kovo (to — At,)] (4.12)

current situation short-term memory

and implemented into eq. (4.8) — thus, evolutionary techniques can be combined with
the feature extraction procedure developed in section 4.3.1. Here, 0 < po, < 1 is an
obliviousness parameter, whereas the operator F' extracts information about the coherent
features from the past kernel matrix. Figure 4.8 (b) visualises this concept of adding an
active short-term memory about past coherent features to the current evaluation.

In the case of p,, = 1, this approach ignores historical information but coincides instead
with the technically independent overlaps described above. In contrast, information
about the historical coherent features is incorporated for p,, < 1 and weighted stronger
for smaller pi.,. This implies that once j, < 1, the evolutionary clustering result at
time ¢y depends on the extracted features at time to — At,. Hence, it is not independent
any more, but actively manipulated by the previously extracted features.

4.4.2 Evolving coherent features in Rayleigh-Bénard convection

Both of the above introduced concepts are suitable for extracting evolving coherent fea-
tures from turbulent Rayleigh-Bénard convection flows. First, the concept of technically
independent overlapping windows can successfully be applied to a two-dimensional flow
at Pr =7, Ra = 103, I' = 8 with 6 < n¢ < 8 coherent features. Beside the successful
evolutionary clustering, this example proves the accordance of the (time-dependent)
number of coherent features in the flow with their stronger intrinsic connectivity in the
graph via pronounced spectral gaps. More information on this particular analysis can be
found in [V3]. In contrast, the increased complexity of three-dimensional simulations
suggests and requires the extraction of evolving coherent features by the use of the more
advanced active short-term memory. Here, the Lagrangian data from simulation run L2
is re-used, see again table 4.1.

Compared to section 4.3, the graph construction is slightly simplified for the following
as the evolutionary feature extraction code has leadingly been written by Christiane
Schneide during our collaboration. Amongst smaller modifications, the time-averaged
distance d;; is replaced by the number of di..-close encounters between the different
particles and the Gaussian kernel is thus omitted. Here, the features are extracted from
Nep = 2562 particles with Atoy > Tio, diews = 14/100, Aty = Aty /10, and ¢ = 0.7.
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Chapter 4: Large-scale flow structures from a material transport perspective

t= 1.95

Figure 4.9: Evolving Lagrangian coherent features. The maximum likelihood
of feature affiliation W, (¢) indicates rare dynamic events during the evolution of
leaking Lagrangian coherent sets. (a — ¢) An existing feature splits a new one off.
(d, e) This young feature merges shortly after its birth with another one, just before
(f) the situation relaxes. All panels visualise the entire horizontal cross-section from
simulation L2 and highlight the regions of interest by dashed circles.

Despite these different parameters, the first investigated observation window suggests
through its spectrum a roughly similar number of coherent features compared to the
previous analysis in section 4.3. All subsequent evaluations are biased to some extend by
the choice of this initial number of coherent features as historical information is included
from now on with po, = 0.9. To support the dynamical evolution of the coherent features,
their number is allowed to vary within 10% between subsequent observation windows.
Hence, the extraction of evolving Lagrangian coherent sets across the Lagrangian runtime
t1r can again be automated to a large extent.

This new method of evolving coherent feature detection allows to track a large number
of coherent features over long time spans. As the trajectory fragments within these
features exhibit still reduced heat transport properties, features extracted from this
evolutionary approach can be found to be in accordance with the previously extracted
features from section 4.3. Throughout their slow dynamical evolution, some features
might emerge while others might vanish or even join. Albeit these events of the birth or
death of coherent features can be presumed to be rare (due to the slow re-organisation
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Figure 4.10: Alternating coherent feature affiliation. (a) Some trajectories parti-
cipate in one or more evolving features throughout their evolution, whereas (b) some
other trajectories cannot be associated to any feature during the entire Lagrangian
runtime. Trajectory fragments with feature affiliations are plotted using solid lines,
whereas the remaining fragments are dashed. Different colours indicate different
features. Both panels visualise the entire horizontal cross-section from simulation L2.

of turbulent superstructures), a few of them can be detected during the Lagrangian
runtime. Figure 4.9 visualises thereto a time series of the maximum likelihood of feature
affiliation W, (t) of all evaluated particles. As highlighted by the dashed circles, the
split of a feature creates a new one which merges shortly afterwards with another feature.
Interestingly, such highly dynamic events leave again a clear trace in the spectrum of the
graph [V3].

Bearing this slow eternal evolution of Lagrangian coherent features in mind, it is
eventually time to return to the concept of leaking Lagrangian coherent sets. As raised
in the introduction of this section 4.4, different particles are expected to participate
in numerous evolving coherent features by joining or leaving them. This expectation
is confirmed by figure 4.10, the latter of which projects a few selected trajectories
onto a horizontal plane. Here, trajectory fragments are plotted as solid lines if the
corresponding particle can be associated at that time with some feature — different
features are again indicated by different colours. In contrast, the remaining trajectory
fragments — corresponding to times at which the particles cannot be associated with any
evolving feature — are plotted as dashed lines. As shown by panel (a), several trajectories
switch indeed between different evolving coherent features as time passes.

However, not every particle participates during the finite Lagrangian runtime in some
feature. This circumstance is underlined by panel (b), which plots only trajectories
that do not contribute to any feature throughout their entire evolution. Undoubtedly,
the number of such trajectories will decrease for an increasingly extended Lagrangian
runtime.
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Chapter 4: Large-scale flow structures from a material transport perspective

The fact that dynamically evolving Lagrangian coherent features are constructed
by alternating trajectory fragments proves their independence from a particular set of
particles. Clearly, not every particle can participate in such a feature at once, and not
every particle will do so due to the limited lifetime of the evolving features. As turbulent
superstructures change over time, so do these coherent spatial regions of fluid. Hence,
these persistent features of turbulent natural thermal convection flows are excellent
candidates to serve as the Lagrangian counterpart of the large-scale flow structures in
the Eulerian frame of reference.

4.5 Summary

The vast complexity of geo- and astrophysical convection systems, such as the ones
outlined in chapter 1, exceeds by far what can be captured through measurements.
Instead, many aspects of their dynamics need to be inferred from sparse observational
data. This circumstance motivated the second objective of the thesis at hand.

This chapter 4 aimed at bridging the gap between such sparse observations of coherent
or point-like objects and the large-scale flow structures of natural thermal convection.
To this end, the dynamic evolution of massless Lagrangian (material) particles that are
advected in classical Rayleigh-Bénard convection flows was studied. As the chaoticity
of turbulent flows manifests in particle pair dispersion, automated feature extraction
techniques are vital to finding persistent coherent features in this framework. Here,
unsupervised machine learning was used to extract and learn from these coherent features.

In a first approach, spectral clustering was combined with a recently developed feature
separation algorithm to extract an immense number of coherent subsets of trajectory
fragments on the underlying manifold of the flow. Equipped with these tools it was
subsequently possible to relate these features to the large-scale flow structures. It was
found that Lagrangian coherent sets or features can be associated with the centres of
convection rolls, the latter of which are essential concepts of turbulent superstructures.
However, although these spatial regions offer an increased coherence, they are still
continuously embedded into the surrounding flow.

The mixing or interaction of coherent sets with their surroundings was studied by
means of an analysis of their heat transport across the fluid layer. As Lagrangian coherent
features mark spatial regions that are less frequently disrupted by up- or down-welling
thermal plumes, they contribute less to the global heat transport compared to the
incoherent background flow. A Lagrangian evaluation of the Nusselt number revealed
that Lagrangian coherent features transfer about one third less heat across the fluid layer
relative to the global average. Hence, albeit being a necessary skeleton for turbulent
superstructures, they reduce the overall heat transfer significantly across different fluids.

As the observation window is extended, increasingly more particles will leave the
spatial regions at which the coherent sets have been located — instead, other particles will
join them and so these regions will consist over time of alternating particles. This idea of
leaking Lagrangian coherent sets gave rise to study coherent features as abstract entities.
In a second approach, historical information was incorporated to the previous procedure.
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4.5 Summary

This allowed finally to study the evolution of Lagrangian coherent features — together
with their possible birth and death — successfully throughout the entire Lagrangian
runtime. It remains open for future studies to apply this new evolving feature extraction
technique to the gradual supergranule aggregation discovered in chapter 3.

These results from the material transport perspective connect Lagrangian observations
with the complementary Eulerian framework. The trapping of trajectories at some spatial
regions for an intermediate time allows thus to infer properties of the surrounding flow —
vice versa, this identifies the role of the large-scale flow structures on material transport.
This is not just useful for sparse particle tracking data obtained from long laboratory
experiment runs [185, 204], but also to cannibalise the previously collected data from
geo- and astrophysical flows even more. Moreover, the birth and death of such coherent
spatial regions might be used to extract a time scale that is characteristic to the lifetime
of large-scale flow structures such as turbulent superstructures. This access to more data
via inferred properties might ultimately pave the way for an improved understanding of
flow hierarchies in natural thermal convection flows.

95



96



CHAPTER

CONCLUDING REMARKS AND
PERSPECTIVES

In this thesis, turbulent Rayleigh-Bénard convection as the paradigm of natural thermal
convection flows was studied from both Eulerian and Lagrangian perspectives. In a
nutshell, the results can be summarised as follows:

o The thermal boundary conditions rule the large-scale pattern formation. In case of

an applied constant heat flux, a new mechanism of self-organisation was discovered,
termed gradual supergranule aggregation in accordance with the astrophysical
motivation, and studied across the Ra—Pr—Ro parameter space. On the one hand,
a leading Lyapunov vector analysis allowed to relate this transient mechanism’s
dynamical origin to secondary instabilities. On the other hand, a spectral energy
transfer analysis revealed that purely two-dimensional advective mode interactions
exhibit an inverse cascade on large scales and can be accounted for the growth of
thermal variance during this transient process of large-scale pattern formation.

Unsupervised machine learning methods to successfully relate sparse observational
Lagrangian data to (evolving) turbulent superstructures — i.e., the large-scale flow
structures that form in the complementary case of applied constant temperatures
— were established. The role of these structures for the material transport was
identified as to trap particles for intermediate times in coherent regions close to
the centres of convection rolls, the latter of which interact only weakly with the
surrounding flow and thus offer a reduced heat transport across the fluid layer.

Due to the simplicity of the underlying dynamical system, it applies to various natural
flows (see again table 1.2) and so these results allow to interpret these flows’ extremely
complex nature more successfully.

Fluid dynamics is typically about looking at things from a far distance [205] — thus, the
fundamental governing equations (1.2) — (1.4) exploit continuum mechanics instead of
particle-particle interactions (see e.g. [206] for a corresponding study of constant heat flux-

driven Rayleigh-Bénard convection). The underlying physics of the latter is consequently
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captured in the fluid properties p, v, A, and so on, assuming further a Newtonian
fluid. These first simplifications are in this work complemented by the Oberbeck-
Boussinesq approximation. However, even after these steps, the main ingredients for
thermal convection are still included which allows eventually to study it numerically in a
horizontally extraordinarily extended domain with nowadays’ computational capabilities.

In the long run, these simplifications or approximations may be less restrictive than
they seem at first glance. For instance, Newtonian properties hold definitely not for all
fluids but even complex (e.g. colloidal [207]) ones may behave within certain ranges
of shear rates just like classical Newtonian fluids. The situation is quite similar for
the extension of the dynamical system by rotation around the vertical axis. Although
this is a first approximation to the behaviour close to the geographical pole, one can
nevertheless learn from it how geo- and astrophysical objects are influenced even farer
away from it if anisotropies due to horizontal rotation are disregarded.

The insights obtained in this thesis found on computationally expensive direct numerical
simulations which do not involve any additional, tailored modelling of physics. Hence,
the obtained understanding and collected data could be used to subsequently derive
and enhance models for LES and RANS simulations or to evaluate the quality of GQL
approximations. This is not only useful to allow for cheaper simulations in the field of
engineering — all our geo- and astrophysical observations collect sparse data (if at all)
on a coarse grid only. These measurements’ dynamics are thus inherently governed by
(filtered) equations for large-scale quantities.

This observational restriction is accompanied by our limited computational capabilities.
Albeit seemingly endless, there is currently no way to solve the governing equations
for an entire geo- or astrophysical object numerically [8, 208, 209]. For instance, a
full simulation of the Sun would require approximately 102> W — as this represents the
entire energy produced by an M9V main sequence red dwarf [210], it becomes ultimately
clear that one will rely forever on simplified setups and approximations to project their
behaviour into future.

Fortunately, this inevitable circumstance can be conquered by our knowledge on the
present fundamental equations from which one may derive models for analytical and
numerical studies [8]. It can be conceptually helpful to think of such flows as multiple
loosely connected layers that allow for a separation of flow features into ones that
penetrate most of the fluid layer, and ones that become important just at the boundaries
[8, 211]. For instance, in the solar case the outer shallow layer (which makes basically up
the outer-most 1% of the convection zone) sets itself apart from the rest of the convection
zone due to its extreme gradients and supersonic flow velocities [8]. Large-scale flow
structures — such as those discovered and studied in the thesis at hand — correspond in
this context to the depth-penetrating layer. Some basic assumptions or simplifications
are thus not just allowed but key to a successful tailoring of such models.

The interplay of magnetic fields — as often part of geo- and astrophysical objects — with
these large-scale turbulent structures is yet almost unknown and even less is known about
the feedback of their induced magnetic field on the external magnetic field. Answering a
scientific question raises not rarely again several new ones, and so will it be the work of
future studies to address these interesting and exciting questions of physics.
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A Linear stability analysis

In this appendix A, the linear stability of rotating Rayleigh-Bénard convection — see
equations (3.8) and (3.9) in the main text — will be derived. While taking care of both
idealised thermal boundary conditions, the free-slip scenario is assumed throughout.

Governing equations

At the onset of convection, heat conduction is starting to be supported by convective
heat transfer across the fluid layer — consequently, the temperature profile changes from
the horizontally homogeneous linear conduction profile towards another profile. This
suggests to express the governing equations based on the temperature deviation field © —
see also eq. (3.5) —, the latter of which is zero below the onset and becomes non-zero
above. For simplicity, this temperature deviation field will be called just temperature
field in the following. These governing equations read in the dimensional form

V-u =0, (A.1)
ou 1 2

E—F(u-V)u#—QQezxu:—p Vp+v Viu + agBe,, (A.2)

ref

00 5
E‘F(’U,'V)@:KV(‘)—{—BUZ (A.3)

with

© (337 t) =T (337 t) - ,-rlin (Z) ) /-Tlin (Z) = Tbot - /8 (Z - Zbot) ) <A4)

and can be derived from equations (1.2) — (1.4) by inserting eq. (A.4). /3 represents the
applied vertical temperature gradient across the fluid layer — in the Dirichlet case, this
can be substituted by AT/H. Section 3.5 (and in particular section 3.5.2.1) made use
of these equations in the non-dimensional form based on the free-fall inertial balance,
for the latter see again section 1.2.2.3. This inertia-based scaling is not appropriate for
describing the situation at the onset of convection. Instead, diffusion is the important
mechanism to balance the buoyancy — recall here also the vivid explanations in section
1.2.1. Presuming that viscous diffusion balances the buoyancy, the equations can be
non-dimensionalised by

2 2
v H* - o PrefV/

w:Hi, u:ﬁ'&, @:BHPI'@7 t:7t7 P = H2 f), <A5)
with variables exhibiting tildes being non-dimensional. Note that here the vertical viscous
diffusion time scale 7,, which is known from the footnote on page 7, emerges. The tildes
are, as is common, dropped in the following.

The non-dimensional governing equations read eventually

V.-u=0, (A.6)
gl;+(u-V)u+vTaezxu:—Vp+V2u+Ra@ez, (A.7)
Pr 99 +Pr (u-V)0 = V?0 +u., (A.8)

ot
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revealing the Prandtl number Pr, Rayleigh number Ra, and Taylor number Ta — see
equations (1.9), (1.10), and (3.10), respectively — as control parameters. To eliminate
the pressure from the Navier-Stokes equation, one may want to work with the vorticity
equation (see again section 3.4.4) as well as its curl, both of which read with this scaling

%:—i—Vx[(u'V)u]—vTa?;::VQw—l—Ravxez@, (A.9)
2
9(V7u) —V xVx [(u-V)u]Jr\/ﬁafw:
ot 0z
) 56 (A.10)
— (VZ) u + Ra [W@ez -V ()] :
0z

Boundary conditions

The set of boundary conditions reads in the non-dimensional form

Oy
2 (2 € {20t 20p}) = 0, (A.11)
u, (2 € {2bot, top}) = 0, (A.12)
00
© (2 € {2bot, #top}) = 0, or 5 (z € {2bots 2top}) = 0, (A.13)

recall also equations (1.14), (3.37), and the footnote on page 59. There are two additional
boundary conditions that emerge from this set of equations and conditions. First, the
continuity equation (A.6) yields together with the free-slip boundary conditions (A.11)

0%u,
022

(2 € {zbot, Ztop}) = 0. (A.14)

Second, the definition of the vorticity gives together with these free-slip boundary
conditions

Ow,
0z

This extended set of boundary conditions will be used in the following to analyse the linear
stability of Rayleigh-Bénard convection in a horizontally infinitely extended domain.

(2 € {zbot, Ztop}) = 0. (A.15)

Basic idea of a linear stability analysis

The basic idea of a linear stability analysis is to apply a small perturbation (indicated in
the following by a dash ®') onto a base state (indicated by a bar ®) such that

O =>+c,P (A.16)
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Here, ¢, < 1 is a tiny perturbation parameter. For the set of variables present, this
yields

u=1u+e (A.17)
p=p + epp , (A.18)
0=06+ gp@' (A.19)
w=w+e,w. (A.20)

After defining the base state (in case of which ¢, = 0), these perturbations will be
introduced and their growth or decay will be studied subsequently — if they grow, the
base state becomes unstable. Hence, this switching point between growth and decay
marks the neutral or marginal stability of the system.

Definition of the base state

The non-convective state does not offer any motion and a linear conductive temperature
profile only — the base state of the dynamical system is thus given by

U=w=0=0. (A.21)

Together with eq. (A.7), the base pressure can be found to be constant and is arbitrarily
set to zero, i.e., p = 0.

In contrast, the boundary conditions (A.11) — (A.15) set the following constraints on
this base state

0uy
8273} (Z € {Zbota Ztop}) = 07 (A22)
Uy (2 € {2bot, #top}) = 0, (A.23)
_ 00
O (z € {#bot, 2top}) = 0, or 5 (z € {zbots 2top}) = 0, (A.24)
0*u,
822 (Z S {Zbota Ztop}) - 07 (A25)
0w,
W (Z - {Zbot; Ztop}) = 0 (A26)

Introduction of tiny perturbations

As a next step, the perturbations from equations (A.17) — (A.20) with ¢, # 0 are
introduced into the governing equations (A.6) — (A.10). Results from the base state are
simultaneously incorporated. As the perturbation parameter €, < 1 is tiny, only terms

of order O (511)) are kept while higher-order terms are disregarded in the following — this
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terms this method a linear stability analysis. After dividing by &,

ou’

ou, 3%
+ 2

z g A¢2

or Oy 0z 0 (4.27)
85; +VTae, xu =—-Vp + V> +RaOe,, (A.28)
Pr 3;; = V20 +ul, (A.29)
0w’ _ Ta ou’ _ Viw' +RaV xe, O (A.30)

ot 0z = '

(V') ow' 1 on? 5 00’

T%—\/Tag—(V)u—i—Ra Viele. —V | (A.31)

follows. Hence, the advection terms and their descendants drop out. Moreover, only
perturbations remain in these equations as the base state drops out completely.

Similarly, the ansatz is introduced into the boundary conditions (A.11) — (A.15), the
results from the base state are kept in mind, and

8;2? (2 € {2bot Ztap}) = 0, (A.32)

u, (2 € {Zbot, 2top}) = 0, (A.33)

O (€ ooz =0, or DL (e (el =0, (ABY
8;;’2 (2 € {2bot; 2top}) = 0, (A.35)

65;; (2 € {2bot; 2top}) =0 (A.36)

emerges as set of constraints for the perturbations.

Applying a normal mode ansatz

The equations (A.27) — (A.31) are linear and the system is presumed to be infinitely
extended in the horizontal directions. One can thus study its stability using a so-called
normal mode ansatz of the form

A~/

D (x,t) = D (2) e @ e with & (2) = O (ky, 2,t). (A.37)

Note that this can be seen as a particular variation of the two-dimensional spectral
expansion in eq. (3.6). Here, the hat of the Fourier coefficient is skipped for simplicity —
the same is done with the dash as only perturbations remained in the equations. Moreover,
0 = o0, +10; € C is the so-called growth rate — its sign will be used in the following
to determine the stability of the system. In particular, the extracted modes are either
termed stationary if ¢ = 0, or termed oscillatory if o, = 0 but o; # 0. As oscillatory
modes do not allow for a steady growth over time, the focus is here on stationary modes.
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With this normal mode ansatz, the computation of horizontal or temporal derivatives
becomes simple as they translate to a multiplication with ¢k, , or o, respectively. Vertical
derivatives will in the following, as is common when studying the linear stability, be
represented by 0®/0z = D®.

The insertion of the normal mode ansatz into equations (A.27) — (A.31) yields

kU + 1k, V + DW = 0, (A.38)

oU — VTaV =—ik,P+(D* = k) U, (A.39)

oV + VTaU =—ik,P+(D* = k) V, (A.40)

oW =— DP+(D*—k}) W+ RaC, (A.41)

ProC = (D* k) C + w, (A.42)

07 —/Ta DW= (D* - k) 2, (A.43)

(D? ~ 1)oW+VTa DZ = (D~ k) W-Ra k2 C (A.44)

after a division by the common factor e®*»®» ¢, The capital letters correspond to the
perturbation variables via

w, ~U, w,~V, u,~W, p'~P O~C w ~Z (A.45)

Note that only the z-components of equations (A.30) and (A.31) are exploited as no
boundary conditions are available for other components of w'.

The occurrence of individual horizontal velocities and the pressure field in equations
(A.38) — (A.41) makes them less useful compared to the remaining equations. The
following analysis will thus be restricted to equations (A.42) — (A.44) which can be
re-arranged to

(D?* -k —Pro)C =— W, (A.46)
(D* -k~ 0)Z =—VTa DW, (A.47)
(D>~ k) (D>~ ki~ o)W = VTaDZ +RakiC. (A.48)

As horizontal velocities are not of interest any more, so is boundary condition (A.32).
The remaining conditions transform to

74 (Z S {Zb0t7 Ztop}) = 0, (A49)
oC
C (Z € {Zb0t7ztop}) = 0, or & (Z € {Zbot;Ztop}> = O, (A50)
0PW
822 (Z S {Zbot7 Ztop}) = 0, (A5].)
07z
& (Z S {Zbot7 Ztop}) =0. (A52)

These sets of equations and boundary conditions will be used in the following to derive
the particular neutral stability curves for the case of either Dirichlet or Neumann thermal
boundary conditions.
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Marginal stability of the Dirichlet case

In case of the classical constant temperature boundary conditions, C' (2 € {zpot, 2top}) = 0
in condition (A.50). The set of equations transforms for marginal stability with o = 0 to

(D* - k)C =- W, (A.53)
(D* - k})Z =—vTa DW, (A.54)
(D> k) (D> = k)W = VTa DZ +Ralki C. (A.55)

After multiplying (D? — k2) to eq. (A.55) and inserting equations (A.53) as well as
(A.54) to eliminate C' as well as Z,

[(D? — 1) +TaD® +Ra k| W =0 (A.56)
can be obtained after some re-arrangements. To solve this equation, a trial function that
satisfies the boundary condition (A.49) needs to be found. In accordance with eq. (3.33),

W (z) = sin (mnz) with m € N* (A.57)

for z € [zpot, 2top) = [0, 1] is used. The boundary condition is thus already met by
the choice of this trial function — in order to satisfy also the situation within the fluid
layer, this function is subsequently inserted into eq. (A.56). The vertical derivative
D2W = —m?7*W and so

(—m27r2 — kﬁ)g — Tam?r* + Ra ki =0 (A.58)
follows. Solving for the Rayleigh number, one obtains eventually [39]
1
Rap, marg = 2 {(kﬁ + m27r2)3 + Ta m%ﬂ ) (A.59)
h

This describes finally the neutral stability for the Dirichlet case. The lowest characteristic
occurs for m = 1 —i.e. the smallest admissible vertical wave number — and is provided
in the main text in eq. (3.8), as well as visualised in figure 3.6 (a).

One might expect at first thought that the trial function should also hold for the
Neumann case, and that the solution of the linear stability thus coincides. However, this
is not the case. To understand this in more detail, all trial functions for the different
variables are listed in their general form. These are given by

W (z) =>_ Wy, sin (mrz) with m € NT, (A.60)
C(z) =) Cy sin(mrz)  with m € N*, (A.61)
Z(2)=)Y_7Z, cos(nmz) with n € N (A.62)

where @, or n = ® (m or n). Albeit different basis functions are necessary in the vertical
direction, only one of them remains after placing them into equations (A.53) — (A.55).
Hence, the latter can be easily projected onto one particular vertical wave number (see
below) and are thus solvable mode-by-mode. This changes in the Neumann scenario.
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Marginal stability of the Neumann case

In the opposing scenario of the Neumann-type constant heat flux boundary conditions,
0C [0z (z € {zbot, 2top}) = 0 in condition (A.50). Consequently, the necessary trial
functions are expressed for z € [0, 1] via

W (z) =>_ Wy,sin (mrz) with m € NT, (A.63)
C(z)=>_C, cos(nrz) with n € N, (A.64)
Z(z)=>Z, cos(nmz) with n e N (A.65)

as infinite trigonometrical Fourier series. An insertion of them into equations (A.53) —
(A.55) leads thus to mixed sine and cosine functions.

The general approach to solve for the stability of the system requires inserting these
trial functions into the set of equations (A.46) — (A.48). After doing so, every equation
contains sums over the infinite vertical wave numbers captured by m and n. To translate
these equations into evolution equations for one particular wave number, they need to be
projected onto the latter while exploiting the orthogonality of the basis functions. The
scalar product (-,-) between two complex, one-dimensional functions (f, g) is given by

(f.9) = [ () 9'(2) d=. (A.66)

In the present case, this projection needs to be performed onto particular vertical
wave numbers (indicated in the following by a dash) of the basis function that cor-
responds to the growth rate ¢ — in more detail, one applies [y (A.46) cos(n'nz)dz,
J3 (A.47) cos (n'mz) dz, as well as [, (A.48) sin (m'mz)dz. This yields for instance

/01 > @ (m) sin(mmz) cos(n'rz)dz =Y ®(m) /01 sin (mnz) cos (n'rz)dz (A.67a)
—(SmCo)

=>_®(m) (Sm, Cw), (A.67b)

where the scalar product between the sine (S) or cosine (C) functions at the wave
number provided as subscript is defined. The results of these scalar products between
trigonometrical functions depend on the particular wave numbers as well as functions,
and compute as follows

- i iand (i.7) >0
S.8) = | 2 progand )20 (A68)
0 if i # 7 and (i,j) > 0orjusti=j =0,
T ifi=75=0,
0 if i # 5 and (i,5) >0,
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if j=0andi >0,

0 if i =jand (4,7) > 0 or just i = 0,
I if i # 5 and (4,7) > 0 and (i+j) is odd,
0 if i £ and (4,7) > 0 and (i + j) is even,

for (i,7) € N. As can be realised, the infinite sums vanish due to orthogonality if the
original and target basis functions are of the same kind,

Z q) Sm, S m/ <Sm/, Sm/> and Z (I) Cn, C n/ <Cn/, Cn/> (A?l)

This is not the case for mixed trigonometrical functions.
Making use of these insights, the projection of equations (A.46) — (A.48) onto particular
vertical wave numbers translates them after some re-arrangements into

1 (Sm, Cur)

Cow == k2 Cy Win 7 AT2

i By H G 5, 3 (Corr G (A.72)

oLy =— k,?Ll Zn +VTa Zmﬂ' Win Omnt (A73)

2
O'Wm/ =— kfzn/ Wm’+ Ra Z kzh Cn m vTa m27T Zm’ (A74)
k2 (Smss Smr) k2
where k2 := ki + ((I)’/T)2. The resulting equations represent eventually the temporal

evolutions of the perturbations at one particular vertical wave number. This linear
system of equations can now be solved to find the (finite number of) Fourier coefficients
Cyuy Zy, and W,,,,. As it has the form of an eigenvalue problem, established methods
can be used to solve it for a larger number of vertical wave numbers.

In order to make an analytical solution accessible, the system is truncated after

one complete wave in the vertical direction. Realising that oC} = — (1/Pr) k¥C; and
0Zy = —kiZ, are independent, one obtains
Co —p; ki 0 = 2 Co
o|Z|=| O ki VTam||Zi|. (A.75)
W, Ra %4 —VTar —k2 | \W,
1 1

In the case of marginal stability with o = 0, the determinant of this eq. (A.75) yields
its solution. Re-arranging for the Rayleigh number gives eventually [29]

(A.76)

2 2 T 2
];{ELN7 marg — % [(kﬁ + 7T2> + ar ]

ki + w2
This describes finally the neutral stability for the Neumann case, which is provided in
the main text in eq. (3.9) and visualised in figure 3.6 (b). For the non-rotating case
with Ta = 0, this equation yields Ragi = 7°/8 & 120.17 — thus, it is very close to the

analytical result Ragy = 5! = 120 from [38] that was derived much earlier but using
another approach which did not include rotation.
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B Derivation of the spectral governing equations for
the Neumann scenario

In this appedix B, the spectral governing equations (3.38) — (3.40) from the main text
will be derived. Here, free-slip and constant heat flux boundary conditions are applied.

Physical space governing equations

The derivation starts with the non-dimensional governing equations in physical space

V-u=0, (B.1)
ou 1 [Pr _,
EqL(u-V)u—i—%ezxu——Vp—l— gv'u%—@ez, (B.2)

00 1
— V)0 = —— V?6 +u,, B.3
5 T V) T +u (B.3)

based on the free-fall inertial balance and exploiting the description based on the
temperature deviation field ©. The latter has been defined in eq. (3.5) and will be
termed just temperature field in the following for simplicity. The dimensional variants of
these equations are provided in equations (A.1) — (A.3) in appendix A. In contrast to the
description based on the standard temperature field 7', see equations (1.6) — (1.8) in the
main text, the continuity equation is unchanged. However, the Navier-Stokes equation
changes as described in the footnote on page 59 and the corresponding energy equation
has already been introduced in eq. (3.36).

Boundary conditions

The corresponding set of boundary conditions in the non-dimensional form is given by

agzy (z € {0,1}) = 0, (B.4)
w, (2 €{0,1}) =0, (B.5)
?;j (z€{0,1}) =0, (B.6)

which are provided in the main text in equations (1.14b) and (3.37). In addition, the
domain is horizontally periodic, see eq. (1.17b), so

¢ ()= (x+i,e, +i, ey (B.7)

holds for every field and arbitrary integers i € Z.
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Figure B.1: Periodicity of the domain. The domain can be made periodic in the
vertical direction when the fields are mirrored at the top plane. This is exemplified by
means of a convection roll (left) and the k, = m modes of the basis functions along
the vertical direction (centre) as provided by equations (B.8) — (B.11). The standard
temperature field (right), here taken from simulation run Nfsl, does not allow for an
expansion via trigonometrical functions. The red and blue lines spanning across the
entire width of the figure indicate the hot and cold planes, respectively.

Selection of appropriate basis functions

A spectral expansions requires to decide for the particular basis functions along the
different coordinates.

As all fields are horizontally periodic, they can be expanded as typical Fourier series
with the basis functions e®»®» in these directions. This basis is due to Euler’s formula
e'® = cos (®) + 2sin (®) directly related to both trigonometrical functions. Due to the
periodicity, the wave numbers k, , := 27 n/L, , are discrete in these horizontal directions
with the number of complete waves n € N over the periodic length L, , =T, ,.

In the vertical direction, the domain is confined between the two different horizontal
planes and thus the fields are not periodic in z € [0,1]. However, the domain can
(hypothetically) be mirrored at the top plane with z = 1 — see figure B.1 — to obtain
vertically periodic fields in z € [0,2]. In particular, the fields of the horizontal velocities
and the temperature need to be stacked on top in reversed order, whereas the vertical
velocity requires an additional change of its sign. Note here that although the standard
temperature field 7" is periodic in this extended domain, its boundary conditions at
the planes are not unique (in the Neumann case, and can also not be satisfied by
trigonometrical basis functions in the Dirichlet case as, e.g., a cosine expansion comes
with vanishing derivatives) — for this particular reason, one needs to work instead with
the temperature deviation field ©.

Despite this periodicity, the boundary conditions (B.4) — (B.6) are (when continuing
to work with trigonometrical functions) only properly satisfied by the use of either sine
or cosine functions. In accordance with these conditions, u,, ~ cos (k,z), u, ~ sin (k,2),
and © ~ cos (k,z) with the vertical wave number k, := 27 n/L, and L, = 2. Defining
the Fourier coefficients in case of sine basis functions at k, = 0 to be zero allows to use
the before-mentioned definition of k., independently of the particular trigonometrical
function.

110



B Derivation of the spectral governing equations for the Neumann scenario

The three-dimensional spectral expansions of the fields result eventually in

up (2, ) =3 A (kn, kv t) €™ cos (k,2), (B.8)
ki k-

uy (x,t) = iz i, (K, k2, t) e ™ cos (k,2), (B.9)
kn k-

u, (z,t) = iz @1, (ky, ko, t) e®® ysin (k,2), (B.10)
kn k-

O (x,t) = iz O (ky, k., t) e*n® cos (k.z), (B.11)
kn ks

see also equations (3.31) — (3.35) in the main text.

The spectral expansion of the pressure field (along the vertical direction) is not clear a
priori. However, the pressure is related to velocity motion which is non-zero only for
horizontal velocities at the planes. This suggests to expand the pressure field similar to
those horizontal velocities using cosine functions. The entire expansion of the pressure
field is thus given by

p (2, 1) =33 b (kn k., t) €™ cos (k,2). (B.12)
kn ks

Finally, the advection terms need to be expanded and the proper basis functions along
the vertical direction need to be found. Here, symmetry properties can be exploited
to conclude which trigonometrical function to use. In more detail, the product of two
even functions is again an even function — similarly, the product of two odd functions
yields also an even function. Only the product of an even with an odd function results
in an odd function. Together with (v - V)® = V - (u®) in the case of incompressibility
(see also sections 3.5.2.2 and 3.5.2.4), this can be used to determine the necessary basis
function along the vertical direction. Let ® exemplary be even (as, e.g., u,) — then

(u-V)e=V-(ud) = aax (u, @) + Gay (uy @) + aaz (u,®) = (B.13a)
= gp%; Up® (K, ko t) €@ cos (k,2) +
+8ay %h:%: u,® (y, ko, t) €*0 ™ cos (k.z) + (B.13b)
+882 %h:%: w,® (ky, k., t) e ysin (k,z) =
= S ik, Uy D (kn, ks, t) e®® cos (k,z) +
kn ks
+ iszy JZFD(kh,kz,t) e cog (k,2) + (B.13c)
kn ks
+ Zh: Z 1k, u,® (ky, k., t) e® ™ cos (k,z).
kn ks
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Hence, the resulting basis function along the vertical direction is in accordance with
the basis function of the variable ® for which the equation describes its evolution — this
is identical when ® is odd (as, e.g., u,). Note in this example that u,® and u,® are
Fourier coefficients obtained from a cosine expansion, whereas u/z?b — as indicated in eq.
(B.13b) — still needs to be obtained from a sine expansion. If this is respected, 1k - u®
coincides correctly with the coefficients from below.

Combining the equivalence (u-V)® = V - (u®) and the above insights based on
symmetry arguments, the advection terms can alternatively be expanded via

u-V)u, (x,t) o(kn, ko, t kn®n oog (k2 B.14
( T ZZ hy vz, ) ( z )a ( )
k:h k/'z
u-V)u, (x,t) y(kn, k2, t ek cog (k2 B.15
( (@) =>% (u ks :
kn k.
u-V)u, (x,t) L(kn, k., t @y oin (k2 B.16
( =>.> (u Jhaot) e ,
kn k.
u-V)0O O (kn, k., t et o (k,2). B.17
( =>.> (u ks t)
kn k.

Due to their simplicity, these descriptions will be used in the following.

Note here that the basis function in the vertical direction of any above spectral
expansion is either cos (®) or ¢sin (®), the latter of which contains the coefficient ¢. This
coefficient brings this basis function in accordance with the typical Fourier basis function
— in other words, the Fourier coefficient corresponding to zsin (®) coincides with the
Fourier coefficient corresponding to €*® for any properly periodic sine signal. This allows
eventually to apply the well-known convolution without further issues.

Beside the potential symmetry of the domain in physical space, also the Fourier
coefficients @ obey certain symmetry properties. Along the horizontal directions with
their typical Fourier transform,

& (—ky, k) = & (K, k) (B.18)

holds. Because of the relation of the trigonometrical basis functions (and their coefficients)

to e @ this can be extended to & (—k) = o (k). Additionally, these sine or cosine
expansions introduce

O (ky, —k,) = = (kyn, k)  or & (kn,—k.) = D (kn, k), (B.19)

respectively.

Technically, these symmetry properties allow an efficient computation of the Fourier
coefficients based on the original domain (z € [0, 1]) only. Here one can make use of
discrete sine or cosine transforms (via scipy.fft.dst or scipy.fft.dct, respectively),
while the coefficients obtained from the former can be corrected (i.e. multiplied by —1)
to account for the coefficient 2 in the basis functions.
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B Derivation of the spectral governing equations for the Neumann scenario

Obtaining the modal governing equations

Once it is clear how to spectrally expand all the individual terms in the governing
equations (B.1) — (B.3) and how to obtain all the Fourier coefficients technically, these
expansions can be inserted. As it was already the case in appendix A, this introduces
again all the infinite sums into these equations. The equations are thus projected onto
particular wave numbers — see again eq. (A.66).

As the sine basis function differs here with its coefficient 2 slightly compared to its use
in eq. (A.63), so do the inner products between sine and cosine functions that resulted
in equations (A.68) — (A.70). For the present basis functions, these products result in

o i and (i

sy ={ fimjod ()20 gy
0 if i # jand (i,7) >0 orjust i =3 =0,
™ if i =j =0,

(C,,Cp) =41 if i=j>0, (B.21)
0 if i £ j and (i,5) >0,
=0, if j =0and i >0,
0 if i =7 and (4,7) > 0 or just i = 0,

(Si,Cj) = % i and (14> 0and (it is odd (B.22)
T if i #jand (4,7) > 0 and (i 4+ j) is odd,
0 ifi # jand (4,5) >0 and (i+ j) is even,

where (7,j) € N are the numbers of complete waves over the periodic length onto which
the projection is performed.
In contrast, the projection onto horizontal wave numbers kj, yields for every term

/A 3D (k) e TR A = D (Ky,) /A elbnki)@ga — & (k).  (B.23)
ky,

kn

=0y, ./
kyk)

As in appendix A, these projections reduce the sums of almost all terms in these
equations to just one single wave number — see also again eq. (A.71). The buoyancy
term in eq. (B.2) and the vertical velocity term in eq. (B.3) are the only terms for which
mixed products as provided by eq. (B.22) apply. A division of the continuity equation,
the z- and y-component of the Navier-Stokes equation, as well as the energy equation by
(Cpr, Cp), and a division of the z-component of the Navier-Stokes equation by (S,, S,/)
results eventually in

k' -4 =0, (B.24)
ot e, XU Pr . A (Cp, Sp)
) z — k' H— ] — k2 k! L (B2
5 +(u-V)u+ o k' p Rak u+ezzn:@( 1n,t) S0 S0)’ (B.25)
— V)0 = — k%O b, (ki n,t ’ B.26
ot + (u V) /RaPr + Zn: U ( hy T ) <Cn’7 Cn’) ( )
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If not mentioned explicitly, terms are functions of (kj,n’,t) due to the performed
projection.

The remaining infinite sum in the buoyancy (vertical velocity) term — which does not
cancel out — represents a projection of the corresponding quantity onto sine (cosine)
basis functions. Roughly speaking, this has become necessary as the evolution equation
of the vertical velocity (temperature) describes its evolution in the ‘coordinate system’
of sine (cosine) functions along the vertical direction — contributions provided in other
coordinates need thus to be translated. Note that such a projection is not necessary in
the Dirichlet case when the temperature field is expanded as a sine series. Furthermore,
the disappearance of such projections for the pressure confirm its proper expansion in eq.
(B.12).

There are basically two options on how to compute the projections of the temperature
or vertical velocity field onto the complementary trigonometrical basis functions. First
and most obvious, one can compute the infinite sums as included in the above equations.
Thus, one may define the sine (sp) and cosine projection (cp)

A <Cna Sn’>
(K, — B.2
@ h?n t Z@ hy T <Sn/,sn/>7 ( 7)
A / ~ S’VL7 Cn/
UZ, CP( {17” ,t) = Zuz( ;l,n, t) <<C,(j,>> (B28)

Alternatively, one may directly expand the quantity for this particular term in the
complementary basis and define equivalently the sine (se) and cosine expansion (ce)

O (z,t):=> > O (Kn, k=, t) €@ ysin (k,2), (B.29)
kv ke

u, (x,t) ZZ Uy, ce(kn, k2 t) € ko5 (k,2) (B.30)
kn k-

with k., = n 7. The infinite sums, as well as the basis functions to the right of the Fourier
coefficients disappear when projecting these quantities onto particular wave numbers
in the course of the derivation. Albeit the results of both options coincide, the direct
expansion via the complementary basis is technically simpler.

Making use of these abbreviations and skipping the dashes again for improved clarity,

1k -u =0, (B.31)
ot 1 Pr , A
- = G, = —ik p— | — K B.32
8t+<u V)u—l—ROezxu, 1k P Raku—ir@seez, (B.32)
09 1 A
P wve—— K20 + 1, o B.33
5 T V) T u, (B.33)

result as the final modal governing equations and correspond to equations (3.38) — (3.40)
from the main text.
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