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Abstract

The main goal of this thesis is the study of heat transfer in turbulent channels to obtain a better knowledge
about the phenomenon of turbulence. For this, a study has been carried out from the point of view of
computational fluid mechanics, specifically, the technique of direct numerical simulations (DNS) has been
used. This type of simulation is very computationally expensive, but the results they provide are highly
accurate and faithful to reality, as long as the discretization schemes are correct. The main idea of the
simulations conducted has been to expand the current state of the art, regarding the two main parameters
that characterize the flow: the friction Reynolds number, Re, and the Prandtl number, Pr . Two flow
configurations have been used: Poiseuille flow and Couette flow, the former being the main focus of the
study. Regarding the temperature field, a mixed boundary condition has been used and it has been
considered as a passive scalar.

Thus, the simulated friction Reynolds numbers for a Poisuille flow have been Re, = 500, 1000 and
2000, for Prandtl numbers ranging from 0.007 (molten metals) up to 10 (water) , passing through 0.71
which is the most used value since this is the Prandtl number of the air. Also, a simulation has been
performed with Re, = 5000 and Pr = 0.71, which is the thermal DNS with the highest friction Reynolds
number up to date. A first distinction of heat flux can be made for Prandtl numbers less or greater than
Pr =0.3. When the Prandtl number is less than 0.3, the conductive region extends above the logarithmic
layer, and even penetrates to the central region of the channel, forming a practically laminar thermal
field, for the lowest Prandtl numbers. For thermal fields where the logarithmic layer begins to emerge,
the value of the von Kdrmén thermal constant, x; tends to a constant value of approximately x; = 0.44 as
the Reynolds number tends to infinity, and that value is independent of the Prandtl number. Regarding
the variance of the temperature, #’* and the turbulent heat flow in the direction of the current, u+6+,
the collapse in the outer region is determined by the friction Péclet number, Pe, = Re, Pr, instead of the
Reynolds or Prandtl number. Furthermore, it has been observed that for the highest Prandtl numbers,
the maximum value of the variance of the temperature is constant. This has a significant impact on
the scaling of the 8’ budget terms. Specifically, the dissipation and viscous diffusion, which scale with
much greater precision near the wall for high Prandtl numbers. This is an important result, since many
models of the energy equation are based on these budget equations, so obtaining good scaling for different
parameters means greater reliability of the models. Finally, it should be noted that new correlations have
been presented for the Nusselt number, Nu, valid for the ranges of Re,; and Pr studied.

Finally, with regard to Poiseuille flow simulations, the isothermal case has been studied with Re, =
10000, which is also the largest DNS of a turbulent channel. It should be noted that, for the first time
in a DNS, a perfectly developed logarithmic layer has been observed in the velocity field, with a value of
the von Karman constant of k = 0.394.

A theoretical study has been carried out in parallel to the simulations. The objective of this study,
based on Lie symmetries, was the generation of scaling laws of velocity and temperature field and high
order moments of both. Although this theory had been applied to the velocity field, it is the first time
that it has been applied to the temperature field and to high order moments of velocity and temperature.
The result is that for sufficiently high Reynolds numbers, and moderate Prandtl numbers, the velocity,
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temperature, and high order moment of both scale as defect laws of power functions of the distance from
the wall in the center of the channel. The main advantages of these scaling laws are that they have
been obtained from first principles, that is, they have been directly derived from the Navier-Stokes and
energy equations, and that it is enough to calculate the scaling of the first two velocity and temperature
moments to know the exponent of the scaling of any higher order moment. In the same way, a scaling of
the velocity in the logarithmic layer has been obtained for the case of Re, = 10000, obtaining the classical
logarithmic function for the average velocity and a potential function for the moments of higher orders.
The validation of these scaling laws has been carried out using the data obtained in the simulation. The
result is an excellent precision by scaling laws to represent DNS values.

Finally, a Couette flow simulations have been performed with the Prandtl number of air, Pr = 0.71,
and friction Reynolds numbers of values Re,. = 180, 250 and 500. The main objective was the study of the
coherent structures that are formed in these Couette flows, which extend along the streamwise direction.
These structures had already been studied for the velocity field and the first detailed study of temperature
structures has been presented in this work. Specifically, it has been seen that structures affect turbulent
intensities and that is why the width of the computational domain is key in Couette flow simulations. A
minimum width of 67h is required for the statistics to be independent of the computational domain.

A last series of simulations has been performed considering stratified flow, that is, the thermal field
is an active scalar. The objective is to study whether Couette structures persist in this type of flow. For
this, the Couette flow and a constant temperature difference between both walls have been taken as the
boundary conditions. Thus, for a Re,; = 500 and the Prandtl number of air, Pr = 0.71, the values of the
friction Richardson number have been varied according to, Ri, = 0.5, 1.65 and 2.90, for each simulation.
For the two cases with the highest friction Richardson number, the Couette flow structures have been
observed to weaken to the point of being almost non-existent.

The principal statistics of the simulations are available in the database of the research group, which
is open to the scientific community in the following link

http://personales.upv.es/serhocal /



Resumen

El principal objetivo de esta tesis es el estudio de flujos térmicos turbulentos en canales para obtener
un mayor conocimiento sobre el fenémeno de la turbulencia. Para ello, se ha realizado un estudio desde
el punto de vista de la mecénica de fluidos computacional, en concreto, se ha utilizado la técnica de
las simulaciones numéricas directas (DNS de sus siglas en inglés). Este tipo de simulaciones tienen un
alto coste computacional, pero los resultados que proporcionan son de una gran exactitud y fieles a
la realidad, siempre y cuando los esquemas de discretizacién sean correctos. La idea principal de las
simulaciones realizadas ha sido ampliar el estado del arte actual, en lo referente a los dos parametros
principales que caracterizan el flujo: el nimero de Reynolds de friccién, Re,, y el nimero de Prandtl,
Pr. Dos configuraciones del flujo han sido utilizadas: flujo de Poiseuille y flujo de Couette, siendo la
primera el principal foco del estudio. En cuanto al campo de temperaturas, se ha utilizado una condicién
de contorno mixta y se ha considerado como un escalar pasivo.

Asi pues, los niimeros de Reynolds de friccién simulados para un flujo de Poisuille han sido Re, = 500,
1000 y 2000, para nimeros de Prandtl que varfan desde 0.007 (metales fundidos) hasta 10 (agua), pasando
por 0.71 que es el valor més utilizado por ser éste el nimero de Prandtl del aire. Ademds, se ha realizado
una simulacién con Re, = 5000 y Pr = 0.71, la cual es la DNS térmica con el nimero de Reynolds de
friccién més alto hasta la fecha. Una primera distincion del flujo térmico puede hacerse para nimeros
de Prandtl menores o mayores a Pr = 0.3. Cuando el nimero de Prandtl es menor que 0.3, la regién
conductiva se extiende por encima de la capa logaritmica, e incluso penetra hasta la zona central del
canal, formando un campo térmico practicamente laminar, para los nimeros de Prandtl mas bajos. Para
los campos térmicos donde la capa logaritmica empieza a emerger, el valor de la constante térmica de
von Kéarman, k; tiende a un valor constante de aproximadamente x; = 0.44 conforme el nimero de
Reynolds tiende a infinito, y ese valor es independiente del nimero de Prandtl. Respecto a la varianza
de la temperatura, 0’ y el flujo térmico turbulento en la direccién de la corriente, uT6+, el colapso en
la zona exterior estd determinado por el nimero de Péclet de friccién, Pe, = Re, Pr, en vez del nimero
de Reynolds o de Prandtl. Ademsds, se ha observado que para los numeros de Prandtl mas altos, el valor
maximo de la varianza de la temperatura es constante. Esto tiene una importante repercusién en el
escalado de los términos del balance de energia de #’*. En concreto la disipacién y la difusién viscosa,
los cuales escalan con mucha mas precisiéon cerca de la pared para los casos de un nimero de Prandtl
altos. Este es un importante resultado, pues muchos modelos de la ecuacién de la energia se basan en
estas ecuaciones de balances, por lo que obtener un buen escalado para diferentes parametros significa
una mayor precisién de los modelos. Finalmente, destacar que se han presentado nuevas correlaciones
para el numero de Nusselt, Nu, validas para los rangos de Re, y Pr estudiados.

Por ultimo en lo referente a simulaciones de flujos de Poiseuille, se ha estudiado el caso isotérmico
con Re, = 10000, la cual es también la mayor DNS de un canal turbulento. Cabe destacar que, por
primera vez en una DNS, se ha observado una capa logaritmica perfectamente desarrollada en el campo
de velocidades, con un valor de la constante de von Karman de x = 0.394.

Un estudio tedrico ha sido llevado a cabo en paralelo a las simulaciones. Este estudio, basado en las
simetrias de Lie, ha tenido como objetivo la generacién de leyes de escaldo del campo de velocidades,
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temperatura y momentos de altos érdenes de ambos campos. Si bien esta teoria habia sido aplicada al
campo de velocidades, es la primera vez que se aplica al campo de temperaturas y a los momentos de
velocidad-temperatura de altos érdenes. El resultado es que para ntimeros de Reynolds suficientemente
altos, y nimeros de Prandtl moderados, los campos de velocidad, temperatura y momentos de altos
ordenes de ambos, escalan como leyes de defecto de funciones de potencia de la distancia de la pared en
el centro del canal. Las principales ventajas de estas leyes de escalado son que han sido obtenidas de
primeros principios, es decir, han sido directamente derivadas de las ecuaciones de Navier-Stokes y de la
energia, y que basta con conocer el escalado de los dos primeros momentos de velocidad y temperatura
para conocer el exponente del escalado de cualquier momento superior. De la misma forma, se ha
obtenido un escalado de la velocidad en la capa logaritmica para el caso de Re, = 10000, obteniendo
la clésica funcién logaritmica para la velocidad media y una funcién potencial para los momentos de
ordenes superiores. La validacion de estas leyes de escalado ha sido llevada a cabo utilizando los datos
obtenidos en la simulacién. El resultado es de una precision excelente por parte de las leyes de escalado
para representar los valores de las DNS.

Por tultimo, se han realizado una simulaciones de flujo de Couette con el nimero de Prandtl de aire,
Pr =0.71, y nimeros de Reynolds de friccién de valores Re, = 180, 250 y 500. El principal objetivo era
el estudio de las estructuras coherentes que se forman en estos flujos de Couette, que se prolongan a lo
largo de la direccion del flujo. Estas estructuras, se habian estudiado ya para el campo de velocidades
v se ha presentado en este trabajo el primer estudio detallado de las estructuras de temperatura. En
concreto, se ha visto que las estructuras afectan a las intensidades turbulentas y es por ello que la anchura
del dominio computacional es clave en las simulaciones de flujos de Couette. Se necesita como minimo
una anchura de 67h para que las estadisticas sean independientes del dominio computacional.

Una tultima serie de simulaciones ha sido llevada a cabo considerando flujo estratificado, es decir, el
campo térmico es un escalar activo. El objetivo es estudiar si las estructuras de Couette persisten en
este tipo de flujos. Para ello, se han tomado las condiciones de contorno de flujo de Couette y de una
diferencia de temperatura constante entre ambas paredes. Asi pues, para un Re, = 500 y el nimero de
Prandtl de aire, Pr = 0.71, se han tomado valores del niimero de Richardson de friccién, Ri, = 0.5, 1.65
y 2.90. Para los dos casos con el numero de Richardson de fricciéon maés alto, se ha observado que las
estructuras del flujo de Couette se debilitan hasta el punto de ser casi inexistentes.

Las principales estadisticas de las simulaciones se encuentran disponibles en la base de datos del grupo
de investigacion, la cual estd abierta a la comunidad cientifica y se puede acceder desde el siguiente enlace

http://personales.upv.es/serhocal /
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Resum

El principal objectiu d’aquesta tesi és ’estudi de fluxos térmics turbulents en canals per obtenir un major
coneixement sobre el fenomen de la turbuléncia. Per a aixo, s’ha realitzat un estudi des del punt de vista
de la mecanica de fluids computacional, en concret, s’ha utilitzat la tecnica de les simulacions numeriques
directes (DNS de les seues sigles en angles). Aquest tipus de simulacions tenen un alt cost computacional,
pero els resultats que proporcionen sén d’una gran exactitud i fidels a la realitat, sempre que els esquemes
de discretizaci6 siguen correctes. La idea principal de les simulacions realitzades ha sigut la de ampliar
I'estat de ’art actual, en el referent als dos parametres principals que caracteritzen el flux: el nimero de
Reynolds de friccié, Re, i el nimero de Prandtl, Pr. Dos configuracions del flux han sigut utilitzades:
flux de Poiseuille i flux de Couette, sent la primera el principal focus de I'estudi. Pel que fa a el camp de
temperatures, s’ha utilitzat una condicié de contorn mixta i s’ha considerat com un escalar passiu.

Aixi doncs, els nimeros de Reynolds de friccié simulats per a un flux de Poisuille han sigut Re, = 500,
1000 i 2000, per a ntimeros de Prandtl que varien des de 0.007 (metalls fosos) fins 10 (aigua), passant
per 0.71 que és el valor més utilitzat per ser aquest el nimero de Prandtl de I'aire. A més, s’ha realitzat
una simulacié amb Re, = 5000 i Pr = 0.71, la qual és la DNS térmica amb el nimero de Reynolds
de friccié més alt fins a la data. Una primera distincié del flux teérmic pot fer-se per a ntimeros de
Prandt]l menors o majors a Pr = 0.3. Quan en nimero de Prandtl és menor que 0.3, la regié conductiva
s’estén sobre de la capa logaritmica, i arriba a penetrar fins a la zona central del canal, formant un
camp termic practicament laminar, per als nimeros de Prandtl més baixos. Per als camps térmics on
la capa logaritmica comenca a emergir, el valor de la constant termica de von Karman, ¢y tendeix a un
valor constant d’aproximadament kg = 0.44 per a numeros de Reynolds que tendeixen a infinit, i aquest
valor és independent del ntimero de Prandtl. Pel que fa a la varidncia de la temperatura, 6’7 i el flux
termic turbulent en la direccié del corrent, ut0+, el col-lapse a la zona exterior esta determinat per el
nimero de Péclet de friccié, Pe; = Re;Pr, en comptes del nimero de Reynolds o de Prandtl. A més,
s’ha observat que per als nimeros de Prandtl més alts, el valor maxim de la variancia de la temperatura
és constant. Aix0 té una important repercussié en I'escalat dels termes del balang d’energia de 6’T. En
concret la dissipacio i la difusié viscosa, els quals escalen amb molta més precisié a prop de la paret per
als casos d’un nimero de Prandtl alts. Aquest és un important resultat, ja que molts models de 'equacié
de Denergia es basen en aquestes equacions de balangos, de manera que obtenir un bon escalat per a
diferents parametres significa una major precisié dels models. Finalment, destacar que s’han presentat
noves correlacions per al ntimero de Nusselt, Nu, valides per als rangs de Re, i Pr estudiats.

Finalment pel que fa a simulacions de fluxos de Poiseuille, s’ha estudiat el cas isotermic amb Re, =
10000, la qual és també la major DNS d’un canal turbulent. Cal destacar que, per primera vegada en
una DNS, s’ha observat una capa logaritmica perfectament desenvolupada en el camp de velocitats, amb
un valor de la constant de von Karméan de x = 0394.

Un estudi teoric ha sigut dut a terme en paral-lel a les simulacions. Aquest estudi, basat en les simetries
de Lie, ha tingut com a objectiu la generacié de lleis de escalat del camp de velocitats, temperatura i
moments d’alts ordres de tots dos camps. Si bé aquesta teoria havia estat aplicada a el camp de velocitats,
és la primera vegada que s’aplica a el camp de temperatures i als moments de velocitat-temperatura d’alts
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ordres. El resultat és que per a nimeros de Reynolds suficientment alts, i nimeros de Prandtl moderats,
els camps de velocitat, temperatura i moments d’alts ordres de tots dos, escalen com a lleis de defecte de
funcions de potencia de la distancia de la paret al centre del canal. Els principals avantatges d’aquestes
lleis d’escalat son que han sigut obtingudes de primers principis, és a dir, han estat directament derivades
de les equacions de Navier-Stokes i de I’energia, i que n’hi ha prou amb coneixer I'escalat dels dos primers
moments de velocitat i temperatura per coneixer I'exponent de l’escalat de qualsevol moment superior.
De la mateixa manera, s’ha obtingut un escalat de la velocitat a la capa logaritmica per al cas de
Re,; = 10000, obtenint la classica funcié logaritmica per la velocitat mitjana i una funcié potencial per
als moments d’ordres superiors. La validacié d’aquestes lleis d’escalat ha estat portada a terme utilitzant
les dades obtingudes en la simulacié. El resultat és d’una precisié excel-lent per part de les lleis d’escalat
per representar els valors de les DNS.

Finalment, s’han realitzat unes simulacions de flux de Couette amb el nimero de Prandtl de 'aire,
Pr = 0.71, i nimeros de Reynolds de friccié de valors Re, = 180, 250 i 500. EI principal objectiu era
Pestudi de les estructures coherents que es formen en aquests fluxos de Couette, que es perllonguen al llarg
de la direcci6 del flux. Aquestes estructures, s’havien estudiat ja per al camp de velocitats i s’ha presentat
en aquest treball el primer estudi detallat de les estructures de temperatura. En concret, s’ha vist que
les estructures afecten les intensitats turbulentes i és per aixo que I’amplada del domini computacional
és clau en les simulacions de fluxos de Couette. Es necessita com a minim una amplada de 67h perque
les estadistiques siguin independents del domini computacional.

Una tultima serie de simulacions ha estat portada a terme considerant flux estratificat, és a dir, el
camp termic és un escalar actiu. L’objectiu és estudiar si les estructures de Couette persisteixen en
aquest tipus de fluxos. Per a aix0, s’han pres les condicions de contorn de flux de Couette i d'una
diferencia de temperatura constant entre les dues parets. Aixi doncs, per a un Re, = 500 i el niimero de
Prandtl d’aire, Pr = 0.71, s’han pres valors del nimero de Richardson de friccié, Ri, = 0.5, 1.65 i 2.90.
Per als dos casos amb el nimero de Richardson de friccié més alt, s’ha observat que les estructures del
flux de Couette es debiliten fins al punt de ser practicament inexistents.

Les principals estadistiques de les simulacions es troben disponibles en la base de dades del grup
d’investigacid, la qual esta oberta a la comunitat cientifica i es pot accedir des del segiient enllag

http://personales.upv.es/serhocal /
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Chapter 1

Introduction

This work presents an analysis of wall turbulence, with a special focus on thermal flows. Although an
exact definition of turbulence does not exist, it is quite intuitive to detect when a flow is turbulent. A
turbulent flow is characterized by a chaotic and random movement of its particles.

Turbulent flows are the most usual type of flow in nature and our everyday life. From examples at
very small scales, like the mixing of fuel with air in the combustion chamber of an engine, up to examples
at big scales, as the oceanic or air currents (figure 1.1), all are cases of turbulent flows. Almost any flow
one can think of in an engineering problem, except for lubrication problems, is a turbulent flow, which
makes it extremely important to understand their behavior. For this reason, turbulent flows have been
extensively studied in the past, with still a considerable amount of open questions to be solved.

Two main approaches are used to study the dynamics of turbulent flows: experimental analysis and
numerical simulations. The focus of this study will be on the last one, also known as Computational
Fluid Dynamics (CFD). Inside the field of CFD, there are several ways of treating the equations that
describe the flow motion to numerically solve them. Direct Numerical Simulation (DNS) is a technique
characterized by its high precision and fidelity to the reality of the results obtained. It is the ideal tool
to obtain answers about the behavior of turbulence.

Despite DNS are a powerful method from the theoretical point of view, for practical purposes, their
computational cost is extremely expensive. Even today the simulation of the flow around a plane would
cost hundreds of thousands of years using the most powerful supercomputer on Earth. The trend has
been to create models that considerably simplify the physics of the flow. In many cases, only mean
quantities are considered. However, these models must be based on reliable data, and therefore, the role
of DNS is crucial. Regarding the models used, the most common method at the industry level is the
Reynolds-averaged Navier—Stokes (RANS) equations (explained in more detail in section §2.1). After
averaging the governing equations of turbulence, an extra term appear and the system of equations has
more unknowns than equations. This extra term, known as the Reynolds stress tensor is approximated
by models such as k — ¢, k — w, Spalart—Allmaras,... each one being more or less accurate in different
types of flows.

Regarding the search for better turbulence models, a relatively new mathematical theory in the sense of
when it started to be applied to turbulence, is the Lie symmetry theory. Symmetry analysis is a powerful
mathematical method to obtain an invariant solutions of a partial derivative system of equations. The use
of Lie symmetries has proven to be very useful in the field of turbulence, where these invariant solutions
are known as scaling laws. Therefore, using Lie symmetries one can obtain, from first principles, scaling
laws that describe universal behaviors of turbulent flows.

In this study, we try to answer some of these questions, or at least to advance towards a possible
theory for a better understanding of the turbulence phenomena, using DNS as the main tool of work.
The focus of the analysis will be the thermal field. After that, Lie symmetries will be used to obtain
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Figure 1.1: Air currents from the north-east on its way through the Canary Islands. The emerging islands
induce turbulent structures downstream, known as the Karman vortex street. Image courtesy of ESA.

scaling laws of the moments of the velocity and temperature field.

1.1 Introduction to turbulence

The etymological origin of the word turbulence is, from Latin, turbulentia, referring to the quality of
being turbid and agitated. Its lexical components are turbo (rapid circular movement) and the suffixes
-ulentus (indicates that it has the nature of) and -ia (quality). Although the knowledge of the quality of
turbulence is very old, it was not until the XIX century, when the turbulent flows started to be studied
as a concept.

The first important work about turbulence was done by Osborne Reynolds in 1883 [1], where dif-
ferentiation between laminar and turbulent flows was made. In his experiment, Reynolds observed the
flow of water through a tube. At the beginning of this tube, some ink drops were injected to observe
the path of the drop particles. At low velocities, the drop formed a perfectly straight line through the
tube. This is the main characteristic of laminar flows, the opposite of turbulent flows. In laminar flows,
the particles move in an orderly fashion and changes occur smoothly. In laminar flows, one can perfectly
follow the path that a particle travels through the flow, which is called a pathline. When the velocity
of the water was increased up to a certain speed, at some point in the tube, the ink started to disperse
and mix with the surrounding water, filling the rest of the downstream tube with a mass of the ink. The
faster the velocity was, the sooner the dispersion of the ink drops started. When this feature occurs in
the flow, it is said to be a turbulent flow. In contrast to laminar flows, in a turbulent flow, one could not
predict the pathlines of the particles. The fast mixing of the ink with the water is also a very important
property of turbulent flows, which is its capacity to break gradients. Turbulent flows are very good at
mixing. For example, the fuel and the air in a combustion chamber or the hot air coming from a stove
with the cold air in a room. If the flow were laminar, no combustion would be possible in a reasonable
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Figure 1.2: Exemplification of the Reynolds decomposition. Black line is the instantaneous value, D(t, x);
red line is the average part, ®(x); and green line is the fluctuating part, ¢(t, x).

time, and it would take hours, or days, for the stove to warm up a room. Reynolds could approximately
determine when a flow went from being laminar to turbulent with the famous dimensionless Reynolds
number, defined as

hU
= — 1.1
Re r (1.1)

where h is a characteristic length of the problem, in the case of the experiment carried out in [1], the
diameter of the tube; U is the mean velocity of the flow, and v is the kinematic viscosity of the fluid.
The Reynolds number can be seen as the ratio between the inertial and the viscous forces on the flow.

The critical value of Re that divided laminar and turbulent flows was of the order of 103. However,
the transition from the laminar to the turbulent regime was not obtained at a specific Re value, but a
gradual progression was observed. Actually, there is not a specific value to determine when a flow is
laminar or turbulent and a transitory regime exists. Furthermore, it also depends on the geometry of the
problem and the surface roughness. Nevertheless, in almost all flows of interest in engineering, except in
lubrication problems, the Reynolds numbers of these problems are orders of magnitude above the critical
value. Hence, the importance of studying turbulent flows. Another important characteristic of turbulent
flows is that they are not stationary, and they forget, in small scales of time, about the previous conditions
of the flow. This generates big differences in the final state of the flow under very small changes of the
initial conditions.

In the next decade, Osborne Reynolds proposed what is known as the Reynolds decomposition [2].
For statistically steady flows, he stated that any instantaneous variable of the flow, such as velocity,
density, pressure, temperature,..., can be divided into a mean part, independent of time, and the temporal
fluctuating part

O(t,x) = &(x) + ¢(t, x), (1.2)

where ® is the instantaneous value of any variable of the flow (velocity, density, pressure, temperature,...);
the overline, ®, represents average in time of the variable; and lower case states for the temporal fluctuating
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part. The averaged variable is defined as
_ 1 [T
®(x) = lim —/ O(t, x)dt, (1.3)
0

where t is the time and 7 is a period of time, which should be large enough, compared with the char-
acteristic time of the fluctuations, so that ® is independent of t. Figure 1.2 shows an example of the
Reynolds decomposition for a variable ®. Two important properties are obtained from (1.2) and (1.3),
and can be easily observed in figure 1.2. The average in time of an average is the average itself, and the
average in time of a fluctuation is 0. These and some additional properties can be written as

(1.4)

In the last relation, note that the average of the product of two fluctuating parts is not 0 and the time
and space dependencies have been explicitly written to remark the fact that the resulting of the average
is treated as a single variable that does not depend on time. The Reynolds decomposition has been the
basis of one of the principal techniques to numerically solve the governing equations that describe the
motion of fluids. These equations are the famous Navier-Stokes equations, which are composed of the
continuity and momentum equations. For constant properties Newtonian fluids, they are written as

Cla)= =5 = 0, (1.5)
oy oUi(t,z) A ou;(t,x) 10P(t,x) 0?U;(t, )
Mil@) = —5—+Ute) =5 — = — etV an00, (16)

In these equations,  are the spatial coordinates, and p and v are the density and kinematic viscosity,
respectively, which are considered constants, and P is the pressure. It is also of special interest due to
engineering applications, the governing equation of the temperature field, known as the energy equation

oT (t, x) or(t,x)  0°T(t,x)

ta)=—— TUlbe) = = = oy

(1.7)

where T is the temperature and « is the thermal diffusion coefficient, which is considered constant. Here,
we only present the energy equation and further analysis will be done in section §1.1.2.

Introducing the Reynolds decomposition (1.2) into the the continuity equation (1.5), taking the aver-
age, and considering relations from (1.4), results in

U, ()
81‘,‘

=0, (1.8)

which indicates that the mean variables also fulfill the continuity condition. If the same procedure is
done for the momentum equations (1.6), it is obtained

=0

—_— — ¥el i
<8U8’£$)) +Uj(a:)({wa;§v) = ;aggf) + 88% (Véwa;(jc) Ui“j(w)> . (1.9)

Equations (1.8) and (1.9) are the denominated Reynolds Averaged Navier-Stokes (RANS) equations.
The last term on the right-hand side of the averaged momentum equation (1.9) comes from the nonlinear-
ity of the Navier-Stokes equations. This extra term is known as the Reynolds stress tensor, also written

4
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as Tjj = —u;uy, and each component of the tensor is treated as an extra unknown. RANS equations
are composed of four equations: one continuity and three momentum equations; with ten unknowns:
pressure, three velocities and six components of the Reynolds stress tensor (note that this tensor is sym-
metric). If one looks for extra equations for the components of the Reynolds stress tensor, more unknowns
of the type w;ujuy will appear, making it impossible to achieve a determinate system of equations. This
is known as the closure problem of the Navier-Stokes equations. Although analytical solutions of the
Navier-Stokes equations have been obtained for very concrete cases, a general analytical solution is still
unknown, and the proof of existence, uniqueness, and smoothness of this solution is one of the seven
mathematical problems of the millennium.

During the first decades of the 20th century, different authors presented models of the Reynolds stress
tensor to solve the closure problem [3, 4, 5]. These models are equations that estimate 7;; from the
analogy between eddies in a turbulent flow and the molecules in a gas, as proposed by Boussinesq in 1877
[6].

A new theory arose in 1920 developed by Richardson [7]. He introduced the concept of the energy
cascade to explain how energy is transferred in the flow. First, the biggest eddies of the flow receive the
energy from external forces and due to the dynamics of the flow, these eddies break into smaller eddies.
This process is repeated until the eddies are small enough and can be dissipated by viscosity.

In the 40s, Kolmogorov quantified the energy transferred and the length scales of the eddies that
formed the energy cascade [8, 9]. The energy injected in the flow from the external forces to the largest
structures is u3 /L. Here, L, is the length scale of the biggest structures on the flow, which is of the same
order of magnitude as the domain of the problem; and uj, are the velocity variations of these structures.
Their associated Reynolds number, Rej, is big enough so the viscosity has no effect. Therefore, no energy
is dissipated and all the energy from the external forces must be transferred to smaller structures. This
procedure reaches a point where the small structures have forgotten the origin of the external forces
and, thus, turbulence is homogeneous and isotropic for these and smaller scales. In the equilibrium, the
energy transferred should be constant and equal to the dissipation, €, since viscosity is not effective in
dissipating energy at this level. Therefore, the velocity variations, u;, and length scales, I of these eddies
should scale as

37\ 1/3
ul~<“Ll) ~ (el)V/3, (1.10)

with an associated Reynolds number that scales as

wl (el ?
Relwljw(yg> : (1.11)

After several jumps in the energy cascade, the Reynolds number of the eddies reaches the order of
the unity, and viscosity is then important and dissipates the energy. Doing a dimensional analysis, it is
obtained that the length and velocity scales of the eddies for this to occur must be

n= (”3>1/4, u, = (ve)t/*. (1.12)

3

The length scale, n, and velocity scale u,, are known as the Kolmogorov scales. The range where the
scale of the eddies is of the order of the Kolmogorov scales, i.e., [ ~ 7, is called dissipative range since
it is where the energy is dissipated. On the other hand, in the range where the eddies are smaller than
the integral scales but bigger than the Kolmogorov scales, i.e., n < | < L, relation (1.10) holds and it
called inertial range because the inertial terms of the momentum equations are dominant in the dynamics
of the flow.
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Figure 1.3: Sketch of the three main domains of wall bounded turbulence. Boundary layer (top left),
pipe flows (top right) and channels with parallel walls (bottom).

1.1.1 Wall turbulence

The model described in the previous section is for homogeneous turbulence. However, in almost every
practical case, there is a boundary that delimits the domain and breaks the homogeneity. This boundary
is usually a wall and hence, these types of problems are known as wall bounded turbulence. Because of
its importance in engineering problems, wall bounded turbulence has been extensively studied since the
19th century. However, a great number of questions are still open.

The most studied cases of wall turbulence are the canonical geometries of boundary layers, pipe flows,
and channels with parallel walls, this last one being the focus of this work. A sketch of each one can be
seen in figure 1.3. A classical theory of wall turbulence has been developed during the last 150 years and
it is collected in classic textbooks such as Tennekes and Lumley 1972 [10], Townsend 1976 [11] and Pope
2000 [12], among others.

For channels with parallel walls, also known as turbulent channel flows, the z axis goes in the direction
of the movement of the flow, the streamwise direction. Then, the y coordinate is normal to the walls
of the channel and the z coordinate is transversal to the direction of the flow, the spanwise direction,
forming an orthogonal system of reference. The domain has infinite dimensions in the homogeneous
directions z and z and dimensions of 2h in the y direction, being h the channel half height and the origin
of the reference system being in the lower wall of the channel, i.e., the walls are at y = 0 and 2h. The
instantaneous velocities of the flow are U, V, and W in each direction x, y, and z, respectively. This
notation is completely equivalent to 1 = x, xo =y, v3 = 2, Uy = U, Uy =V and U3 = W, which will
also be used when working with index notation. The velocities can be decomposed using the Reynolds
decomposition (1.2) as U; = U; + u;. At this point, turbulent channel flows can be divided into two
main categories: flows that are driven by a pressure difference, known as Poiseuille flows; and flows that
are moved due to the difference in movement between both walls, known as Couette flows. The former
will be used to explain the classical theory of wall turbulence since it is the main type of flow studied
in this work (nevertheless, a specific section §5.2.1 is dedicated to present results of Couette flows). A
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statistically steady flow fully developed is considered, so that the derivatives of the mean variables in the
wall parallel directions = and z are equal to 0, i.e., 9,® = 9,® = 0, where ® is any mean variable and the
subscript indicates the direction of the derivative. The only exception in the case of a Poiseuille flow is
0, P # 0 since this pressure difference is what moves the flow. Besides, the mean velocity in the spanwise
direction is W = 0 by definition. Considering this, the continuity equation (1.8) results in

dv
22— 1.13
. (113)

Integrating, it is obtained that V must be a constant. Since the value at the wall is Vu = 0, the
value of the constant should be 0, and in all the domain V' = 0. Therefore, the nonlinear term in (1.9),
U;(x)oU,;(x)/0x;, should be zero for each i = 1, 2 and 3 and j = 1, 2 and 3. Then, the momentum
equations (1.9) can be written as

duw(y)  10P(z,y) +Vd2U(y)

X — moment : T > o QP (1.14a)
dv’(y) _ 19P(z,y)
y — moment : =—— , 1.14b
dy p 0Oy ( )
z — moment : dT(y) =0. (1.14¢)
Y

Integrating (1.14c), it is obtained that w(y) should be equal to 0 because that is its value at the
wall. Integrating now (1.14b), results in

P(a,y) = —po2(y) + Po(), (1.15)

where Py is the integrating constant with respect to y. Introducing (1.15) into (1.14a), the pressure term
is only a function of x and then, it can be directly integrated, obtaining

_ _ydPy(z) + VdU(Z/)

= . 1.1
wo(y) > dr ay +C (1.16)
Evaluating the last result at the wall
dU
dy y=0

The first term can be identified as the shear stress at the wall, 7,,. It has units of velocity square and
it is also written as u2, which is known as the friction velocity square. Therefore, C' = —u2. The value

of Py(x) can be obtained evaluating (1.16) at the center of the channel, y = h, where the first and third
term must be 0 due to statistical symmetry in the channel. Therefore

dpo(.%‘)
dx

= %ui. (1.18)
Now, the final equation of the total shear stress at the channel can be written as

dU (y)
dy

T=v

—ww(y) = u2(1 - y/h). (1.19)

. . . . . . - =+
Dimensionless variables are introduced at this point: 7/u2 = 7/7, = 7, utot = w/u2, U =

U/u, and y* = y/h. The coordinate y* is also known as the outer coordinate, because it is used for

7
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non-dimensionalization magnitudes in the center of the channel and far from the wall. The relation
Re. = u.h/v is known as the friction Reynolds number. Thus, the dimensionless form of (1.19) in outer
coordinates is .
1 dU (y*) ——

" Re, dy(*y ) utvt(y®) = (1 —y%). (1.20)

The total shear stress, 77, decreases linearly from value 1 at the wall to 0 at the center of the channel.
For Re, — oo, the viscous term is negligible and the total shear stress corresponds to the turbulent shear,
—uv. However, —uv at the wall is 0 and the total shear stress, which is equal to 1, must be dominated
by the viscous term. A second non-dimensionalization is used to analyze the near-wall region, where
the dimensionless coordinate y* = wu,y/v is introduced. The coordinate y™ receives the name of inner
coordinates. Therefore, the dimensionless shear stress equation can be written as

1

y-‘r

==+
= au (y+) )
Re,

=—ar utot(yt) =1-
Y

(1.21)

The total shear stress near the wall is constant and equal to 1 when Re, — oo. This is true in what
is called the viscous sublayer, where the viscous effects are dominant and the turbulent shear stress is
negligible. The viscous sublayer reaches approximately y* ~ 5. In this near-wall region, considering
Re, — oo, the total shear stress equation (1.21) can be easily integrated, obtaining that

dU" (y™)

=+
d =1-U"(y") =y . (1.22)

This relation is known as the law of the wall and it indicates that the velocity increases linearly in
the viscous sublayer. The importance of this law is that it is universal for every wall-bounded flow, and
not only for Poiseuille flows.

For the value of U(y) at the central region of the channel, relation (1.20) gives no information about
it, since the mean velocity appears in the viscous term, which is neglected for Re, — oco. Nevertheless,
in 1930, von Karman [5] proposed the following relation which is valid on the center of the channel and
it is based on h and u,, the characteristic length and velocity scales, respectively

U (y) -U. = fy"), (1.23)

where the subscript ¢ denotes the value at the center of the channel and f(y) is a function with value 0
in the center of the channel. This relation is known as the defect law. Despite the function f(y) is not
universal for every flow geometry and for different boundary conditions, relation (1.23) holds.

In between these two regions, there is a transition with special characteristics. We consider that the
mean velocity has the following form

7+ * * 77+
U'(y)=hly"), U (") =flyh). (1.24)
Therefore, using the chain rule and the definitions of y* and y™, it is obtained that
77t x * * *
dy dy dy* h dy* '
=+
dv_(y*) _ dytdfs(yT)  urdfa(yt) (1.25b)
dy dy dyt v o odyt '

In the limit of y* — 0 and y™ — oo, both (1.25a) and (1.25b) should be equal. Multiplying by y, it

is obtained 0 (") i)
«df1(y* _ Y2\ 1.9
Vg TV (1.26)
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Integrating, the solutions obtained are
fi(y*) = Aln(y*) + By,  fa(y") = Aln(y™) + Bs. (1.27)

Obtaining the final result
— 1
Uy')=-In(y") + B, (1.28)
K
where 1/k = A is the classical nomenclature and & is the von Kérmén constant. This region of the
flow, where the mean profile has a logarithmic behavior, is called the logarithmic region. It was first
deduced by von Kédrmén in 1930 [5] using dimensional analysis.
Regarding the tangential stress, utvt, according to dimensionless shear equation in outer coordinates
(1.20), utvt — —1 when y* — 0 and Re, — oo. On the other hand, taking the dimensionless shear

equation in inner coordinates (1.21), and introducing the value of U" in the logarithmic region (1.28), it
is obtained that utvt = 1/(ky™) — 1. Therefore, uTvt — —1 when y* — oo, and, in the logarithmic
region, a constant tangential shear stress is obtained, with uTv*t = —1, which agrees with Townsend’s
hypothesis [11].

1.1.2 The thermal field

In the previous section, a theoretical description of the flow field of a Poiseuille flow has been developed.
However, in many practical applications, the temperature in the domain of study is different from the
surrounding temperature, and heat is transported creating gradients of temperature. For this reason,
the study of the temperature field is crucial for real live applications. This was also stated in a recent
study of NASA, where Slotnick et al. [13] remarked the importance of thermal flows in aeronautical
applications. For example, the performance of the high-pressure turbines of engines is limited by the
maximum temperature that a blade can support without deforming. Therefore, a good treatment of the
temperature field will improve its performance, with a direct reduction in the emissions of the engine.
The numbers of examples are countless and it is one of the main focuses of this work to get a better
understanding of heat transfer in turbulent flows.

The equation that describes the temperature field is the energy equation (1.7), previously presented.
That is the most general way of describing the temperature field in homogeneous turbulence. However,
as mentioned before, in practical applications the flow is often bounded by walls and different sources of
heat can be treated with. It is important to mention that the temperature will be considered as a passive
scalar (although a specific section §5.2.2 is dedicated to present results of active scalar fields), which
means that it has no influence in the velocity field and does not appear in the momentum equations. As
for the flow field, the analysis of the energy equation will be done for channel flows. In the same way that
the momentum can be introduced in the flow through a pressure difference or a difference in movement
between the walls, heat can be introduced from an internal heat source, from a difference in temperature
between both walls, or from the application of uniform heat flux at the wall, among others. The last
one is the case that will be used in this work. This thermal boundary condition is known as the Mixed
Boundary Condition (MBC).

In the MBC, both walls of the channel are heated with an averaged constant uniform heat flux.
Therefore, the average temperature at the walls is independent of time and, due to the global heat
balance obtained for constant heat flux, it increases linearly in the streamwise direction. Due to reasons
related to the numerical resolution of the equations, which will be explained in chapter §2, the averaged
temperature field should be constant in the computational domain. For this reason, it is introduced the
so-called transformed temperature

T(t,x) = (T,).(x) — Ot ), (1.29)

9
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where (T,), is the temperature at the walls averaged in time and in the z direction. In such a way, (T,).
is carrying the linear increase of T' along the streamwise direction and the wall-normal dependence is
carried by ©. Introducing transformation (1.29) into the energy equation (1.7) (and multiplying by —1),
it is obtained that
00(t, )

T +Uj(t733)

00(t, x)
a.T,j

If the Reynolds decomposition is used and the average is taken, using relations (1.4), results in

T 00(x) n Ou;f(x)

) d<Tw>z($) - 82@(5”) 82<Tw>z(m)
J( ) an an @

dx o anan_a dz;0x; (1.31)

—Ul(z)

As mentioned before, due to the global heat balance, when a constant heat flux is imposed at the
walls, the value of (T,), increases linearly with x. Therefore, the diffusive term (the last term of the
equation), where a second derivative appears, should be 0. Furthermore, the value of d(T3,)./dx can be
determined as AT () )

w/z X
wlE) 1.32
dx Uy ( )
where KC is a constant with units K /s and U, is the bulk velocity, which is the average of the velocity in
the entire domain, i.e., the integral of U(¢, z,y, z) in time and the three directions of the space. For fully
developed and statistically steady flows, Uy is directly obtained as

Uy, = ﬁ/o U(y)dy. (1.33)

If the conditions of fully developed flow and the definition (1.32) are introduced in equation (1.31),
the following equation results

d’O(y) dvi(y) K
! Wy fobU(y). (1.34)

This equation can be integrated with respect to ¥, obtaining

ad(j;y’ W) =0~ 1 / "T9)as, (1.35)

where C' is the constant of integration and ¢ is the integration variable. Applying this result at the wall

it is obtained that .
ad(:)l;y) =C =u,0,. (1.36)

y=0

The integral term is 0 because the value of U at the wall is linear in 3, as obtained in previous section
in equation (1.22). In analogy with the velocity field, and because the first term has units of velocity
times temperature, C' = u, 0., where 6. is the friction temperature. To define 6., the last equation can
be multiplied by a reference density, pp, and the heat capacity at constant pressure, c,, to obtain the
wall heat flux in the first term

o = pe IEI)
w D dy

= pc,C = pepu 0. (1.37)

y=0

Then, the definition of 6, is

(1.38)
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The final result of the integration of the energy equation (1.35) is

By
Gy 00y = urbe - 7/ . (1.39)

The dimensionless equation can now be written in outer coordinates, where OF = ©/0, and K =
u-0;/h, obtaining as a result

—+
. 1 do (y*) —r 7Vdg
+ = —uTor A
q Prie.  dy uto+(y* U / )dg (1.40)

where Pr is the Prandtl number, defined as v/a. The Prandtl number represents the ratio between the
momentum diffusivity and the thermal diffusivity. The product of the Prandtl and friction Reynolds
numbers is defined as the friction Péclet number: Pe, = Re,Pr. This equation represents the balance of
the heat transfer, and it is analogous to equation (1.20), which represented the balance of shear stresses.
In the same way that 77 decreases from 1 at the wall to 0 at the center of the channel, ¢+ follows the
same tendency, although not in a linear manner. Also, for Re, — oo the wall-normal heat flux, v0, is
dominant over the diffusive heat flux.

Again, as for the shear stress equation, to analyze the heat fluxes near the wall, dimensionless form
with inner coordinates should be adopted obtaining as a result

=+
L 1deT(yt) —— o+

+ _ _utot(yt) = g 1.41
C =g W)= ReTU / (1.41)

An analogous result to the shear stress is obtained here. Near the wall u+6+ is negligible, and when
Re, — oo, the integral term tends to 0 and the total heat flux tends to be constant with value 1. This
is only true in a very small sublayer equivalent to the viscous sublayer, but for the temperature field,
named diffusive sublayer. When the Prandtl number is of order 1, the diffusive sublayer is of the same
order as the viscous sublayer. Under these conditions, equation (1.41) can be easily integrated, obtaining

6" =prryt. (1.42)

This result is completely equivalent to the law of the wall (1.22) of the velocity field, and it is a
universal law valid for any boundary condition and any geometry.

Based on the length and temperature scales in the center of the channel, h and 6., respectively, the
same defect law as for the mean velocity (1.23), can be proposed for the mean temperature, so that

y) -0, = g(y"), (1.43)

Regarding the logarithmic region that was obtained for the mean velocity, the same procedure can be
done for the mean temperature, obtaining that when y™ — oo and y* — 0 a logarithmic behavior of the
mean temperature is obtained

o' (

ot (1.44)

Rt

€]
where k; is the von Kdrman constant for the mean temperature and C'is a constant that varies with the
Prandtl number.

Analogous to the tangential shear stress, is the wall-normal heat flux. According to the heat balance
equation in outer coordinates (1.40), when y* — 0 and Re, — oo, ut6T — —1. Regarding the heat
balance equation in inner coordinates (1.41), if the logarithmic profile of the mean temperature (1.44) is
introduced, for Re, — 00, it is obtained that 1/(Pr syy*) —ut6+ = 1. Therefore, in the limit of y — oo,
it is also obtained that utf+ — —1. This result means that the wall-normal heat transfer is constant

and equal to —1 in the logarithmic region for Re, — oo, which is an analogous result to the Townsend’s
hypothesis for the velocity field [11].
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1.2 Lie symmetries

Lie symmetries are a powerful mathematical theory to develop scaling laws of turbulent flows. The origin
of the Lie symmetries method dates back to the end of the 19th century when the mathematician Sophus
Lie proposed it for obtaining solutions of ordinary differential equations (ODE). Obviously, the method
can also be used to obtain solutions of partial differential equations (PDE) and, most important, is also
applicable to systems of PDE, such as the Navier-Stokes equations. The basis of the method consists in
finding the symmetries of the system of PDE. A symmetry refers to a variable transformation that leads
to an identical system of PDE, i.e. the transformed system of PDE has the same solution as the original
one. With these symmetries, one can formulate a characteristic system. Details about how to obtain
the characteristic system and its properties will be given in chapter §3. Solving the characteristic system
leads to what is known as invariant solutions, which in turbulence are also known as scaling laws.

For a concrete application, Lie symmetries possess a number of advantageous properties. First,
symmetries can be obtained using computer algebra methods such as Maple. Second, symmetries give
fundamental insight into the physics of the problem. And third, the scaling laws obtained are solutions
to the moment equations and, hence, are based on first principles, and not just pure curve fits. For these
reasons, Lie symmetries could be one of the most powerful tools to obtain scaling laws of turbulent flows.

The method has been widely studied by Oberlack and co-workers in several papers. Starting with
[14], scaling laws for the three regions of wall-parallel shear flows (viscous sub-layer, logarithmic law, and
deficit law in the center of the channel) were obtained. Classical mechanical symmetries of the Navier-
Stokes equations were used, but the key to the analysis was to employ the Multi-Point Correlation (MPC)
equations. Two additional symmetries, not visible in the Navier-Stokes equations and called statistical
symmetries, were used to derive the scaling laws that describe the flow statistics even for high moments.
More details about the MPC equations will be given in chapter §3. After this successful application of Lie
symmetries to turbulent flows several more works have been done with different geometries or boundary
conditions [15, 16, 17, 18, 19, 20].

In this work, the Lie symmetries theory will be used to derive new scaling laws of the temperature,
velocity, and high order moments of both. In order to achieve this, symmetries of the energy equation
and the MPC equations of the energy and heat fluxes equations are obtained, from which the new scaling
laws are formulated. This new scaling laws will be validated in subsection §5.1.5 using the DNS data
presented in previous subsections of section §5.1.
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Chapter 2

Computational methods

In the previous sections, a theoretical approach to turbulence was revised. However, only partial solu-
tions, in specific regions of the channel and under specific conditions, were obtained. Other methods to
study turbulence are needed. Two main approaches have been historically considered: experimental and
computational.

Experimental results are always the most representative of the actual behaviour of the flow since direct
information of the statistics of the flow is obtained. However, it requires specific installations to properly
carry out the experiment, which can be very expensive. For example, in the design of an aircraft, it is
extremely expensive to experiment in a wind tunnel with a full-size model. For this reason, from the
industrial point of view, experimental analysis is the best tool in the late stages of a design process. From
the theoretical point of view, experiments have been historically used as the main approach to understand
the dynamics of turbulent flows, especially until the end of the 20th century, when computational power
was not as advanced as nowadays. In a basic installation, like a pipe or a channel, it is easy to recover
the actual statistics of the flow. An obvious advantage is that the only errors that are obtained are those
introduced by the measuring devices, which should be small.

On the other hand, computational methods, consist of solving numerically the governing equations of
the flow, i.e. the Navier-Stokes (1.5)-(1.6) and energy (1.7) equations. This branch of fluid dynamics is
known as Computational Fluid Dynamics (CFD) and with the increase of computational power, they have
been gaining importance in the study of turbulence. The main issue of CFD compared with experiments
is that numerical errors are introduced due to the discretization of the domain or due to the introduction
of models that describe turbulence in an approximated manner. However, they are much cheaper than
experiments. Following the example of aircraft design, creating a virtual model of a plane and analysing
it with CFD software is much cheaper than the experimental analysis. Also, fast modifications and
parametric analyses can be performed easily. For this reason, CFD is the main tool for the early stages
of a design.

Regarding theoretical turbulence, a big advantage arises with the computational methods. In wall
turbulence, it is very important to understand how turbulence behaves in the boundary layer of the flow,
where the flow goes from zero to velocities of the order of the free-stream velocity. Another important
factor of the boundary layer is that almost the entire losses by drag are produced in this region. The
boundary layer is composed of the viscous, logarithmic, and buffer sublayers, being this last one the
transition sublayer between the viscous and the logarithmic sublayers (previously described in subsection
§1.1.1). Although this very important phenomena, named before, occur in the boundary layer, it is
very thin. Thus, in an experiment, the number of measuring points that can be placed in the boundary
layer is extremely limited due to physical constraints. However, in CFD, one can put as many points as
are needed to properly discretize the domain in these regions and to obtain valuable data. Information
about the mechanism of energy transfer in the boundary layer is crucial to understand turbulence, and
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2.1. REYNOLDS AVERAGED NAVIER-STOKES EQUATIONS

numerical methods play a key role in this point.

Different approaches are also considered inside the branch of CFD. Following the usual classification
of lower to higher approximation to the actual behaviour of the flow, there are three main techniques:
Reynolds averaged Navier-Stokes equations (RANS), Large Eddy Simulation (LES), and Direct Numerical
Simulation (DNS).

2.1 Reynolds averaged Navier-Stokes equations

The Reynolds averaged Navier-Stokes equations (RANS) were briefly introduced in section §1.1. They
are derived by introducing the Reynolds decomposition (1.2) to the instantaneous equations (1.5)-(1.7),
and taking the average of the resulting equations, obtaining the RANS equations (1.8), (1.9) and (1.31).
As mentioned before, an extra term is obtained due to the nonlinearity of the equations. For the case of
the momentum equation, this extra term is known as the Reynolds stress tensor, 7;; = —u;u;. This term
plays a similar role in the equation as the viscous term does, although its nature is completely different.
To solve the closure problem that arises from the viscous stress tensor, modeling of this term is needed.
To do so, typically the isotropic and anisotropic parts of this tensor are split. The turbulent kinetic
energy, i.e. the isotropic component, is defined as

1
k =wu; = §u2+v2+w2. (2.1)
Now, the anisotropic stress tensor can be defined as
2
Qi = UjUy — gk(sij, (22)

where 0;; is the Kronecker delta with value 1 when ¢ = j and value 0 otherwise. The viscous turbulent
hypothesis was introduced in 1877 by Boussinesq,

o, o,
= , 2.3
paiy T (81;] + 81‘1‘ > ( )
relating a;; to the deformation tensor, defined as
- 1 /oU; 09U,
S,i= = LTt A I 2.4
J 2 (8117] + 6353) ( )

In these equations, Boussinesq introduced a new constant, vy, as the turbulent viscosity. However,
vr is actually not a viscosity and it is not constant. It receives that name due to unit consistency.

Introducing these definitions into the RANS equations (1.9), the following relation is obtained after
rearranging the terms

=0
() 40,0 252 = 22 (Pra) + b)) + e L) B
ot A or;  poxy )T g oz vorr oz ’ '

The new viscosity is defined as v.ys = v+vp. One of the main sources of errors of the RANS methods
is that vp strongly depends on the space coordinate and also on time and type of problem. The value
of vr is modelled in different manners depending on the RANS model that is being used. The choice
of the correct RANS model for a specific problem is crucial to obtain reliable results. The basis of the
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CHAPTER 2. COMPUTATIONAL METHODS

RANS models states that this turbulent viscosity must be modelled with a characteristic velocity and a
characteristic length, i.e.
vy = u*l*. (2.6)

These parameters must be determined for each problem. However, when using a two-equation model,
in the sense that two turbulent parameters are modelled, one can form a length scale, a time scale, etc,
derived from the two turbulent quantities modelled. Therefore, no characteristic velocity and length
must be specified for this type of model. The most common RANS method, named the k — ¢ model, will
be explained as an example. It happens that the k& — ¢ model is a two-equation model. The turbulent
magnitudes k and e are modelled and the turbulent viscosity can be calculated directly as

k2
vr = Cﬂ?’ (27)

where C,, is a constant with a usual value of 0.09. The first turbulent quantity, k¥ is modelled with the
transport equation which has the form of (dependencies of the functions have been omitted for the sake

of brevity)
Dk ok — Ok

Dt ot 7’0oz
where D/DT = /0t + U;0/0x; is the total derivative, which should be 0. The right-hand side of the
equation is composed of the three terms that can modify the kinematic viscosity, i.e. a production term,
P, a transport term, T, and a dissipative term, e. While the production term is defined by gradients of
mean velocities, i.e. it does not introduces new unknowns, the transport and dissipation terms must be
modelled, since terms of the form w;u;u; appear, which introduced new unknowns. The transport term

is modelled as 5 ok
vy
T— 7T 2.9
8xj (Uk 8%) ’ ( )

=P+T—-e=0, (2.8)

where o is a constant of the model with typical value of 1. Finally, the dissipation term is modelled
with the second transport equation of the k — ¢ model, which has a very similar form to the one of the k
(2.8):

E*EJF j%j: 61?+87$j *052?:07 (2.10)
where the three terms on the right-hand side of the equation are the transport, production, and dissipation
terms, respectively. They are modelled with the constants C.y, 0. and C.s, whose values are typically
1.44, 1.3 and 1.92, respectively. The values of the five constants of the k — ¢ model are taken from a
fitting to the results of a vast number of experiments for different turbulent flows. Nevertheless, this is a
simplification of the resolution of the Navier-Stokes equations, which introduces an error. The k—¢& model
is the most accurate RANS method to calculate turbulent flows in channels and pipe flows. Numerous
methods have been developed with more precision for different types of flows, such as Spalart-Allmaras,
which is often used for open flows; or k — w, which is a variation of the £ — ¢ model, where the vorticity
w is modelled instead of the dissipation.

In general, RANS methods are much faster than LES and DNS methods but they present the worst
accuracy among the three of them. Due to their fastness, they are widely used, especially in the early
stages of a design process, where a large number of parametric studies can be carried out and more
realistic precision can be left out for the latest stages of the design with experimental analysis. In these
practical applications, a point in favor of the RANS methods is that the turbulent fluctuations are not
simulated but modelled, so that the mesh used to discretize the domain only depends on the geometry
of the problem. It has a weak dependence with the Reynolds number. Although a slightly more precise
mesh is required for higher Reynolds numbers, specially near the walls, the increase of the computational
cost is usually negligible compared with the requirements of the mesh to adapt to complex geometries of

De 0 — Oe Pe 0 (I/T 86) g2

oe Oz
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2.2. LARGE EDDY SIMULATION

the flow. Therefore, any practical Reynolds number can be studied with RANS methods. LES and DNS
present a problem here, and it is that the computational power required to simulate Reynolds numbers
of the order of the ones appearing in most practical applications is no achievable nowadays.

In conclusion, the RANS methods can be considered as interpolation schemes obtained from a wide
number of experiments. They are very powerful in industrial applications since different methods can
provide an accurate solution for specific problems. However, the constants used to model the flow are set
from the fitting of numerous experiments, which introduces an error in the results obtained. Regarding
theoretical turbulence, which is the aim of this work, there is no space for RANS methods, since they do
no simulate the turbulence of the flow. And here is where LES and DNS play a role.

2.2 Large Eddy Simulation

The Large Eddy Simulations (LES) is the intermediate method between RANS and DNS regarding
precision and computational cost. As the name indicates, this method is based on the simulation of the
large eddies of the flow, which are dependent on the flow geometry, and the modelling of the smaller
scales of the flow, which, according to Kolmogorov’s theory, are universal for every flow.

To achieve this, the variables of the flow are filtered by a low-pass filter. To do so, the convolution
product must be applied

flt,x) = //K(t —1,x — 8)f(t, x)dsdr, (2.11)

where K is the filter kernel, f is any variable and ® here represents the filtered variable. Note that the
filter can be understood as a time and space averaging, but both ¢ and x dependencies are kept in the
filtered variable. Since a low-pass filter is used, the high frequencies in the Fourier space are ignored,
removing from the simulation all the small scales of time and space. These small scales, of course, have
their influence in the governing equations, but that influence is modelled. After introducing the filtered
variables into the governing equations, it is obtained

QS”
——
an <9uiuj 1 8? 0 8?1 3UJ
= —— — — . 2.12
ot + Ox; p Ox; +V8xj ( xj + T; ) ( )

According to [21], the filtered Reynolds shear stress term can be separated as wu; = 7 + U;U,.
Finally obtaining

=—— — (2vS8; — Tij) - 2.13

ot + Ox;j p Ox; + Ox;j ( Vi T”) ( )
At this point, the filtered shear stress term, 7;;, introduces new unknowns, and the closure problem
arises again. Therefore, models should be implemented to estimate the value of 7;;. A typical trend is

to decompose this term as
— 1
Tij = Tij + 50iThr. (2.14)

Here, T is the isotropic component, which can be introduced in the pressure term, obtaining an
effective pressure, P, tf, which does not need further models, unless the pressure term, P, need to be
explicitly known. Only the shear component, T;;, needs to be modelled now. We cite here one of the
most iconic models of LES methods because it was the first used in an LES simulation in [22]; it is the
model proposed by Smagorinsky [23]

Tij = *2Vt§ij~ (215)

Reaching a very similar equation to that obtained in the RANS model (2.5). Extensive research
has been done in LES models, reaching very accurate results, especially for isotropic and homogeneous
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turbulence. LES have proven to be very precise in spray flows, for example. A good point on the LES
methods is that filters are applied so that scales below L/10 are ignored, where L is the characteristic
length of the problem. This value is independent of the Reynolds number, so LES are valid to study
practical engineering problems, where Re > 10°.

However, for heterogeneous or anisotropic flows, like wall turbulence, still some inaccuracies in the
results are obtained. Furthermore, the closer to the wall, the more anisotropic a flow is, obtaining bigger
errors in this region. A more precise technique is needed to properly study the turbulence behaviour of
wall-bounded turbulence, which is the last method presented here, DNS.

2.3 Direct Numerical Simulations

Direct Numerical Simulations (DNS), are the most precise computational method to study turbulence. In
contrast to RANS and LES methods, DNS does not model any scale of the flow, and all of them must be
resolved. To achieve this, the mesh used to discretize the problem must capture the smallest spatial scales
of the flow, as defined by the Kolmogorov scales (1.12), when Pr < 1. If the Prandtl number is higher
than 1, then the smallest thermal structures are smaller than those of the velocity. Thermal structures
are defined by the Batchelor length scale as 7y = nPr~/2. Furthermore, no symmetry property can be
applied like in RANS methods, where the averaged variables are used and only half of the domain is
calculated. In DNS, as in LES, the entire domain must be used, since the instantaneous variables are not
symmetric in turbulent problems. Regarding the time step of the simulation, it must be smaller than the
time that a particle takes to cross a cell of the mesh. In addition, a DNS must be run for several cycles,
once the flow is in a statistically steady-state, to recover a big amount of valid statistics.

With all this, the number of mesh points and the number of time steps are huge compared with RANS
and LES, which makes DNS extremely expensive computationally speaking. Only simple geometries can
be simulated. Furthermore, in contrast to RANS and LES, the mesh resolution in a DNS depends on the
Reynolds number. The number of mesh points grows very fast with Re, and it can be estimated as Re%/*.
Therefore, Reynolds numbers of practical applications are far from being possible to simulate. For these
reasons, DNS must be run in the biggest supercomputers, with very efficient and optimized codes that
use parallelization techniques.

Despite these disadvantages, DNS present several points in their favour. The most important one is
that the results obtained are indistinguishable from those of the experiments, with the advantage that
the amount of information obtained is much bigger and easier to work with. For example, in a simulation
of a turbulent channel with Re = 5-10* approximately 10° points are needed in the mesh and each point
can be understood as a pitot tube, able to register heat too. Also, since no model of the flow is used,
crucial information about the mechanisms of energy transfer can be directly obtained to understanding
how turbulence behaves at every scale, which is the principal aim of this study.

Finally, an important point on DNS is the boundary and initial conditions. While in turbulent
boundary layers this can be problematic, see [24], in channel flows periodic conditions can be imposed in
the homogeneous directions, i.e. the boundaries in the streamwise and spanwise directions; while no-slip
conditions are imposed in the boundaries of the wall-normal direction. Regarding the initial conditions,
a file with a similar field to that of the solution should be used. This file is called the initial file. It should
be taken from another DNS with similar geometry, boundary conditions, and dimensionless number. For
example, if a DNS of a Poiseuille channel flow is going to be run for Re, = 2000 and Pr = 2 it would be
ideal to use a file from a simulation of a Poiseuille channel for Re, = 2000 and Pr = 1 or Re, = 1000
and Pr = 2 (if it is possible). If the initial file is not chosen correctly, the transition from the conditions
of the initial file until the simulation has reached a statistically steady state in the final conditions can
be as long as the simulation itself.

In conclusion, despite its impossible application in practical problems due to computational limits,
DNS should be the base to create new and more accurate models for both, RANS and LES. Regarding
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the theoretical part, DNS is the only valid method in CFD to recover reliable statistics and to investigate
the physical properties of flows which are little understood. Since the aim of this work is to gain a better
understanding of turbulence, DNS is thus the perfect tool to work with. For this reason, DNS has been
chosen as the main work tool of this project. Deeper information about DNS are given in Appendix §7.1,
where the code used for this work, named LISO, is described. In such a way, specific details of DNS will
be addressed with a specific example, getting a clearer explanation.

2.3.1 State of the art of DNS

As it was explained in the previous section, the main problem of DNS is the computational cost of the
simulations. This makes DNS go hand in hand with state-of-the-art supercomputers. Then, the increase
of the computational power allows more complex DNS. For such a reason, it was not until the late 80s,
when the first DNS was performed for a Poiseuille isothermal flow by Kim et al. in 1987 [25]. In this first
work, statistics of the velocity field were obtained and compared with experimental data from different
works [26, 27, 28, 29]. The main result of this work was the validation of DNS to obtain accurate data
flow. The law of the wall (1.22), as well as the deficit law in the center of the channel (1.23), were
perfectly fulfilled. The logarithmic region, though, was not observed due to the small Reynolds number
and the high viscous effects. Several correlations of the statistics were compared finding great accuracy
of the DNS. In addition, new statistical correlations were reported for the first time. Also in this work, it
was given a brief explanation of the code used and how they solved the equations. This method, which
consists of solving two evolution equations of the Navier-Stokes equations, is the one adopted in the
present work, and it is extensively explained in the appendix §7.1.

Later in the same year, Kim and Moin [30] conducted the first DNS of a turbulent thermal flow, which
is the main interest of this work. They treated the thermal field as a passive scalar and the velocity field
was the same as in [25]. The friction Reynolds number used was Re, = 180, while three Prandtl numbers
were considered, Pr = 0.1, 0.71 and 2. It is important to note that Pr = 0.71 corresponds to the
Prandtl number of air. This is one of the reasons why this value of the Prandtl number is the most used
historically. The boundary condition for the thermal field consisted of an internal heat generation, and
this heat was removed from both isothermal walls. This work also served as a validation of the DNS
for the thermal field. Experimental results obtained in [31, 32, 33] were compared with the ones of that
work, obtaining a very good agreement between the main statistics of the thermal field, such as the mean
temperature, temperature fluctuations, and heat fluxes. Also, the law of the wall for the thermal field
(1.42), and the deficit law for the temperature profile in the center of the channel (1.43) were perfectly
fulfilled. The thermal logarithmic region was not observed due to the small Reynolds number used and
the high conductive effects. The turbulent Prandtl number, Pr;, which represents the ratio between the
momentum eddy diffusivity and the heat transfer eddy diffusivity, was calculated. Values of Pry; ~ 1 at
the wall were obtained, as was expected from experimental data. The most important result was the
high correlation between the temperature fluctuations and the streamwise velocity fluctuations in the
near-wall region when the Prandtl number is close to 1. A value of the velocity-temperature correlation,
R.9 =~ 0.95, was obtained near the wall. Also, several images of the structures of these statistics at
y+t =5, i.e. the viscous and diffusive sublayer, showed that regions of negative or positive streamwise
velocity fluctuations coincided with a region of negative or positive temperature fluctuation, respectively.
This important result was further validated with the joint probability distribution and the two-point
correlation function. This high correlation near the wall indicates that both fields, streamwise velocity,
and temperature, are linked, suggesting that it is possible to model the scalar fluxes in the same way as
the momentum fluxes. Finally, some instantaneous visualizations were shown, demonstrating that in the
near-wall region, the same streaky structure of the velocity field was obtained for the thermal field.

In an extension of the work [30], Antonia and Kim performed a deep analysis of the turbulent Prandtl
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number in [34]. The exact definition of Pry is

det
dyt
oror aU
dy+

+ot
uTv
P’I’t:

(2.16)

In [34], a Taylor expansion of the different velocity and temperature statistics was done near the wall,
so that

Ut = yrrou™), (2.17a)
6" = Prytt+op™), (2.17b)
Wt = byt rayt 0T, (2.17¢)
VT = eyt +doyt + Oy, (2.17d)
Wt o= bsyT +esyT + O(y*s), (2.17¢)
o+t — pr (b9y+ +eoy™ + O(y+3)) , (2.17f)
utot = diyt + eyt +0@T), (2.17g)
utg+ = Pr (clgy+2 + d19y+3 + O(y+4)> , (2.17h)
—vtft = Pr <d29y+3 + 629y+4 + O(y+5)) , (2.171)

where the apostrophe, ¢’, indicates the root-mean-square of a variable ¢, i.e. ¢’ = \/¢¢p. Therefore, the
value of Pr; near the wall can be calculated as

yr0 = g (2.18)

For the values of Pr used in [34], which were the same than in [30] (Pr = 0.1, 1 and 2), the values
of the first coefficients of the Taylor expansion were approximately constant, and the ratio dyi2/d2g gave
approximately Pr; = 1.1 at the wall independently of the molecular Prandtl number, in great accordance
with the experimental results obtained. Nevertheless, for much lower and much higher values of Pr,
Antonia and Kim [34] speculated higher values of Pry, since the temperature is not that well organized
in positive and negative streaks as for Pr =~ 1. This result will be confirmed in future DNS.

In 1991, Lyons, Hanratty, and McLaughlin performed a DNS whose results were published in [35] for
the velocity field and [36] for the thermal field. In this last work, a Poiseuille flow at Re, = 150 was
simulated for Pr = 1. The boundary condition for the temperature field consisted of a heated lower wall
and a cooling upper wall with the same heat flux rate so the temperature difference between the walls was
fixed constant. Obviously, this boundary condition created an antisymmetric temperature field analogous
to that of the velocity field when a Couette flow is imposed. Therefore, several differences between the
velocity and temperature field arose in the center of the channel. Nevertheless, a high correlation of
both fields was obtained in the near-wall region. Correlations between the velocity and temperature field
and Pr; were calculated, obtaining similar results to those from [30]. In addition, the dimensionless
Nusselt number, Nu, which represents the ratio between the convective and conductive heat transfer,
was computed, with similar results to those of experiments and classical correlations. Finally, the energy
transfer equations or budget equations for the mean temperature and temperature fluctuations were
obtained. These energy equations were compared with the ones of the mean velocity, and fluctuating
velocity, obtaining remarkable similarities in the near-wall region. The difference in the center of the
channel was due to the different boundary conditions for each field.

A third important DNS of a thermal channel flow was performed by Kasagi et al. in 1992 [37].
As in [36], the friction Reynolds number simulated was Re, = 150, while the Prandtl number of air,
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Pr = 0.71, was used. Regarding the boundary condition, a more realistic one than that of [30] was
used, the MBC, which was already introduced in section §1.1.2. Remember that the MBC is the thermal
boundary condition used in this work. Similar to the two previous studies, the main thermal statistics
were analysed and compared with experimental data and with the result from Kim and Moin [30]. The
result was a high accuracy from the DNS when comparing the mean and fluctuating temperature, the
Nusselt and turbulent Prandtl number, and several correlation coefficients. A study of the logarithmic
layer was carried out. However, a perfect logarithmic behaviour was not observed due to the strong
viscous and conductive effects for such a low Reynolds number. Nevertheless, the tendency of the main
temperature may indicate a possible logarithmic region for higher Reynolds numbers. With this in mind,
Kasagi et al. [37] computed the value of the theoretical von Kédrmén constant for the thermal field,
defined in section §1.1.2, obtaining a value of x; = 0.36. As noted by the authors of the paper, that value
was considerably smaller than the generally accepted value of 0.47, obtained in experiments for higher
Reynolds numbers. Finally, a deep analysis of the turbulent budgets was performed. Balance equations
of the temperature variance, kg, its dissipation rate, ey, and both heat fluxes, streamwise, uf, and wall-
normal, v0, were presented together with the values of each budget term. These budget equations are
now presented to facilitate the understanding of the discussion. The transport equation of ky is obtained
after multiplying the equation (1.7) by 6 and taking the average. In dimensionless inner coordinates, it
is given by
D k;_ — pt + + 4+
Dit_i_f 9+T9 +‘/9 +€9. (219)
The different terms on the right hand side are referred to as production, turbulent diffusion, viscous
or molecular diffusion and dissipation. They are respectively defined according to
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and for the specific case of a statistically steady thermal channel flows:

P = —W‘ZCZ:, (2.21a)
Ty = —;w;yiw, (2.21b)
Ve = 2%%, (2.21¢)
g = —%%%- (2.21d)

The transport equation for &g is obtained after deriving equation (1.7) with respect to x;, multiplying
the result by (2/Pr)00/0x; and taking the average. In dimensionless inner coordinates, it is given by
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In this case, the terms are named mixed production, mean gradient production, gradient production,

turbulent production, turbulent transport, molecular diffusion and dissipation.

follows:
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which for the case of statistically averaged thermal channel flows reduce to
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They are defined as

(2.23a)
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Finally, the budget equation for the turbulent heat fluxes, u;0, is derived after taking the average of
the following expression: (1.5)0%+(1.7)u;. After simplifications, it is obtained, for dimensionless inner

coordinates:
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The different terms on the right hand side are referred to as production, turbulent diffusion, viscous or
molecular diffusion, pressure-temperature gradient correlation, pressure diffusion and dissipation. Each

term is defined as
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The specific terms of the streamwise heat flux for statistically steady thermal channel flows are

and for the wall-normal heat flux
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The splitting of the pressure in two different terms, Hf; and Hgg is not unique, but this one offers
more information [38]. However, in the work of Kasagi et al. [37], the summation of both terms, named
temperature pressure-gradient correlation, is considered in their analysis. Coming back to the results of
the turbulent budgets obtained in [37], as in the previous works, big similarities were found between the
budget terms of k; and the ones of the streamwise velocity, due to the high correlation between both
fields. For the case of k‘(j and 6;, a balance of the production term with the dissipation was obtained in
the entire channel. Regarding ut67, the dissipation and the temperature pressure-gradient correlation
acted as sink terms to compensate for production. Except in the balance equation, this temperature
pressure-gradient correlation is predominantly effective and compensated by the production term. It was
also noted that the molecular and turbulent diffusion was only appreciable in the near-wall region.

These three works constitute the basis for the rest of the DNS of thermal channel flows performed in
the sense that these are the most used boundary conditions for the thermal field. After them, one of the
main ideas has been to perform simulations at higher Reynolds numbers, with the problem of a higher
computational cost. For this reason, the maximum Reynolds number simulated has been growing slowly
over the years, as the supercomputers have been improving. The other tendency has been to simulate a
broader range of Prandtl numbers, reaching low Prandtl numbers like 0.025, which is the Prandt]l number
of the liquid mercury, or high Prandtl numbers like 10, which is approximately the Prandtl number of
water. As it was explained in previous section (§2.3), simulating Prandtl numbers higher than the unity
requires the use of a finer mesh to capture the smallest thermal structures, determined by the Batchelor
length scale, ny. For this reason, it is more often to see works with lower Prandtl numbers than higher
ones.

In 1993, Kasagi and Ohtsubo [39] published a complementary study to the one published the previous
year [37], but for a low Prandtl number of 0.025. The objective was to examine the differences in the
thermal field between both cases, i.e. Pr = 0.71 from [37] and Pr = 0.025 from [39]. The same friction
Reynolds number of value 150 and the MBC were used. The first important difference was that, for
such a small Prandtl number, the conductive sublayer gets thicker and the logarithmic region completely
disappears. Regarding the turbulent fluctuations, /T, ut8+ and v+, their values decrease for smaller
Prandtl numbers and their peak value moves away from the wall. The turbulent Prandtl number was
observed to increase its value at the wall, up to Pr; = 3, far from the typical value 1 obtained for
molecular Prandtl numbers close to 1, confirming the speculations of Antonia and Kim [34]. A significant
decrease of the velocity-temperature correlation coeflicient was obtained down to values of R,, =~ 0.6.
Also, the one-dimensional energy spectra were examined. Again, big similarities were observed between
the velocity, and temperature spectra when Pr = 0.71, but a lower spectra was obtained for Pr = 0.025,
indicating a less energetic thermal field. The same turbulent budgets as in [37] were calculated. The main
difference was that for low Prandtl numbers the production term was always balanced by the dissipation
term, except in the wall, where the molecular diffusion is compensated by dissipation. An important
difference is that the turbulent diffusion and the temperature pressure-gradient correlation terms in
utf* and v+0+ were negligible in the entire channel. Finally, several instantaneous images of velocity
and temperature structures were presented. First, it was obtained that the streaky structures in the
near-wall region were thicker and less elongated than those of Pr = 0.71. And second, it was noticed that
in the low-pressure regions of the flow, streamwise vortical structures appear. In addition, the production
and destruction mechanisms of turbulent stresses and heat fluxes always appeared associated with those
vortical structures. This occurs for both Prandtl numbers, although for Pr = 0.025, the molecular
diffusion was the sink term near the wall, instead of the temperature pressure-gradient correlation.

The next important DNS of a thermal channel flow was done by Kawamura et al. in 1998 [40]. Here,
a wide range of Prandtl numbers, from 0.025 up to 5, were simulated for Re, = 180 using the MBC.
In this work, the same Taylor expansion decomposition as in [34] (equations (2.17a)-(2.171)) was used to
analyse Pr;. It was observed that (see coefficients from equation (2.18)), while the coefficient dy5 was
constant for every Pr (which is trivial since a passive scalar is considered), the coefficient dog drastically
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decreases for Pr < 0.1. This supposes an increase in the value of Pr;, confirming again the speculation
of [34]. On the other hand, for the case of Pr = 5, no change in the limiting value of Pr; was observed.
However, in future DNS, it will be obtained an increase of Pr; for such high Prandtl numbers. The
reason why it was not obtained in the work of Kawamura et al. [40] may be associated with a low mesh
resolution near the wall. All this supported the fact that, in modelling of heat transfer, a constant value
of Pry is used for Pr close to 1. Finally, budgets of the turbulent heat flux and the temperature variance
were obtained. An important result was that the production term in the temperature variance reaches
thermal equilibrium at a certain wall distance location, being its maximum determined by Pét' max = Pr/4
and the wall coordinate scaling with Pr'/3. This equilibrium was reached for Pr > 0.1.

One year later, in 1999, Kawamura et al. [41], extended the study of the previous year, simulating,
for the first time a flow at Re, = 395. The MBC condition was imposed and the Prandtl numbers used
were Pr = 0.025, 0.2 and 0.71. In that sense, only the effects of Re, were analyzed for medium and
low Prandtl numbers. For the mean temperature, a region closer to a properly developed logarithmic
behaviour was obtained. In fact, a value of xk; = 0.43 was obtained for Re, = 395. With respect to the
value obtained in [30], k; = 0.39 for Re, = 180, the new value was much closer to the experimental one
of k; = 0.47 obtained for higher Reynolds numbers by Kader [31]. Regarding the turbulent fluctuations,
't utht and vtO+t, weaker dependencies on Re, were observed for higher Pr. Another important
conclusion was that the higher the Reynolds is, the wider the range of Prandtl where a collapsing of
the statistics occurs. For example, the coefficient of the Taylor expansions of the statistics (2.17a)-
(2.171) perfectly collapse for Pr = 0.71 and Pr = 0.2 with Re, = 395. However, small variations were
obtained for Re, = 180. Similarly, the peak in the production budget of the temperature variance reached
the theoretical maximum of Pr/4 obtained in [40] for lower Prandtl numbers as the Reynolds number
increases. As another example, Pr;, whose value increases at the wall for low Pr, tends towards a value of
1 for higher Re,. An analysis of the budget terms of the wall-normal heat flux was done. The dominant
budget terms were found to relatively increase with the Reynolds number more than the non-dominant
terms. Also, for Pr = 0.2, where the dissipation and the temperature pressure-gradient correlation are
competitive in the destruction of thermal energy, an increase of Re, contributes to an increase of the
temperature pressure-gradient correlation, but no increase of the dissipation is obtained. Finally, flow
visualizations were presented. A special focus was given to the near-wall streaks of the velocity and
temperature field. While both fields are very similar for Pr = 0.71, longer and slender structures are
obtained for Re, = 395 than those obtained at Re, = 180.

Using the data from [41], Kawamura et al. [42] compared the velocity and thermal flow under four
combinations of boundary conditions: a Poiseuille flow with the MBC, i.e. the flow from [41]; and with
a temperature wall difference; and a Couette flow with the MBC and a temperature wall difference.
The main difference between Poiseuille and Couette velocity fields is that higher intensities are obtained
for Couette flows in the center of the channel. These higher velocity fluctuations come from the higher
production of turbulent energy due to the non-zero gradient of the velocity in the center of the channel.
When the MBC is applied, the Couette flow produces a more flattened temperature profile in the center
of the channel because a large thermal diffusion is caused by the much larger turbulent intensities.
Therefore, lower temperature fluctuations appear in the central region of the channel and all budget
terms are lower due to the decrease of the temperature gradient. In conclusion, similar thermal fields are
obtained near the wall for different boundary conditions. However, differences appear in the central region
of the channel, which comes from the zero or non-zero gradient of the mean velocity and temperature.

Regarding high Prandtl numbers, Na and coworkers published in two different articles [43, 44] the
results of a simulation at Re, = 150 and Pr = 1, 3 and 10, aiming to study the effects of high Prandtl
numbers on the thermal field. The same thermal boundary condition used in Lyons et al. [36] was
employed, i.e. a temperature difference between the lower and upper walls of the channel. An important
result obtained was that the conductive sublayer thickness, Ay scales as Ag ~ Pr—1/2, so it gets thinner
with increasing Prandtl number. Also, the correlations of the temperature and velocity fields, R, and
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R, decrease for high Prandtl nzumbers. To understand the decrease of R,g, the cumulative co-spectral
density function of v+0+ and 6'* were calculated at y* = 25, i.e. in the near-wall region. It was observed

—2
that the high wavenumbers of the co-spectra contribute more significantly to 0'+" than to v'T at large
Pr. Therefore, the correlation R,y = vt0+/ (\/ 9+ v’+2> decrease with Pr. A direct consequence of

this high contribution of high wavenumbers to 6’ +* is that the analogy between the velocity and thermal
field is no longer accurate to model the thermal diffusivity for high Prandtl numbers. This fact is studied
in the works of Na and coworkers, finding a decrease of the thermal diffusivity k; with increasing Prandtl
number. As a result, the turbulent Prandtl number, Pr; increases its value, as it was speculated in [34].

It was not until 2004 when the maximum friction Reynolds number simulated in a DNS of heat transfer
reached Re, = 1000. Abe et al. [45] performed several DNSs for Re, = 180, 395, 640 and 1020, with
Prandtl numbers of air Pr = 0.71 and liquid mercury Pr = 0.025. Effects of the Reynolds and Prandtl
numbers on the surface heat flux, ¢,, were examined. First, it was obtained that the root-mean-square
(rms) of ¢, increased with Re,, with higher values for the case of Pr = 0.71. However, the rate of
increase with Re, was higher for the lower Prandtl number of 0.025, due to the increasing conductive
effect, expecting larger values of the rms of ¢, for Pr = 0.025 with Re, > 1000. Also, instantaneous
visualizations of the surface heat flux were provided. Inspection of the interaction of the outer and inner
layers showed that the large-scale motions of positive and negative temperature fluctuations in the outer
region have an influence in the inner scale, where corresponding positive and negative rms of ¢,, appear.
This, confirms the results of [30] for Re, up to 1000 and low Prandtl numbers of value Pr = 0.025.

Chronologically, two important works regarding high Prandtl numbers were published in the following
years. First, Schwertfirm and Manhart in 2007 [46], conducted several simulations for Re, = 180 and
Pr = 3, 10, 25 and 49, which is the highest Prandtl number ever simulated in a DNS. The thermal
boundary condition was a temperature difference between both walls. Several temperature statistics,
such as mean and fluctuating temperature, heat fluxes, and budgets of the temperature variances were
calculated, obtaining an extrapolation of the results presented in [40, 43, 44]. Schwertfirm and Manhart
[46] also calculated the turbulent Prandtl number, with the same trend as previously mentioned, increasing
Pr, for high Pr. Specifically, a value of Pr; = 2.15 was obtained for Pr = 49. Finally, the conductive
sublayer was calculated, obtaining that it scales as Ag ~ Pr~%29 This absolute value of the exponent
was lower than all precedent predictions, which may be due to the different boundary conditions or to
the different definition of the conductive sublayer depth.

Later, Kozuka et al. in 2009 [47], performed a huge parametric study of high Prandtl numbers for
Re, =180 and 395 and Pr = 0.71, 1, 2, 5, 7 and 10. A decrease of the mean temperature was obtained
at the center channel with increasing Re. if Pr > 1. This indicates that turbulence can mix heat in a
more efficient way when Pr is higher. Thus, the thermal field becomes more homogeneous due to a higher
convective effect. Mean temperature profiles of different heat transfer models [31, 48, 49] were compared,
concluding that better precision is needed from the models for high Pr. Regarding the turbulent Prandtl
number, a lower Re, dependence in the near-wall region was observed for high Pr, since heat conduction
is more dominant than convection, and thus the effect of Re, is small. A constant value of Pr; = 0.8
independent of Pr was obtained in the outer region. A comparison of the budget terms of 62_ and et was
done, obtaining a lot of similarities for Pr = 1. This indicates that models for 53’ can be constructed in
a similar way to that of e*. Small differences were obtained only in the dissipation term near the wall,
which was explained using the Taylor decomposition (2.17a)-(2.17i). A comparison of existing models of
4 with the DNS data was performed. The conclusions were that some models give reasonable results near
the wall with Pr =~ 1. However, with increasing Pr, none of the existing models can predict the correct

near-wall behavior of the budget terms of 5;. Finally, an analysis of the u;] 6+ budget was presented,

with a special focus on the 5;[9 term. For the ut6+ budgets, with increasing Pr, €1+9 and the viscous
diffusion term, become more effective in the viscous sublayer. For the ut6+ budgets, with increasing Pr,
the effect of 63_0 becomes noticeable in the near-wall region.
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The last remarkable work of a thermal Poiseuille flow was performed in 2016 by Pirozzoli et al. [50].
In this work, Reynolds numbers of values Re, = 550, 1000, 2000 and 4000 were simulated for Pr = 0.2,
0.71 and 1. The thermal boundary condition applied was a uniform heat generation as in [30]. Mean
temperature profiles were presented, showing a good agreement with Kader’s correlation [31]. A deep
analysis of the logarithmic layer is carried out, obtaining a von kdarmén constant of value x; = 0.46, very
close to the value of k; = 0.47 from experiments. However, a plateau is still not perfectly observed for
Re,; = 4000, and a linear dependence with Re, is obtained. This matches the analogous suppositions
for the velocity field of Jiménez and Moser [51], where a linear dependence of the logarithmic layer with
Re, was also supposed. This linear dependence tends to 0 for increasing Re.. The correlation coefficient
of the streamwise velocity and temperature is reduced in the center of the channel due to the reduced
effectiveness of ejection events. Finally, Nu and Pr; are calculated, obtaining good agreement with
proposed correlations and following the same trend as lower Reynolds number studies.

As mentioned, the work of Pirozzoli et al. [50] simulated the higher Re, in a DNS of a thermal
channel flow. On the other hand, the highest Re, simulated using the MBC condition was performed
by Lluesma-Rodriguez et al. [52], where a value of Re, = 2000 was used. In this work, a validation of a
computational box of dimensions 27h x 2h X 7h in the streamwise, wall-normal, and spanwise directions,
respectively, is demonstrated for first- and second-order statistics.

The second type of flow analyzed in this work is the Couette flow, where the flow is moved by
a difference in the velocity of the walls. Until very recently, Couette flows have been simulated at a
relatively small Reynolds number [53, 54, 55, 56, 57]. This is due to the existence of very large-scale
roll-like motions extending along with the domain, which were found experimentally [58, 59, 60]. In the
latter, Kitoh and Umeki used an experimental apparatus with a size of 5120 x 27 x 880 mm with a lower
wall moving belt. They performed several experiments at Re = U, h/v = 3750, where U,, was half of the
velocity of the moving belt, using a hot-wire probe to measure flow statistics. To reduce the randomness of
the appearance of the structures in the experiment, they used a vortex generator in the core region of the
channel. The streamwise rolls that appeared downstream this vortex generator became quasistationary
without a noticeable decay. To properly capture these rolls in numerical simulations, long and wide
computational boxes are needed. In isothermal flows, these rolls are defined as coherent regions of either
positive or negative streamwise velocity fluctuations. They appear in pairs, creating a structure in the
velocity field composed of a couple of counter-rotating vortices aligned with the streamwise direction
[64, 61]. There is not a clear criterion to identify these structures. They are mostly identified through
visualization employing some filtering [54, 55]. As it is shown later, there is a clear organization of the
velocity and thermal rolls in larger structures, with two clear symmetries. As these rolls and structures
have not received a name, the generic term CTFS (Couette Thermal Flow Superstructure) will be used
to identify not only one particular velocity or thermal roll, but the set composed of several of them.

There exists a rich bibliography about the problem of heat transfer in Poiseuille flows, as previously
presented. However, only a few works address the problem of heat transfer for Couette flows [42, 64, 65].
These works were a challenge in their times, but unfortunately in most of them, either the computational
box used is too narrow and short to properly describe the CTFS or the Reynolds number used is low. In
fact, in the work of Debusschere and Rutland [64] it is explicitly stated that they are using a narrow box
to remove the effects of the velocity rolls. These authors affirm that these rolls are not probably present
in real-life devices. However, as it is said before, the rolls have been found experimentally [58, 59, 60].
They are very long and could be even infinite in length [55]. The rolls are also stable even to transversal
flows [63] and they affect the flow as secondary flows in ducts do [66]. Moreover, as it is stated in this
work, CTFS do affect both the statistics of the flow and the thermal field, as it is composed of rolls of
both fields. This appears to be an effect of Couette boundary conditions. Gand{a-Barberd et al. [56]
linked the existence of the rolls to only negative values on the one-point statistics of Reynolds stress
in transitional Couette-Poiseuille flows. Table 2.1 shows the parameters of the previous Couette flows
simulations, such as Re,, computational box size, and mesh resolution. In the case of Poiseuille flow, a
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Work Re, L,/m L)/«

52
Tsukahara et al. [53] 126 14 4
126 20 2
Avsarkisov et al. [54] 125 — 550 20 6
Pirozzoli et al. [62] 171 — 986 18 8
93 — 501 100 )
Lee and Moser [55] AT 60 6
Kraheberger et al. [63] 250 — 1000 8 3
Gandfa-Barber4 et al. [56] 132 128 6
Komminaho et al. [57] 52 28 8
Kawamura et al. [42] 180, 395 2 1
Debusschere and Rutland [64] 160 3.8 0.6
Tsukahara et al. [65] 52, 126 28.5 4
Present work 180 — 500 16 6

Table 2.1: Parameters of previous Couette flow simulations. Works in bold denotes that the thermal field
has also been simulated. Third and fourth column show the maximum computational domain used in each
work in z and z, respectively. Second column shows the ranges of Re, simulated at the corresponding
computational boxes.

relatively small computational box of a stream- and span-wise sizes of only 27wh x wh can satisfactorily
recover the one- and two-point statistics of the flow, as previously mentioned from [52]. However, the
proper box dimensions in Couette flow are not that clear, as can be seen from table 2.1. The existence
and characterization of the CTFS and its influence in the one-point statistics are addressed for the first
time in this work.

Finally, the last type of flow analysed in this work is the stratified flow. The main idea of using
stratified flows is to destabilize the counter-rotating rolls from Couette flows, introducing an active
thermal field, which causes a density stratification in the flow. The effect of stratification on rolls in the
plane Couette flow is relatively less studied. There are some indications that even in the weakly stratified
plane Couette flow at high Re,, coherent structures, and the near-wall turbulence regeneration cycle may
be affected by the vertical stratification [67, 68]. Perhaps, one candidate for this phenomenon could be
a rare cloud formation called the Morning Glory cloud, [69]. However, due to certain limitations in the
atmospheric measurements techniques and spatial coverage, this comparison requires more observational
and numerical efforts. Anyway, the results of the present analysis are relevant to the stratified turbulence
in the atmosphere, as it is found at a large variety of stratification rates and Reynolds numbers [70].
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Chapter 3

Lie symmetries

3.1 Governing equations

As mentioned in chapter §1, Lie symmetries are a powerful method to obtain invariant solutions of systems
of PDEs, which in turbulence are also known as scaling laws. In the case of turbulence, the Lie symmetries
method is used to obtain symmetries of the equations that describe the behaviour of turbulent flows, i.e.
the continuity (1.5), momentum (1.6) and energy (1.7) equations. These equations can also be written in
the average form, obtaining (1.8), (1.9) and (1.31), respectively. If the averaged equations are subtracted
from the instantaneous equations, it is obtained the fluctuating equations. For the case of the continuity
equation, subtracting (1.5)-(1.8) the following is obtained (for the sake of readability, the temporal and
spatial dependencies will be omitted if uniqueness allows to do so):

8’[12‘ .
o, 0, (3.1)

which indicates that the fluctuating variables also fulfill the continuity condition. Equivalently, for the
momentum equation, it is obtained that

ou; — Ouy oU,; n Oujuy B Ouzuy  Op 0%u;

L L T PR PR P

(3.2)

For the generic case of the energy equation (no boundary condition is included), if © represents the
temperature, the fluctuating energy equation is written as
00 — 00 00  00u,  OOuy %0

ot U g Vot B Bme  Coa2 (3:3)

In the latter equations, one-point quantities have been used. In addition, it can be defined the two-
point correlation functions, or two-point moments, which based on the fluctuating velocity can be written

Rij(x,r) = ui(x)u;(x + 7), R?j(a:) = 71113%) Rij(x,7) = ui(x)u;(x). (3.4)

Employing an equivalent definition based on the instantaneous variables, reads
Hij(z,r) =U(x)Uj(x + ), HZOJ(:B) = liir%) H;j(z,r) = U(x)Uj(x), (3.5)
and a relation between the two correlation functions R;; and H;; reads as follows

Rij (:II, T‘) = H,’j (.’13, 7’) - Ul(m)ﬁj(m + 7'). (36)

29



3.1. GOVERNING EQUATIONS

This two-point concept can be extended for any number of points and ultimately forms the basis of the
following analysis as well as the resulting scaling laws. Hence, it is introduced the Multi-Point Correlation
(MPC) equations (see e.g. [17, 18, 19, 20]). For high-order moments of velocity and temperature, they
give additional information that is not provided in the one-point statistic equations, such as length scales.
Also, when deriving higher order moment equations, only one unclosed function arises. As observed in
equation (3.4), from the two-point statistics one can obtain every one-point statistic. Finally, regarding
Lie symmetries, two extra symmetries are obtained from the MPC equations, which are the key for
determining the new scaling laws of the high-order moments.

Equations (3.4) and (3.5) are the basis of the two different approaches that can be used to obtain
the MPC equations: the fluctuating approach or the instantaneous approach, where the MPC equations
are derived from the fluctuating equations (3.1), (3.2) and (3.3). On one hand, the fluctuating approach
has some advantages such as a straightforward relation to the Reynolds stress tensor or the turbulent
heat fluxes. However, as noted in [71], a non-linear system of equations is obtained. Furthermore, all
moment equations are coupled to the mean velocity or temperature, and equations of the third moment
or higher, are coupled to the second moment. All this complicates the symmetry analysis that will be
done below and, therefore, the derivation of the MPC equations from the fluctuating approach will not
be contemplated here. On the other hand, the instantaneous approach results in a linear system of MPC
equations with an equivalent but much simpler symmetry analysis. For this reason, the instantaneous
approach is the one used in this work. Before presenting the MPC equations, some notation must be
clarified. The correlation functions for the velocity are defined as

n

Hii, = Higyigy.iin, = Uig) (@)U, (22))-- Ui, (2)) = H Ui (2 (), (3.7)
a=1
which for n = 2, (1) = & and @ (y) = T+ yields to (3.5), while for n = 1 the mean velocity, H; ,, = =U;(x)
is obtained. The definition for the temperature correlation is
H(—){m} = H@(l)(—)(g).__@(m) = @(w(l))@(iﬂ(z)) :c(m) H w(b) (38)

In the same way, He , represents the mean temperature O(x). Mixed moments of velocity and
temperature, which in the limit of only one temperature and one velocity reduces to the turbulent heat
fluxes, reads

Hify0my = Higyicay . in)®(ns1)O(ns2) - Onim) =

Uiy (®1)) Uiy ((2)) Uiy (X (0))O(X (5 11)) O (X (n12)) - O(T () =

n n+m

Ui @w) [ ©@w) (3.9)
a=1 b=n+1

Note that (3.7) and (3.8) are just particular cases of (3.9) for m and n equal to 0, respectively, but
for the sake of readability they are presented separately. When pressure is involved in the correlation,
the notation, in the general form, is

Ii{nfl}[l]Pe{m} = Hi(1)~--i(171)Pi(z+1)---i(n)9<n+1>9(n+2)--~@(n+m) =

Ui(l)(:I:(l))...P(:B(l))...Ui(n) ($(n))@(w(n+1))@($(n+m)) =
n n+m
P(:B(l)) H Z() :U(a) H @ (3.10)
a=1,a#l b=n+1
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where the subindex [/]p indicates that the I-th term is replaced by pressure, with 1 <1 < n. Finally, the
following notation

Hi (10 gy iy =k (B1) = Z(p)) =
Ui(l) ($(1)>"'Ui(l—l) (w(lfl))Uk(x(P))Ui(l-u) (w(l+1))"'Ui(n) (w(n))@(w(nJrl))@(w(ner))

(3.11)

is used to indicate a change in the correlation function of velocity direction, i), to k and/or the coordinate
where the variable is applied, x(;), to ®(,). With these definitions, the MPC equations of velocity and
temperature mixed moments of order n + m can be derived, which is the more general case. The
derivation of the MPC equations of the momentum and energy are just two specific cases of the velocity
and temperature mixed moments MPC equation.

The simplest case of the MPC are the Two-Point Correlation (TPC) equations. Three equations can
be derived, one for the velocity, one for the velocity and temperature mixed moments and one for the
temperature. The following operations, using equations (1.6) and (1.7), must be applied in order to derive
them

Mg, (@ 1)) Ui, (T(2)) + Uiy, (®1)) Mo (2(2)) = 0, (3.12a)
MZ(l) (“"(1 )@(w@)) + Ui(1>(m(1))8(w(2)) =0, (3.12b)
E(x(1))0(x(2)) + O((1))E(x(2)) = 0, (3.12¢)

respectively. The general case, the MPC equations, are an extension of the TPC equations. The derivation
of the MPC equations of order n + m starts from the following equation:

Mi(l) (IE(l))UZ‘(Q) (m(g))...Ui(n) (m(n))G(m(n+1))®(a}(n+m))

+Ui (@(1)) Mo (®(2)) Ui (T(3))---Ui) (2(0)) O (@ (114:1)) - O (B (114m) )
_|_

Uiy (@ 1))+ Uig, ) (@(n-1)) M, (€(0)) O (T (41)) - O (® (ngem))
+Ui(1)(aj(1))...Ul ( ))5(£B(n+1))@(:l:(n+2))...@(:l:(n+m))
+Ui(1)($(1))...Ul(n ( )@(w(n_,_l))E(w(n+2))®(w(n+3))...@(w(n+m))

+
+Ui(1)(L'C(l))...Ui(n)(:Ic(n))@(.’B(nJrl))...@(m(n+m,1))5($(n+m)) =
n n n+m
- ZMi<a>(m(a)) H Uiy ((c)) H O(z
a=1 c=1,c#a d=n+1
n+m n+m
+ Y Elaw) H U, (o) [ ©@a@) =0 (3.13)
b=n+1 c=1 d=n+1,d#c

where U;,, and x(;) are the velocity directions and the different points where the equations and the
variables are applied, for iy = 1, 2, 3; and [ = 1, 2,....,n+m (I can be a or b). Note that for n = 2, 1 and

0, and for m = 0, 1 and 2, respectively, the TPC equations (3.12a), (3.12b) and (3.12c¢), respectively, are
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obtained. Introducing the momentum (1.6) and energy (1.7) equations, into (3.13), it is obtained that

i) \**(a)
> 8t Ui () ] ©@w)
a=1 c=1,c#a d=n+1
n+m
7'(0,) w(a)
+ZU’f axk( ) H Uiy (®(c)) H O(x(a))
a c=1,c#a d=n-+1
8P :I?(a) ndm
Z o, H iw@e) ] o)
Y(a) c=1,c#a d=n+1
1 n 8 Uz( x(a) H n+m
Z @) Ui, (x H O(x
i(c) (C (d)
azk(‘”axk(“) c=1,c#a d=n+1
n+m n n+m
(9@(.’13(1]))
+ > — Vi) I e@w),
b=n-+1 c=1 d=n+1,d#c
n+m n n+m
8@(m(b))
+ Y Uk(zg)) o [T () 11 ©e@a,
b=n+1 kwy =1 d=n+1,dc
n+m n n+m
1 62@(32(17))
i 220 Mo, (@) [ ©@w) =0. (3.14)
i) \*(e) (d)
Per b=n+1 axk(b) axk(l’) c=1 d=n+1,d#c

At this point, the continuity equation (1.5) should be applied to introduce the terms Uy (;) inside the
derivatives with respect to z,, in the second and sixth lines of equation (3.14). Also, the product terms
can be introduced in the derivatives with respect to the spacial coordinates, since the points x(,) and
x(y) are excluded from the product series. Regarding the terms with temporal derivatives in the first and
fifth lines of (3.14), the chain rule is applied to reduce it to a single term. Finally, using definitions (3.9),
(3.10) and (3.11) one can obtain the MPC equation of the velocity and temperature mixed moments of
order n + m:

aHi{n}@{m}
ot
i: <5Hi{n+1}e{m}[i<n+m+1>—>k] (®(ntmt1) = T(a)) " 0L, 1y0(mlalr V82Hi{n}@{m}>
—1 8.’Ek<a) 8xi(a) 8xk(a) axk(a)
n+m
b 3% (PrasOrms st @m0 20) | Pl g g
[—) Ok, 8x’@(b)‘%’w

As mentioned before, the MPC equations of the velocity arises if m = 0 in (3.15). Similarly, one can
obtain the MPC equations of the temperature by setting n = 0 in (3.15). Additionally, the continuity
equations read

aHi{n}@{m} [iy—k]
8$k(l)

=0 for 1=1,2,...,n, (3.16a)
ali{n_1}@{m}[a]1>[i(z)—>k]

=0 for a,l=1,2,..,n, a#l, and n>2. (3.16b)
81;%
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Note that pure temperature correlations and mixed moments of velocity and temperature correlations
with ! > n do not admit continuity equations, since they would have been originated from 00(x)/0xy,
which is not a continuity equation.

For the case of a statistically steady turbulent channel flow, the MPC equations (3.15) can be reduced
to

i <8Hi{n+1}@{m>[i<n+m+1>%2] (Z(ntmt1) = () T OLi(, 1,0y lalp _ V82Hi(n}@{m}>

a=1 a932((1) 8$i(a) 8132(a)31'2(a>
+ 2
+ g <8Hi{n+l}@{m}[i(“m“)ﬁm (@(4mi1) = T)) _ a@ Hi{n}e{m}> =0 (3.17)
b=n+1 Oz, O3, 0,

As was previously noted, the system of the MPC equations (3.15), or (3.17) for turbulent channel
flows is linear. Moreover, the dependent variables H and I appear inside spatial or temporal derivatives.
As will be seen in the following section, this is the key to obtain two important statistical Lie symmetries
necessary to derive the scaling laws.

As an example, and to make the notation easier to understand, the TPC equations for the velocity,
heat fluxes, and temperature are presented, which can be obtained by setting in equation (3.15) n = 2,
1, 0 and m = 0, 1, 2, respectively.

Ot i (1), T(2)) N Ot ik (T(1), T(2), (1)) N Ot i)k (T(1); T(2), B (2)

ot 8$k(1) Gsck(z)
Apiy) (T),®2) 0Ly p(®0),T(2)
+ +
i) O,
2 2
_l/a Higie (1), Z(2) _ ya Higi (®(1), Z(2)) —0, (3.182)
8xk(1)8xk(l) 8$k<2)61‘k(2)
OHiwo (@), @)  OHier(®a), 2@, 2w) i er(®), @), 2@)
ot 8$k(1> 8$k(2)
Olpe(x(1),x(2))
+—
Oiy
0%H; T(1), T 0%H; T(1), T
_ P Hige@w.2e) | THige@a)2e) _ (3.18h)
Oy Oy Ok 5 Ok s
O0Hee (T (1), T(2)) N OHeek(T (1), T (2), (1)) N OHeek(T (1), T(2), T (2))
ot 8$k(1) 8$k(2)
0?Hoo(x(1), x ?Heool(x(1), x
_oTHeolzw 2e) _ P Heolzw Tw) _ (3.18¢)
&rkmaka 5$k(2)31‘k(2)

Note that developing equations (3.12a), (3.12b) and (3.12¢), with the momentum (1.6) and energy
(1.7) equations, would lead to the same TPC equations.

To conclude the presentation of the governing equations of turbulence, first the Lie symmetries theory
will be applied to the continuity (1.5), momentum (1.6) and energy (1.7) equations, which provide the
classical mechanical symmetries. Then, it will be applied to the MPC equations (3.15), which provide
two extra Lie symmetries that are the key to derive the scaling laws. All this will be discussed in section
§5.1.5.
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3.2. LIE SYMMETRIES THEORY

3.2 Lie Symmetries theory

In this section, the mathematical theory of Lie symmetries will be developed. Definitions and theorems
presented in this section are taken from the book Bluman and Anco 2002 [72].

3.2.1 Lie group of transformations

A Lie symmetry or Lie transformation is a group of transformations with certain properties. Therefore,
it is convenient to start by defining a group from a mathematical point of view

Definition 3.2.1-1

A group G is a set of elements with a law of composition ¢ between elements satisfying the following
conditions:

e Closure property. For any elements a and b of G, ¢(a,b) is an element of G. For example: G
can be all integer numbers, then, a and b will be integers and ¢ can represent summation of a and
b. Then, a + b will be an integer, i.e. a + b will belong to G.

e Associative property. For any elements a, b, ¢ of G: ¢(a, (b, ¢)) = ¢(¢(a,b),c). For example:
if ¢ represents summation, then, a + (b+¢) = (a+b) + c.

e Identity element. There exists a unique identity element e of G such that for any element a of G:
¢(a,e) = ¢(e,a) = a. For example: if ¢ represents summation, then, e = 0 is the identity element:
a+0=a.

o Inverse element. For any element a of G there exists a unique inverse element a~' in G such that
dla,a™t) = ¢p(a™t,a) = e. For example: if ¢ represents summation, then e = 0, and the inverse
element would be —a, since a+ (—a) =0 =e.

Once the definition of a group is clear, the next step is to define the transformation group of one
coordinate system into another one. For this transformation to be a group, the following conditions must
be satisfied
Definition 3.2.1-2
Let x(x1,xa, ..., xy,) lie in region D C R™. The set of transformations

¥ = X(xz;¢e), (3.19)

defined for each x in D and parameter € in set S C R, with ¢(g,0) defining a law of composition of
parameters € and 6 in S, forms a one-parameter group of transformations on D if the following
hold:

e For each ¢ in S the transformations are one-to-one onto D. Hence, x* lies in D.
e S, with the law of composition ¢, forms a group G.

For each © in D, ** = & when ¢ = gg corresponds to the identity e, i.e., X (x;e0) = .

If x* = X(x;¢), o** = X (x*;0), then
& = X (2 0(c,6)).

Finally, a group of transformations must fulfill the following conditions for it to be a Lie group of
transformations.
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Definition 3.2.1-3

A one-parameter group of transformations defines a one-parameter Lie group of transformations
if, in addition to satisfying axioms in definition 3.2.1-2, the following hold:

e ¢ is a continuous parameter, i.e., S is an interval in R. Without loss of generality, e = 0 corresponds
to the identity element e.

o X is infinitely differentiable with respect to  in D and an analytic function of € in S.

e ¢(g,0) is an analytic function of e and §, e € 5,0 € S.

Examples of one-parameter Lie group of transformations

The followings are the most basic one-parameter Lie group of transformations

1. Group of translations:

¥ =x+e,
) (3.20)
y =y, eck,
with law of composition ¢(e,d) = ¢ + ¢ and identity element: € = 0.
This group represents a translation parallel to the x axis.
2. Group of scalings:
¥ = ax,
(3.21)

y*=a%y, 0<a< oo,

with law of composition ¢(«, §) = a8 and identity element: o = 1. Since the identity element is
not 0 it is not a one-parameter Lie group of transformation. In order to make it a one-parameter
Lie group of transformation the following reparametrization must be used, ¢ = o — 1:

¥ =(1+¢)x,
y = (14e)y,—1<e< oo,

with law of composition ¢(g,d) = &+ 6 + €0, and, identity element: e = 0.

This group represents a scaling of the variables in the z and y axes.

3.2.2 Infinitesimal transformations

Consider a one-parameter Lie group of transformations

" = X(z;¢), (3.22)
with the identity ¢ = 0 and law of composition ¢. Using Taylor series of (3.22) about £ = 0, one can
write

0X (; 1 2X (z;
w*:w—l—s( (w;¢) >+52<a (z;¢) >+
Je |._o 2 0e? o

(3.23)

(8X(:c;5)
=g +e| 2
Oe

>+O@%

e=0

From this expansion, the following definition can be presented
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Definition 3.2.2-1

The infinitesimal of the one-parameter Lie group of transformation (3.22) is denoted by &(x) and
defined as
00X (x;¢)

&(x) 9% N (3.24)

Also, the transformation
¥ =x+c€(x), (3.25)

is called infinitesimal transformation of the one-parameter Lie group of transformation (3.22).
With these definitions, the First Fundamental Theorem of Lie can be presented

Theorem 3.2.2-1: First Fundamental Theorem of Lie

If a one-parameter Lie group of transformation can be parameterized so that its law of composition is
é(a,b) = a+ b, and its identity element is T—1 = —7, then the Lie group of transformations (3.22) is
equivalent to the solution of an initial value problem for a system of first-order ODFEs given by

dx*
dr

= &(x"), (3.26)

with
¥ =x, when 7=0. (3.27)

The new group parameter T is defined as

(&) = /0 I, (3.28)

where I is a function of the law of composition

d9(a,b)
() = , (3.29)
B ap)=(c-1.e)
and
r(0) = 1. (3.30)

The proof of the theorem can be seen in the book from Bluman and Anco [72].
From the First Fundamental Theorem of Lie, it is deduced that the essential information determining
a one-parameter Lie group of transformation (3.22) is contained on its infinitesimal (3.24).

Examples of the First Fundamental Theorem of Lie

The following examples will illustrate the First Fundamental Theorem of Lie. The same groups of
transformations, (3.20) and (3.21), will be used

1. Group of translations:
The group of translations is given by
¥ =x+e,
* (3.31)
Yy =Y,

with law of composition ¢(a,b) = a + b, and et = —e. Then, d¢(a,b)/0b = 1, and I'(e) = 1.
Notice that no further parametrization is needed, since (3.28) will directly give 7 = €.
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Let @ = (z,y). Then, the group (3.31) becomes X (x;e) = (z + £, y) and the infinitesimal (3.24) is

0X(x;e
fo) = XZD — (10, (3.32)
€ e=0
Given the following initial value problem (3.26):
dr* dy* 0
de 7 de 7 (3.33)

with z* =2z, y* =y, at e=0.

By the First Fundamental Theorem of Lie, the group of transformations (3.31) is the solution of
the initial value problem (3.33).

2. Group of scalings:

The group of scalings is given by

ot = (L+e)x,

, (3.34)

y'=(0+¢)y, —-1<e<oo,

with law of composition: ¢(a,b) = a + b+ ab, and, e~! = —¢/(1 +¢). Then, d¢(a,b)/0b =1 + a.
Hence,

b

r(e) = 2@ et L

b (a,b)=(e~1,e) L+e

A new parametrization is needed so the law of composition is given by ¢(a,b) = a + b, and the
identity element is 7 = 7!, Using (3.28), it is obtained that

€ €
1
T= / [(e)de’ = / de =log(l+¢e) »e+1=¢". (3.35)
0 o 1+¢€

Then, the group of scalings (3.34) becomes

z*=e€"z, (3.36)
y* =€y, —oo< T <00, .

with law of composition ¢(a,b) = a + b, and identity element 7 = 771.

Let * = (x,y). Then, the new group of scalings (3.36) becomes X (x;7) = (e"x,€2"y), and the
infinitesimal (3.24) is given by

_ 0X (x; 1)

fa) = 2 = (2,2y). (3.37)

7=0

Then, by the First Fundamental Theorem of Lie (3.26), the group of scalings (3.36) is the solution
of the following initial value problem
dz” o AT
=T =
dr Todr v
with =2, y" =y at 7=0.

(3.38)

One final definition is needed in the theory of the Lie groups of transformations.
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Definition 3.2.2-2

The operator
X=X(@) =¢@) V= Za 696 (3.39)

is defined as the infinitesimal generator of the one-parameter Lie group of transformation (3.22). V

is the gradient operator.
o 0 0
==, = .., — . 3.40
v <6x176x2’ ’amn) ( )

The application of the infinitesimal generator for any differentiable function F(x) = F(z1, Z2, ..., Zp)
is

XF(x) = &(x) Zgl 8% : (3.41)

Note that the application of the infinitesimal generator to x leads to Xa = &(x).

A one-parameter Lie group of transformation (3.22) can be written equivalently by using the in-
finitesimal generator (3.39). This is shown in the following theorem, which determines how to obtain the
infinitesimal generator (3.39) from a given transformation group of the form (3.22).

Theorem 3.2.2-2

The one-parameter Lie group of transformations (3.22) is equivalent to

esX

—_——
1 1 > _k
a:*:eaxw:w+5X:c+§52X2:c+...: 1+5X+252X2+...]m:Z;ka, (3.42)

where the operator X = X (x) is defined by (3.39) and the operator X* = X*(x) is given by X* = X X*k~-1,
k=12, ..

A formal proof of the theorem can be found in the book Bluman and Anco [72]. Here, an example
will be used to illustrate the previous theorem.

The scaling group (3.36) will be taken with 7 — .

efx,

x*
y*=e*y, —oo<e< o0,

(3.43)

with infinitesimal (3.24) given by &(x) = (z,2y). Therefore, the infinitesimal generator is given by
equation (3.39) as

0 0
X=x—+2 44
Tor T W, (3.44)
One can easily calculate the terms X2, X3,..., X" as
0 , 02 0 0?
x?= (22 Py Py
(xa 0 2>+ (y3y+y 3y2>’
0 , 07 83 0 0? 3
X3 = (0= +3"—= +2°— | +8(y— +3y>—
(maz—&- x 922 + a3 B 3>+ <y8y+ Y 8y2+y ayg)? (3.45)

. 0 2 L0 02
* —(ma”(a 2))“ (yay”(ay))
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Using equation (3.42) from theorem 3.2.2-2, the one parameter Lie group of transformations (3.43)
can be recovered from its infinitesimal generator (3.44):

1 n
*=eXr=x+eXz+ §€2X2:c—|— I E—'X"x—k s
n!

: n (3.46)
yr=eXy=y+eXy+ 562X2y + .o+ EX”y + ...
Introducing the values of the infinitesimal generators (3.44) and (3.45), it is obtained
* 1 2 e €
T :$+E$+§8 x—&—...—!——‘x—l—...:e T
G (3.47)

1 Ik
yi=ytey+ oyt 2yt = ey,

which corresponds to the scaling transformation (3.43).
Therefore, only the infinitesimal (3.24) determines the coefficient of the O(g) term of the Taylor series
expansion about € = 0 of a Lie group of transformations (3.22).

3.2.3 Invariant functions and PDEs

Once all the definitions that will be used from the Lie symmetries theory have been presented, the next
step is to understand how the method is used to obtain the Lie symmetries of a system of PDEs. These
Lie symmetries will then be used to obtain invariants of the system of PDEs of the problem, i.e. the
Navier-Stokes and the energy equation. Before defining an invariant system of PDEs, some basic concepts
about invariant functions are needed.

Definition 3.2.3-1

An infinitely differentiable function F(x) is an invariant function of a Lie group of transformations
(3.22), if and only if, for any group transformation (3.22),

Fa*) = F(z). (3.48)

If F(x) is an invariant function of (3.22), then F(x) is called an invariant of (3.22) and F(x) is
said to be invariant under (3.22).

In theorem 3.2.2-2, it is presented an equivalent form of defining a Lie group of transformation (3.22)
employing its infinitesimal generator (3.39). In the same manner, the definition of an invariant function
(3.48) can be equivalently represented through the infinitesimal generator (3.39)

Theorem 3.2.3-1

F(x) is invariant under a Lie group of transformations (3.22) if and only if,
XF(z) = 0. (3.49)

The proof of the theorem can be found in Bluman and Anco [72]. A simple example with the scaling
group is given to illustrate the theorem:

The function
2

F(z,y) = % (3.50)
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is invariant under the scaling group of transformations (3.43). It can be proved using equation (3.48):

2 —2¢,.2 2

x e “*x x
Flz*,y)Y=F(z,y) > — = —— = —. 3.51
(93 Yy ) (x y) v e—2ey y ( )

Equivalently, equation (3.49) can be used to proof that (3.50) is invariant under (3.43):

2 2 2
XF(z) = <xa + an) Lo 9T . (3.52)
Ox )y Y y
Therefore (3.50) is an invariant of (3.43).
The concept of invariant function can be extended to a system of PDEs. Let © = (z1,z2,...,2,) be
the n independent variables and w = (u',u?,...,u™) the m dependent variables of the system of PDEs,
which depend on the independent variables. Note that the superscript does not indicate a power function

but the component of the set of w. Then, the N equations of the system of PDEs can be represented as
F° = (x,u,0u,d?u,...,0%), o=1,2,..,N, (3.53)

where k indicates the highest derivative that appears in the PDE and 0'u represent all possible derivatives
of any u’ with respect to any combination of ;. For example, for the first derivatives:

ou' oul oul Ou? Ou? ou? ou™ ou™ ou™
U= ——, — o ey s, , s . (3.54)
O0x1’ O0xo Ox,, Ox1 Oxa oxy, Ox1 Oxzo 0xy,
Also, the notation u’flil“ik represents the k-th derivative of u* with respect to z;,, zi,, ..., and z;,,
oFur
ulL = T,
RACHL 63?1'1 895128% (355)

for p=12,..,m, 4,;=12,...,n, j=12,.,k

If, the infinitesimal notation (3.25) is used to define a Lie group of transformations acting on the
variable of the system of PDEs, it is obtained:

X(z,u;¢) = x + e&(x,u) + O(e?),

Uz, u;e) = u + en(z,u) + O(c?), (3.56)

w*
u*

where &(x, u) and n(x, u) are the infinitesimals of the independent and dependent variables, respectively,
and they are defined as in (3.24). The infinitesimal generator is

0 0
X =& (e, u)— (x,u)—. 3.57
6w w) g+ s (357)
In the search of Lie symmetries, the derivatives of the dependent variables that appear in the differ-
ential equation are considered as extra dependent variables. Therefore, their transformation has to be
taken into account, and they can be calculated by applying the chain rule

(u)* = Ul'(x,u,0u;e) =

ul + ent M (@, u, 0u) + O(?),

(3.58)
(uls, )" = UL

koo o) —
11%2... 1k 1199...1k (m7u’au7 "'78 'U,,(C:) -

ul! tent™ (2w, 0u, ..., 0Fu) + O(2).

R i1in.. ik
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These transformations of the derivatives of the dependent variables are called extended transforma-

tions. The functions 7751)” R nz(ﬁ)f i, are called the k-th extended infinitesimals, where the number in
the parenthesis of the superscript indicates the order of the derivative. The extended infinitesimals can

be calculated as

1
M = Dt — (Di&j)uf,
(k) (k=1)p w (3.59)
Mivia.in = Diniyig i 1 — (Dikgj)uiliz...ik_lﬁ

fori; =1, 2,..., n, and j = 1, 2,..., k, with £ > 2. The definition of the extended infinitesimals is
developed in the book of Bluman and Anco [72] in several theorems. The operator D;, in (3.59), is the
total derivative operator, defined as

0 0 0] 0
D; = B, +ufw +ufjw o Ul S + .. (3.60)
v J 2112...7%
Then, definition 3.2.3-1 can be extended to a system of PDEs as
Definition 3.2.3-2
The one-parameter Lie group of point transformations
' = X(x,u;¢),
(2,u:¢) o)

u* =U(x,u;e),

leaves invariant the system of PDEs (3.53), i.e. is a point symmetry admitted by (3.53), if and only if
its k—th extension, defined by (3.58), leaves invariant the N surfaces in (x,w,Ou,d%u, ...,0%u)-space,
defined by (3.53).

The corresponding k-th extended infinitesimal generator of the Lie group of transformations, composed
by (3.56) and (3.58), is defined as

0 0
+nt(x,u) — + 771-(1)”(3:, u, 8u)w
0

m
auilig..,ik

x () :gi(iﬂ, u) 9

ox; out te

(3.62)
+ ke (x,u,0u, ..., 0"u)

11%2...1k

Again, the development of the definition of equation (3.62) comes in more detail in the book of Bluman
and Anco [72]. While theorem 3.2.3-1 was formulated for a function, an equivalent theorem can be now
formulated for a system of PDEs
Theorem 3.2.3-2

The one-parameter Lie group of point transformations (3.61), with infinitesimal generator (3.57) and
extended infinitesimal generator (3.62), is admitted by the system of PDEs (3.53) if and only if

XPF(z,u,0u, 0%u, ..., 0Fu) =0, (3.63)
when w satisfies (3.53), for each o =1, 2,...,N.

The proof of the theorem is given in Bluman and Anco [72]. In other words, the last theorem states
that a system of PDEs (3.53) is invariant under a Lie group of transformation (3.61) if X*) Fo = 0.
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3.2.4 Lie algorithm

The advantage of using infinitesimal transformations is that Lie symmetries can be obtained by following

a few steps that conform what is known as the Lie algorithm. To explain the algorithm, an illustrative

example will be used. Instead of a system of PDEs, a single PDE (/N = 1) will be used: the heat equation,
which reads

F(t, 2, w, g, Ug, Ut Utgy Ugg) = Up — Ugge = 0. (3.64)

For the heat equation (3.64), the number of independent variable is n = 2: ¢ and z; and the number

of dependent variables m = 1: u. Since the second derivative is the higher order of a derivative that
appears in the PDE, k = 2. Now, the first step of the Lie algorithm can be applied

Step 1

Apply the extended infinitesimal generator (3.62) to the PDE (3.64) as stated in theorem
3.2.3-2 (3.63).

For this, the extended infinitesimal generator, X (2 needs to be calculated. Using equation (3.62), it
is obtained that

0 0 0
(2) _¢t T u s
X £ (t,x,u)—at +¢& (t,x,u)fax +n"(t,z,u) 8u+
(Du

0 0
+77t (t,x,u,ut,ux)a—w—l—ng(gl)u(t,x,u,ut,um)ﬁ—i-
T

0
o T (3.65)

2
+ nﬁt)u

(taxaua utaumauttautxautt)

(2)u
+ 1 (L, U, U, Uy Uy, Ui, Uiy

8utx *

0

2)u

+ 779(@1) (t7 Ty Uy Uty Uy, Utt, Uta utt)
ToLTImm

Now, equation (3.63) from theorem 3.2.3-2 can be applied, obtaining:

2
X( ) F(t,I,U,, utauxauthutxauxxMF:Q =0

X [ug = tga]ly,—,,. =0 (3.66)
(Lu _ . (2u _
nt (t7x>u7ut7um) nm;p (t7xau7utaua:uutt7ut(v7utt) - 0

Note that the condition F' = 0 — u; = u,, comes from the fact that u must satisfy the PDE (3.64).

Step 2

Derive the necessary extended infinitesimals, given by equations (3.59), using the total
derivative, D;, defined in (3.60).

From equation (3.66), the extended infinitesimals that need to be calculated are ngl)“(t,x,u,ut,uw)
and m(ci)u(t, T, Uy Uy, Ug, Ugt, Ugz, Ugg ). For the last, the infinitesimal, nt(l)u(t, T, U, ug, Uy ) must be calculated
previously. For the sake of readability, the dependencies of the infinitesimals will be omitted. Using
equations (3.59) and (3.60), it is obtained

Tl,gl)u = D" — (De€") up — (Dy&") ug =
= g TGy gy T Ut g~ e — Uitla (3.67)

=0+ uml — uly — upwsEl, — ug €l — upu €L,
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ng(gl)u = D:m“ - (Dwgf) Uy — (Dwgr) Uy =

- Oz Tt ou h ox Uttt ou b ox Hatle ou
= 77; + UME - utf; - Utuxgqtt - UTE;I';: - ur“?fia
(a) (b) ()
1 t
Tla(c?“ = Dxm(u u (ng ) Uty — (Dz€") Uge =
(a)
- Ox T ou Tt Ouy T Uae Ouy,
(b) (c)
—u a—gtfu U a—gtfu o¢” — Uy U 0 _
(a)
T Ox + o ou 1t Oouy 1 Uao Ougy
—— Y
(al) (a2) (a3) (ad)
(b) (¢)
et o8 "o o
— Uty — Uy = — Ugg o — o =
tx 8{,6 tox Uy au T al' xx U au
= al + a2 + a3 + a4 — Ul — U tal), — Upell — Upa izl
where:
al = Nz T Uzay + UzTgy — Utmf»tf - Utfim - utmuzfz - utumfi - Uturffcu
—Ugaly — UzSpy — 2UgaUs &y — ui a3 (3.68a)
a2 = Uﬂ?;u + umua:unz + Uinzu - uzutufi - uwutfiu - utuuifz - uwutuwufz
_utui&iu — UgUgu &y — u?c ou — 2“@6“&55 - ui s (3.68b)
a3 = *Utmé.; - Utmum§Z7 (368C)
ad = UpaY — Upr sl — Upp € — 2uppu £ (3.68d)
Step 3

Insert the extended infinitesimals in the result obtained on step 1 (3.66) and group the
infinitesimals by the dependent variables and their derivatives. The condition F' = 0 should
be introduced in this step.

This results in:

N+ unl — wrll — ugurl, — up€d — ugu £l —

(al4+ a2+ a3+ ad — umﬁi - umuyfz Uy & — Upp Uz L) =0.

Ut=Ugx

(3.69)

Grouping the infinitesimals that are multiplied by the same dependent variable and/or their deriva-
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tives:
(771? - 77:3:) + ( amcac - 277;1; - &D)UT + (nZ - 55 + fix)u* + (2§§u - nﬁu)ui + (2£§:u - gi)utum+
+ ( iu)ui +( ’lttu)utu:% + (_52)“5 + (285 — M) Uz +(2€atc)utw + (384) Uaa Uz + (2€Z>utwuz+
e e (3.70)

+ (268 )up Ugy = 0.
~~
Finally, the condition F' = 0 — u; = ug, is introduced:
+ (260 + 26, Jueus + (€)1 + (G )unnsy + (§)uf + (28 Juat (3.71)
+ (268 )ugzu, = 0.
The resulting equations are composed of infinitesimals, that depend on ¢, x, and u, multiplied by

derivatives of u. Since each derivative of u is independent and arbitrary, each of the bracket terms must
be 0 to satisfy the equation. This leads to the next step.

Step 4

Solve the system of differential equations obtained from matching each bracket to 0.
The resulting system of differential equations is

0 = nf—nk, (3.72a)
0 = &\ — 25, — &, (3.72b)
0 = 26 —&+&,, (3.72¢)
0 = 22,1, (3.72d)
0 = & +&u (3.72¢)
0 = ¢, (3.72f)
0 = & (3.72g)
0 = &, (3.72h)
0 = &, (3.721)
0 = &, (3.72j)

It should be noted that some equations are a direct result of others, for example, equation (3.72h)

(€L, = 0) is a direct result of equation (3.72j) (¢!, = 0). Also, some terms are 0 as a result of other

equations, for example, from equations (3.72i) (¢ = 0) and (3.72j) (&), = 0), one can neglect the last term
in equation (3.72e), &£, = 0 and, therefore, (3.72¢) results in £ = 0. After applying all simplifications

U
the system of differential equations is reduced to:

0 = 0Ny (3.73a)
0 = &b 2n0y — & (3.73b)
0 = 2 ¢, (3.73¢)
0 = n%, (3.73d)
0 = ¢, (3.73¢)
0 = &, (3.73f)
0 = &. (3.73g)
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Using equations (3.73d)-(3.73g), the functions have the following form:

¢ o= &), (3.74a)
& = &(tx), (3.74Db)
n* = wug(t,z)+ §(t, ). (3.74¢)

Since £¢ does not depend on the space, equation (3.73c) can be integrated with respect to x:

0 = /2§§dx—/§fdx,

Etr) = SEH+gl0) (3.75)

Equations (3.74c) and (3.75) can now be introduced into equation (3.73b)

- (5 (00 +000) ) =25 (- Cwate.o + ate. ) )
-2 (25§<t>x+g<t>) ~

The first term can be neglected, since it is linear in . Operating and integrating now with respect
to x:

(3.76)

0= [ (=28 (3(t.2)) - 3&h(t)x — ge(1)) da
0=-2j(t,x) — 7&,(t)a® — gi(t)z + g (1),
g(t,7) = =54 (H)2% — 59:(t)x + 39(t). (3.77)
Finally, equation (3.74c) can be introduced into equation (3.73a):

0=n(t z,u) —ne,(t,z,u),
0= (9:(t, ) = Joa(t, @) u + (9e(t, ) = Jaa(t, @) . (3.78)
(a) (b)
Each bracket must be 0 for any value of u. Therefore, introducing (3.77) into the bracket (a) results

in:
1 1
= (-;f%(ﬂ) z? + (—;gtt(t)) T+ <2§t(t) + 4§ft(t)> : (3.79)
—_——
(al) (a2) (a3)

The functions inside the brackets only depend on t. Therefore, all brackets must be 0 for any arbitrary
value of z. Integrating:

1
al — €)= §t2a6 + taz + as, (3.80a)
a2 — g(t)= ta5 + as, (3.80b)
a3 — g(t)= _7ta6 + ag. (3.80c¢)
Finally, using (3.75), (3.77) and (3.80a)-(3.80c), the infinitesimals have the following form:
1

g(t) = §t2a6 + taz + as, (3.81a)

. 1 1
fl(tﬂ;‘) = §xt&6 + 51‘&3 + tas + ay, (3.81b)

" 1, 1 _ 1 _ 1 _

n(t,x,u) = —g¥ uds — Ztu% — 5Tuds + Suds + g(t, x). (3.81¢c)
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The six parameters and the unknown function g(¢,x) will form seven symmetries. It is worth men-
tioning now that the unknown function §(¢,z) appears due to the linearity of the differential equation.
Its meaning in the Lie symmetries will be explained in the next step.

Step 5

Formulate the multi-parametric infinitesimal generator of all symmetries and divide them
into one-parametric Lie-point symmetries.
The infinitesimal generator (3.57) can be expressed as:

0 0
X = (t2a6 + 2tas + ag) e + (txag + xas + tas + ay) .
1 1 1 9 (3.82)
+ (—4m2ua6 — §tua6 - 5auas + uayg + f(t, x)) 0
with f; — fzz = 0 and the new coefficients are defined as: a; = a1, as = ag, ag = %dg, ay = %64, as = as,

ag = %aﬁ and f(t,.’l?) = g(tvx)
Now the seven one-parametric Lie-point symmetries can be obtained by setting one parameter equal
to 1 and the rest equal to 0, obtaining:

X, = %, (3.83a)
Xy = a%’ (3.83b)
X; = 2t%+x%, (3.83¢)
X, = ua%7 (3.83d)
X5 = t({%—%xu%, (3.83e)
X = t2% thx% + (iﬁu - ;tu) %, (3.83f)
X; = f(t,x)(%, with  f; — foz =0. (3.83¢g)

The two basic symmetries that have been used in several examples so far appear in the heat equation,
i.e. translation in time, X; (3.83a), and space, X3 (3.83b), and scaling of time and space, X3 (3.83c),
and of the dependent variable, X4 (3.83d). A complex physical meaning states for symmetries X5 (3.83¢)
and Xg (3.83f). Finally, symmetry X, (3.83g) has its roots in the linearity of the heat equation. This
type of symmetry always occurs in linear differential equations. Its meaning is that, if the dependent
variable is transformed by a function f(¢,x), which is a solution of the heat equation, the transformed
heat equation will be equivalent to the original one. This, of course, is true for linear equations, since the
summation of two solutions, will also be a solution, due to the linearity.

3.2.5 Invariant Solutions

Once the one-parameter Lie symmetries have been obtained, the last step is to obtain invariant solutions
of the system of PDEs, using the symmetries obtained. In the field of fluid dynamics, these invariant
solutions are the so-called scaling laws.

A definition of invariant solutions should be introduced
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Definition 3.2.5-1

The function u = O(x), with components u* = OF(x), u =1, 2,...,m, is an invariant of the system of
PDEs (3.53) resulting from an admitted point symmetry with infinitesimal generator (3.57) if and only
if

1. u* = OH(x) is an invariant surface of (3.57) for each p =1, 2,..., m.
2. ©#(x) solves (3.53).

Now, the following theorem can be applied.

Theorem 3.2.5-1
The function uw = ©(x) is an invariant solution of (3.53) if and only if u = O(x) satisfies
1. X(u* —0OH(x)) =0, when u = 0O(x), p=1, 2,...,m. Developing the infinitesimal generator:

904 ()

(. O(@) =

=n'(x,®(x)), p=12,...,m. (3.84)

2. Fo(x,u,0u,0u, ..., 0%u) =0, when u = O(x), 0 =1, 2,...,N, namely

Fo(x,0(x),00(x),0°0(x),...,0°0(x)) =0, 0=1,2,..,N. (3.85)

Equations (3.84) are the invariant surface conditions for the invariant solutions of the system of PDEs
(3.53) that is invariant under the point symmetries (3.57). Equation (3.85) means that the invariant
solution must be a solution of the system of PDEs (3.53).

Different methods can be used to determine the invariant solutions. Here the invariant form method
will be explained and used. This method consists of solving the invariant surface condition (3.84) by
explicitly solving the characteristic equation given by

0z, Oz Oz, oW oW oum (3.86)
o Guxou) pl(xu) p2(xu) T pm(xu) '

gl(xau) B EQ(X’ u) B

When solving the characteristic system, one can obtain n — 1 invariants resulting from the relation of
the independent variables and m invariants resulting from the dependent variables. These invariants are
called y1, ya, ..., Yyn—1 for the independent variables and v, vs, ..., v, for the dependent variables. Then,
the general solution u = @(x) of the system of PDEs (3.53) can be obtained from the invariant form

Vﬂ(xvu) - (I)#(yl(mvu)va(m7u)’ '~~7yn—1(m7u)) (387)

Finally, the invariants v,(x,u) should be introduced in the system of PDEs (3.53) to check if the
second condition of theorem 3.2.5-1 (3.85) is fulfilled.

To illustrate how invariant solutions are obtained through the invariant form method, the continuation
of the example of the heat equation will be used.

The first four symmetries, X; to X4 (3.83a)-(3.83d), provide rather trivial solutions of the heat
equation, such that v can be constant in time and space, or linear in space. The sixth symmetry, Xg
(3.83f), will be used, since it leads to a more interesting result that illustrates better the way in which
invariant solutions are obtained. Using X4 (3.83f), the invariant surface condition (3.84) has the following
form:

1 1
t2uy + tru, = — (4962 + 2t> u. (3.88)
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The corresponding characteristic equations (3.86) are given by

e _dv_ _du (3.89)
2 tr — (a2 i) '

Now, n — 1 invariants can be obtained from the relations of the independent variables. For the heat
equation, one invariant, y; is obtained:

y1(t,z,u) = % (3.90)

One invariant is also obtained from the relation of the dependent variable and one independent var

22
vi(t,z,u) = Ve T u. (3.91)

Therefore, using equation (3.87), it is obtained the invariant form of the solution of the invariant
surface condition (3.84):
22
vi(t,z,u) = ®(yy (t, z,u)) = Vie T u. (3.92)

Then, u can be solved from the previous equation, obtaining
1 _z2
u=0(,z)=—e 2 O(y(t,z,u)). 3.93
(t, ) 7 (y1(t, z,u)) (3.93)

This result can now be introduce into the heat equation. After simplifications, the following ODE is
obtained:
" (y1(t,,u)) = 0. (3.94)

The solution of the ODE is trivial. Substituting the value of the function ®(y; (¢, z,u)), it is obtained
a final solution of the heat equation

1
Vi

Introducing this result into the heat equation, where C; and Cj are constants of integration that
depend on the boundary conditions, one can corroborate that (3.95) is effectively a solution of the heat
equation.

u=0(t2) = — (Cr+ ) - (3.95)

3.3 Conclusions

In the first section of this chapter, the governing equations that describe turbulent flows are presented,
including the MPC equations. In the second section, the theory relevant to the Lie symmetries method
has been introduced. Lie symmetries are a powerful method for calculating invariant solutions of a system
of PDEs, i.e. scaling laws that define universal behaviours of the variables. In section §5.1.5 the theory
is applied to the governing equations of turbulence, i.e. the Navier-Stokes, energy, and MPC equations.
The key to obtaining scaling laws of the velocity and thermal field comes from the Lie symmetries that
result from the MPC equations, which describe turbulent statistics of second order.
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Chapter 4

Methodology

In the present work, several DNS of a turbulent channel are presented. As has been already stated, the
main focus of the study is to analyze heat transfer in these turbulent channels. Specifically, heat transfer
of a passive scalar. The boundary condition for the flow is a pressure gradient (Poiseuille flow), while for
the temperature, the MBC is applied. Configuration of the DNS under these conditions are presented
in section §4.1. Also, a specific subsection, §4.1.2, is dedicated to present the configuration used in a
DNS of an isothermal Poiseuille flow for the highest friction Reynolds number ever simulated in a DNS,
Re,; = 10000. In addition, in section §4.2, the case of heat transfer under the MBC in a Couette flow is
presented. Finally, the configuration of the simulations of stratified flows is shown in section §4.3, where
a scalar difference is imposed between both walls of the channel as the thermal boundary condition. For
all cases, the flow is considered incompressible.

The Navier-Stokes, (1.5) and (1.6), and the energy, (1.7), equations are used to simulate the flow. The
code employed to run the simulations is the LISO code, already validated in several different turbulent
flows, [38, 52, 54, 56, 73, 74]. A detailed description of the code can be found in Appendix §7.1.

4.1 Configuration of the Poiseuille flow simulations

4.1.1 Configuration of heat transfer simulations

For Poiseuille flows with heat transfer, a schematic representation of the lower half of the computational
box can be seen in figure 4.1, where contours of the velocity are shown for the case of Re, = 5000 and
Pr =0.71, and the flow moves from left to right. Periodic conditions are imposed in the streamwise and
spanwise boundaries. Four different Reynolds numbers are used, namely Re. = 500, 1000, 2000 and 5000.
In simulations performed at Re, = 500, 1000 and 2000, the computational box dimensions are L, = 2wh,
L, =2h and L, = 7h in the streamwise, wall-normal and spanwise directions, respectively. It was stated
in [75] for the flow field, and in [52] for thermal flows, that a computational box with such dimensions
is big enough to accurately represent the first-order statistics of the velocity and temperature fields. In
order to keep the same resolution for the different Reynolds numbers, the number of collocation points
is just multiplied by a factor of 2, as the Reynolds number is. However, the friction Reynolds number
Re, = 5000 is 2.5 times bigger than the closest case at Re, = 2000. Increasing the number of collocation
points only by a factor of 2 will lead to a poor quality mesh and the results will not be accurate. In order
to obtain the same mesh resolution as in the lower Re, simulations, the number of collocation points in
the z and z directions is set to be 4 times higher than the ones in the simulation of Re, = 2000. In
order to adjust the mesh resolution, the streamwise and spanwise dimensions of the computational box
are multiplied by a factor of 1.6. Therefore, on one hand, the computational cost increases due to the
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Figure 4.1: Schematic representation of the lower half of the computational box. The flow is driven by
a pressure gradient, AP, from left to right. A constant heat flux, ¢,,, is heating both isothermal walls.
Contours represent a snapshot of the streamwise velocity field for the case of Re, = 5000 and Pr = 0.71.

high increase in collocation points. But, on the other hand, since the domain is increased in the periodic
directions, the number of statistics obtained every time step also increases. Then, the dimensions of the
computational box for the case of Re, = 5000 are set to be 3.2wh, 2h and 1.67h in the streamwise,
wall-normal, and spanwise directions, respectively.

Table 4.1 presents the most important parameters of the simulations. Information about the dimen-
sionless numbers (first to third column), the number of collocation points of the mesh (fourth to sixth
column) and its resolution in every direction (seventh to tenth column), and the time of the simula-
tion in wash-outs (eleventh column column) are shown. A wash-out is defined as the time needed for
an eddy to cross the channel, L,/U,. Ayl and ij} are the wall-normal mesh resolution in the wall
and in the center-line of the channel, respectively. For this resolution of the mesh in the wall-normal
direction, the spacing between points has been set to be proportional to the local isotropic Kolmogorov

scale n = (V3/E)1/4, for the cases of Pr < 1. The increment in y is set to be Ay = 1.5n. For the cases
where Pr > 1, the thermal scales are smaller than the velocity scales. Therefore, the mesh resolution in
the wall-normal direction is adapted to satisfy Batchelor length scale, 79 = nPr~/2, when Pr > 1. On
the other hand, the resolution of the mesh in the streamwise and spanwise direction is Az ~ 8.18 and
Azt ~ 4.09, respectively, for simulations with Pr < 1. These values are similar to many other trusted
simulations [40, 45, 52, 54, 73]. The mesh resolution in x and z directions has also been adapted for
higher Prandtl numbers. In addition, for medium-high Prandtl numbers a mesh with higher resolution
in x and z and/or y was simulated for a mesh validation. There were no significant differences in the
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Re.; Pr Re N, Ny N, Azt Ayl ijz Azt yuy/ Ly
0.007 421
0.01 30
0.02 332
0.05 295
0.1 174
0.3 251 0.72 5.3 346
500 05 10200 384 384 8.18 4.09 210
0.71 528
1 143
2 191
4 288
7 351 0.27 3.9 94
10 768 383 768 4.09 022 3.6 2.05 120
0.007 79
0.01 114
0.02 176
0.05 79
0.1 65
383 0.44 7.4
0.3 768 768  8.18 4.09 73
1000 0.5 22300 0
0.71 130
1 191
2 119
4 583 0.19 4.9 185
7 1536 633 1536 4.09 0.16 4.5 2.05 86
0.007 21
0.01 28
0.02 29
0.05 36
0.1 36
633 0.32 8.8
0.3 1536 1536  8.18 4.09 36
2000 0.5 48500 35
0.71 47
1 97
2 96
4 1285 0.12 4.3 56
7 3072 1285 3072 4.09 0.12 43 205 29
5000 0.71 135860 6144 1685 6144 8.18 0.2 8.1 4.09 12

Table 4.1: Parameters of the Poiseuille simulations.
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Figure 4.2: Instantaneous visualizations for Re, = 2000 and (a) velocity field for Pr = 0.71, (b) thermal
field for Pr = 0.71, (c) thermal field for Pr = 0.05 and (d) thermal field for Pr = 0.007. All magnitudes
are normalized in wall units.

first-order statistics between the different meshes simulated.

A good way to observe the size of the turbulent scales is by plotting isocontours of velocity and
temperature fields. They can be seen in figures 4.2 and 4.3, where different instantaneous values of the
velocity and temperature field are presented. In figure 4.2a, the velocity field for Pr = 0.71 is shown.
These turbulent scales are comparable to the ones presented in the thermal field for the same Prandtl
number, figure 4.2b. This result was expected since Pr ~ 1 and, therefore, Pe,. ~ Re.. However, the
instantaneous temperature fields shown in figures 4.2¢ (Pr = 0.05) and 4.2d (Pr = 0.007) are different.
For low Prandtl numbers, the thermal flow becomes less turbulent and, for the smallest Prandtl number
studied, the thermal flow is almost laminar. This confirms once again that by reducing the Prandtl
number, the thermal field is less turbulent, reducing the turbulent heat flux and the heat transferred by
convection.

Regarding high Prandtl numbers, in figures 4.3a and 4.3b, a comparison between both fields, velocity
and temperature for Re, = 2000 and Pr = 7, is done in a x — y plane. Unlike temperature fields
for Pr = 1, the temperature scales for Pr = 7 are smaller than the velocity ones. This implies that
the temperature field is more turbulent than the velocity one, and, effectively, a finer mesh is needed
to properly capture the smaller scales of the thermal field. In addition, one can easily see how the
boundary layer of the temperature is thinner than the one of the velocity, which implies higher gradients
of temperature in the near-wall region. Remark the fact that both, velocity and temperature structures
detach from the wall with an angle of approximately 25°.

The middle figures, 4.3c and 4.3d, present the temperature field in a x — z plane located in the center
of the channel for the cases of Pr = 1 and 7, respectively, with Re, = 2000. Following the same idea
as before, smaller turbulent scales appear for Pr = 7. Finally, a comparison of the temperature scales
has been done, depending on the distance to the wall. Figures 4.3e and 4.3f are instantaneous images of
the temperature field for Pr = 7 and Re, = 2000 at y™ = 240 and 9, respectively, i.e. the logarithmic
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Figure 4.3: Instantaneous visualizations for Re, = 2000. (a) Velocity and (b) temperature fields for the
Pr =7 case in the x — y plane. Temperature field for (¢) Pr =1 and (d) Pr = 7 in the  — z central
plane of the channel. Temperature field for Pr = 7 in a « — z plane located in (e) the logarithmic region,
yT =240, and (f) in the near-wall region, y* = 9. All magnitudes are normalized in wall units.

and the conductive region, respectively. In the logarithmic region, intermediate scales are obtained, not
as big as in the outer region, but either as small as in the near-wall region. The classical streaks in the
near-wall region are perfectly observed in figure 4.3f. Corresponding streaks for the velocity field are
also obtained (not shown here for brevity), which reflect the strong correlations between the streamwise
velocity and temperature field in the near-wall region. However, it should be noted that this correlation
gets weaker as the Prandtl number increases, as it will be presented in chapter §5.

The procedure to run the simulation starts with an initial file from other simulation with similar
Reynolds and Prandtl numbers. The process when the flow converges towards a statistically stationary
state can be almost as long as the simulation itself. This simulation time is not contemplated in the
rightmost column of table 4.1. After that, the simulation is run and the flow statistics are collected.
As a first rule of thumb, 10 wash-outs are needed for the highest Reynolds numbers simulations to
be statistically converged. After this point, in order to check if the simulation is actually statistically
converged, the balance equations of the momentum (1.21) and energy (1.41) equations are computed,
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Figure 4.4: Balance of the moment equation (4.1) for (a) Re, = 500, (b) Re, = 1000, (¢) Re, = 2000 and
(d) Re; = 5000. Green dashed lines represents the total shear stress, blue solid lines are the molecular
shear stress, black dashed-dotted lines are the turbulent shear stress. Red dotted lines are the differences
between the LHS and the RHS of equation (4.1). Different symbols indicate different Prandtl number,
which collapse due to the condition of a passive scalar.

which are presented here again to indicate the nature of each term of the equations:
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When the balances in shear stresses and heat fluxes are below 1073 the simulation is considered
converged. Figure 4.4 shows the balance terms of equation (4.1). The red dotted line is the residual of
the LHS and RHS, which indicates that the simulations are converged. Furthermore, the collapsing of the
curves for different Reynolds numbers indicates that the velocity field is statistically converged. On the
other hand, figure 4.5 shows the balance terms of equation (4.2). In the same way, the red dotted lines

54



CHAPTER 4. METHODOLOGY
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Figure 4.5: Balance of the energy equation (4.2) for (a) Re, = 500, (b) Re, = 1000, (¢) Re, = 2000 and
(d) Re, = 5000. Green dashed lines represents the total heat flux, blue solid lines are the molecular heat
fluxes (lower lines indicate a higher Prandtl number), black dashed-dotted lines are the turbulent heat
fluxes (upper lines indicate a higher Prandtl number). Red dotted lines are the differences between the
LHS and the RHS of equation (4.2). Magenta solid line is formed by the cross points between molecular
and turbulent heat fluxes. Symbols represent the different Prandtl number.

at a value of almost 0 indicate that the simulations are converged. An important result is that turbulent
heat flux decreases for lower Prandtl numbers. This entails a thermal flow that is less turbulent. The
magenta line is formed by the cross points between the molecular and turbulent heat fluxes. For a certain
value of Prandtl, turbulent heat flux is lower than molecular heat flux in the whole channel. This value
of the Prandt]l number increases with the Reynolds number since a higher Re entails a more turbulent
flow. Finally, for cases with medium and high Prandt] numbers the y* coordinate where the molecular
and turbulent heat fluxes cross is independent of Re.. In terms of the y coordinate, this means that the
viscous layer is smaller when the Reynolds number is increased, as it should. In the central region of the
channel, the turbulent heat flux increases its maximum value when the Reynolds number is increased
and the area below the turbulent heat flux line also increases. All this implies that the thermal flow is
more turbulent for higher Re,, as was expected.

Finally, in order to validate the code for low Prandtl numbers, a simulation for Re, = 400 and
Pr = 0.025 has been performed. This Prandtl number is, up to date, the lowest Prandtl number
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Figure 4.6: (a) Mean temperature profile in inner (bottom, dashed line) and outer (top, pointed line)
scales for Re; = 400 and Pr = 0.025. (b) Temperature RMS (dashed) and streamwise (dash-pointed)
and wall-normal (pointed) heat fluxes. Black solid lines from Kawamura’s database [45].

Re. Rey L, L, Azt Az tu./h
10000 261000 2wh wh 15.3 7.6 19.8

Table 4.2: Parameters of the Poiseuille isothermal simulation. A} and AT are in terms of dealiased
Fourier modes. The last column is the total simulation time without transition in terms of eddy turnovers.

simulated in turbulent channel flows and was done first by Abe et al [45]. The results of the simulation
here presented are compared with the data provided in Kawamura’s database [45]. This comparison is
shown in figure 4.6. Figure 4.6a shows a perfect agreement for the mean temperature in both inner and
outer scales. Also, in figure 4.6b all curves collapse almost perfectly for the temperature variance and
both streamwise and wall-normal heat fluxes. The very small differences can be due to small statistical
uncertainties during the simulation, a slightly different Reynolds number, or a different numerical scheme
employed.

4.1.2 Configuration of Poiseuille isothermal flow simulation

Figure 4.7 is a schematic representation of the computational box of the simulation at a nominal Re, =
10000, where instantaneous streamwise velocity perturbations are plotted. This simulation has been
performed in a computational box of sizes L, = 2wh, L, = 2h and L, = 7h, as the simulations for
Re, = 500, 1000 and 2000 of heat transfer in Poiseuille flows. A variation of the LISO code, described in
Appendix §7.1, is used. where the energy equation is removed and only the Navier-Stokes equations, (1.5)
and (1.6), are simulated. The wall-normal grid spacing is adjusted to keep the resolution at Ay = 1.57,
i.e., approximately constant in terms of the local isotropic Kolmogorov scale. In wall units, Ay™ varies
from 0.3 at the wall, up to Ayt ~ 12 at the centerline. The resolution in x and z is similar to the largest
simulations of turbulence [73, 75, 76].

The initial file of this simulation was taken from a smaller Reynolds number simulation. To accelerate
the compilation of statistics, three initial files were prepared and thus three simulations were run at the
same time. In every case, the code was run until some transition phase had passed and the flow had
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Figure 4.7: Instantaneous streamwise velocity perturbation, arbitrary units. The flow goes from the left
to the right. Only the bottom part of the channel is shown. Red lines: log layer. Green lines, outer
region.

adjusted to the new set of parameters. Once the flow was in a statistically steady-state, statistics were
compiled. The running times to compile statistics are shown in terms of eddy-turnovers in the rightmost
column of table 4.2. The transitions until the simulations reached a statistically steady-state, which were
very time-consuming, are not contemplated in this table.

To further validate the statistics of the simulation, figure 4.8 shows the error in the balance of the
momentum equation (4.1). The difference between both sides of this equation is below 2 x 10~3, similar to
the other tree simulations utilized here. Thus, it has been considered that enough statistical information
was obtained. To further post-process the simulation, a total of 300 temporal images of the velocity field
have been stored, with a size of roughly 90TB.

4.2 Configuration of the Couette flow simulations

For the study of thermal Couette flows, two DNS of a passive thermal flow in a turbulent channel at
Re, = 250 and 500, and Pr = 0.71 have been conducted within a computational box of L, = 167h,
Ly, =2h and L, = 6mh, with periodicity in the streamwise and spanwise directions. These are the cases
V and VI in table 4.3. In addition, four Couette flow simulations with different size of boxes in x and z
dimensions (4mh x 0.57h, 2mh x wh, 47h x 2rh and 167h x 67h) were also conducted at Re, = 180 and
the Prandtl number of air (cases I-IV in table 4.3). In all cases the MBC is applied to the thermal field.
These simulations were performed to check whether or not the size of the box has an influence in the
rolls described in subsection §2.3.1 and, consequently, in the mean and one-point statistics. The upper
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Figure 4.8: Error in the computation of momentum equation (1.6). Black solid line is the result of
the simulation of this work at Re, = 10000. Green dotted-dashed line is from Lee and Moser [76] for
Re, = 5200. Red dashed line is from Lozano-Durdn and Jiménez [75] for Re, = 4000. Blue dotted line
is from Hoyas and Jiménez [73] for Re, = 2000.

wall is the moving wall, while the lower one is stationary. The average operator (-)., is defined as

1 t1 Lo,
O =y . [ ot (43)

where the value of (@), can be thought as the mean in x of the time-averaged field ¢.

A variation of the LISO code, described in appendix §7.1 is used to solve the equations that describe
the flow (1.5), (1.6) and (1.7). This variation introduces a coefficient that imposes a percentage of pressure
difference and a percentage of motion of the wall. Setting the coefficient to 1, the motion of the flow
comes entirely from the motion of the wall, describing a Couette flow. As usual, the wall-normal grid
spacing is adjusted to keep the resolution at Ay = 1.57. In wall units, Ayt varies from 0.83 at the

Cases Re, Re Box N, Ny N, tu./h
I 166 3500 4mwh x 0.5bmh 384 201 144 57.3
II 177 3500 2rh x wh 192 201 192 79.9
111 176 3500 4mh X 2mwh 384 201 384 39.2
v 178 3500 167mh x 6wh 1536 251 1152  59.1
A% 262 5400 16wh x 67h 1536 251 1152  88.9
VI 476 10500 16wh x 6rh 3072 251 2304 58.1

Table 4.3: Parameters of the simulations. Friction and bulk Reynolds numbers are shown in columns
two and three, respectively. The fourth column shows the box size of each case. N, N, and IV, are
the number of collocation points in each direction. The last column contains the time spent to compile
statistics in terms of eddy-turnovers.
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Figure 4.9: For Re, = 250 (thin lines) and 500 (thick lines). (a) Shear stresses: du " /dy™ (blue, solid),
—uwt (black, dash-doted) (b) Heat fluxes: molecular (blue, solid), turbulent (black, dash-doted) and
total (green, dashed). In both cases, the red pointed line represents the difference between LHS and RHS
of either equations (4.4) or (4.2).

wall, up to Ay™ ~ 2.3 at the center-line. The wall-parallel resolution in physical space for z and z is
Azt ~ 8.4 and AzT ~ 4.3. Simulations are submitted in a similar way to Poiseuille flows.

In order to further validate the database, the balance equations of the shear stresses and heat fluxes in
a Couette flow have been computed and plotted. The balance of heat fluxes is calculated as in equation
(4.2), while the balance equation of shear stresses is slightly different for Couette flows:

Molecular

,—_:\—\ Turbulent Total
7T + p—— =
P WD TER =T o
Y

The results of this validation are shown in figure 4.9, for cases V and VI. It has been considered that
enough statistics were obtained when this error was below 1073, In figure 4.9a, apart from the small
error, a very good agreement is found between both simulations, as the curves collapse almost perfectly.
Molecular and turbulent heat fluxes are compared with the total flux in figure 4.9b. Again a very small
error is obtained, validating both simulations.

4.3 Configuration of the stratified flow simulations

The study of stratified flows has been done as an extension of the study of the Couette flows. The main
idea is to investigate how the rolls that appear in Couette flows, described in section §2.3.1, are affected
by a change of density in the wall-normal direction. Instantaneous density is denoted by p;. Because a
capital p is indistinguishable to P the subindex t is used, and, thus, p; = p + p.

The governing equations are written under the Boussinesq approximation, so the continuity equation
is identical to equation (1.5) and the momentum equation in the wall-normal direction includes an extra
term to consider buoyancy effects. Their nondimensional form is

oU (t, )
ot

oUt (t,x) OPT(t,x) 1 02U (t,x)
Ut a) i \b®) T L 2 O LT b s 45
+ J ( w) ('“)xj axj, + Re. a:rjax;r 1Py 042 ( )
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Case Re, Re. Ri, tu./h tU,/L,
PO 10200 500 0 48.11  34.19
Co 10500 480 0 41.96  33.03
C1 10700 476 0.50 54.74  44.26
C3 11300 483 1.65 34.98  29.43
C6 11480 476 2.90 31.51 27.33

Table 4.4: Parameters of the simulations. Two different Reynolds numbers are given depending on
the bulk velocity, Uy, and u,. Ri,; is given in the fourth column. The last two columns denote the
computational time span while statistics were taken in wash-outs (U,/L,) and eddy turn-overs (u,/h).

and the equation for the scalar field is

opi (t,x)
ot

opthe) 1 @p(he)
(933;' "~ Re,Sc 856;'83:; ’

+ U (t,x) (4.6)

where the scalar, in this case, is the density p;. Equation (4.6) is completely analogous to the energy
equation (1.7) but for mass dissipation, where Sc is the Schmidt number, which is defined as the ratio
of momentum diffusivity, v, and mass diffusivity, D. Sc is analogous to Pr in the case of heat transfer.
In equation (4.5), Ri, is the Richardson friction number, given by Ri, = Apgh/pou?. This Ap is the
difference in density between the two walls, being the flow denser at the bottom wall. Thus, Dirichlet
boundary conditions are used to model p;. This boundary condition is completely equivalent to a tem-
perature difference between both walls in a heat transfer problem. g is the gravitational acceleration and
po is a reference density. Schmidt number of air is used in this study, Se¢ = 0.71. The way in which
equations are solved is completely equivalent to that of Poiseuille and Couette flows, and it is explained
in detail in Appendix §7.1.

Five new simulations have been made for this work, summarised in table 4.4. The first simulation is
a Poiseuille flow with Ri, = 0. The other four simulations are Couette flows at different small values of
Ri,. In every case, the domain chosen is (8wh x 2h X 37h), to completely contain a pair of rolls, described
in subsection §2.3.1. The mesh has a size of (1536 x 251 x 1152) points which give a resolution of 8.2 and
4.1 wall units in x and z. The wall-normal grid spacing is adjusted to keep the resolution at Ay = 1.57,
as for all previous cases. In wall units, AyT varies from 0.83 at the wall, up to Ay™ ~ 2.3 at the center
line. This grid size is similar to the one typically used in channel flows, for both Poiseuille and Couette
flows [73, 54, 52, 55].

The initialization of each case has been done following the same procedure as for Poiseuille and Couette
flow simulations. The code was run until a transition phase was passed and the flow had adjusted to the
new set of parameters. The transition is characterized through, among other variables, the value of the
shear stress in the moving wall. Once this parameter reaches a plateau, statistics are collected. In order
to further validate the database, the total density flux, which is equal to one, has been calculated as the
sum of the turbulent and molecular density fluxes. The following equation comes from the integration of
equation (4.6),
dﬁ+
dyt’

This equation is completely equivalent to the shear balance in a Couette flow (4.4). The different
terms are shown in figure 4.10. All fluxes collapse perfectly, and in every case, their sum is one, with an
error below 5 x 1073, validating, therefore, the simulation.

1=vp" — (4.7)
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Figure 4.10: Turbulent (squares), molecular (circles), and total (diamonds) density fluxes for cases CO,
C1, C3 and C6. The collapsing of the different curves is perfect.
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Chapter 5

Results

In this chapter the results of the project will be presented. It is organized as follows:

1. The first section of the chapter §5.1 contains the major focus of the study, i.e. Poiseuille flows in
a turbulent channel under the MBC. This section is separated in several subsections in order to
differentiate the behaviour of different ranges of Reynolds and Prandtl numbers.

e First subsection contains the results for the simulations at Re, = 500, 1000 and 2000 for low
to medium Prandtl numbers, i.e. Pr ranging from 0.007 up to the Prandtl number of air,
Pr=0.71."

e Second subsection contains the results for simulations with the same friction Reynolds numbers,
Re, = 500, 1000 and 2000, and medium to high Prandtl numbers ranging from Pr =1 up to
Pr =10, 7 and 7 for each Re,, respectively.

Third subsection collect the results for the highest friction Reynolds number ever simulated in
a turbulent channel flow with heat transfer, Re, = 5000, with Pr = 0.71.

Fourth subsection presents the results of the Poiseuille isothermal flow, using the highest
friction Reynolds number ever simulated in a turbulent channel: Re, = 5000.

In fifth and last subsection, the Lie symmetries theory is used to obtain scaling laws of the
velocity, temperature and high order moments of both.

2. The second section is dedicated to other type of flows:

e First subsection presents the results of heat transfer in a Couette flow under the MBC for
Re, =180, 250 and 500, with the Prandtl number of air, Pr = 0.71.

e In second and final subsection, the results of a stratified flow are shown. The friction Reynolds
number of Re, = 500 is used with friction Richardson numbers up to 2.9 and the Prandtl
number of air, Pr = 0.71. In this section, the thermal boundary condition is a temperature
difference between both walls.

5.1 Poiseuille flows

In this section, the results obtained from the DNS of Poiseuille flows will be presented. This section
concludes with the use of Lie symmetries to generate scaling laws of the velocity, temperature and high
order moments of both, for the Poiseuille turbulent channel.

In order to distinguish among the different cases, line colours as in table 5.1 will be used to differentiate
each friction Reynolds number in the plots of section §5.1 (unless otherwise specified).
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Re; 500 1000 2000 5000
Line colour

Table 5.1: Line colours used to represent each simulation throughout pots of section §5.1.

Pr 0.007r 0.01 0.02 005 01 03 05 0.71
Symbol v & a O g4 > ox A

Table 5.2: Symbols used to identify the Prandtl number through all the figures of this subsection.

5.1.1 Medium and low Reynolds and Prandtl numbers

This subsection presents the results for friction Reynolds numbers of values Re, = 500, 1000 and 2000
with low to medium Prandtl numbers, ranging from Pr = 0.007 up to Pr = 0.71. Symbols in table 5.2
will be used to distinguish lines with different Prandtl numbers in the figures of this subsection (unless
otherwise specified).

Mean temperature profiles

Mean temperature profiles, @+, are shown in figure 5.1a. Keeping Pr constant, all e" collapse in the
near-wall and logarithmic region. In the central zone, when Re, increases, temperature profiles go deeper
and, for the same Pr, the slope of the line slightly decreases.

An important parameter that can be derived from the mean temperature profile is the thermal von
Karmén constant, ;. For sufficiently high Pr numbers, the mean temperature profile can be described
in the logarithmic region with the following relation

o -1m (y") + B, (5.1)

Kt

which was already introduced in section §1.1.2, equation (1.44), and it is written here for the sake of
readability. The classic limits for this logarithmic region for the streamwise velocity are y* & 70 and
y/h = 0.2, according to Jiménez [77]. The same limits have been used for the thermal flow. Even if a
logarithmic layer is not really present until a higher Reynolds is reached [63, 76, 78], an indicator of this
region is the first minimum of the diagnostic function (see figure 5.1b). This first minimum, and thus an
emerging logarithmic layer, appear for Prandtl numbers greater than approximately 0.3. It is worthy to
stress that all the calculations shown below are a first approximation to the actual value of ;. A truly
logarithmic layer is not expected until at least Re, ~ 5000, which will be seen in section §5.1.3.

The values of k; and B are collected in table 5.3. Notice that the value of x; increases slightly with
an increase of the Re, number. This is caused by a slight reduction of the slope of 0" in the logarithmic
region for the same Pr when Re, is increased. However, the variation of k; from Re, = 1000 to 2000
is much smaller than that from Re, = 500 to 1000, which may indicate that x; converges towards a
constant value for high Reynolds numbers. The values of k; agree with the ones obtained by Abe et al.
[45]. The constant B changes for each Prandtl number. For Pr = 0.71, a value of B =~ 3 is obtained,
which also agrees with the one obtained by Abe et al [45]. When the Prandtl number is reduced to 0.5
and 0.3, the values of B are reduced to approximately 0.6 and —1.9, respectively.

To further explore this logarithmic region, the thermal diagnostic function, defined as

Zr=yt0,40", (5.2)

is used. In figure 5.1b, =7p is plotted for all cases. It can be seen how for the three greater Prandtl
numbers, there exist two maximum values. The yT location of the first maximum does not depend on
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Figure 5.1: (a) Mean temperature profile. Black lines correspond to the thermal law of the wall. (b)
Thermal diagnostic function. Colours as in table 5.1 and symbols as in table 5.2.

. Re, B Re,
500 1000 2000 500 1000 2000
0.71 | 0.418 0.436 0.440 0.71 | 2.89 3.11 3.05
Pr 0.5 | 0420 0.434 0.436 Pr 0.5 0.55 0.70 0.64
0.3 | 0.427 0.438 0.437 0.3 | —1.99 —-1.87 —-2.00

Table 5.3: Thermal von Karmén constant and B values from equation (5.1) for medium Prandtl numbers.

Re,. However, its value decreases slightly for an increase in the Reynolds number. When the Prandtl
number is decreased below 0.3, this first maximum disappears and, therefore, the logarithmic region. On
the other hand, the y* coordinate of the second maximum is independent of Pr. In outer coordinates
(not shown), the position of the second maximum is independent of both Re, and Pr and it is located
at y/h = 0.5. It has been observed that the value of S at this second maximum is constant for
Pe, > 30. When this Péclet number is reduced below 30, the value of the second maximum is then
reduced. Therefore, the behaviour of the second maximum cannot be characterized only by Pr.

Nusselt number

Coming back to figure 5.1a, black lines represent the thermal law of the wall, 6" = Pry*. In the
conduction region of the flow, 8" behaves approximately according to this law. It can be seen that a
decrease in the Pr number entails a bigger conductive region. Therefore, an increase in the heat transfer
by conduction is expected.

The Nusselt number is calculated according to the following definition [40]:
Ly _ 2Re, Pr _ 2Pe, ’ (5.3)

e T T, @)

Yz

where L is a characteristic length, in this case the channel height, 2h; b is the convective heat transfer
coeflicient; and k is the thermal conductivity. According to this definition, the minimum Nusselt number
that can be obtained for the present configuration is 4. In such a case, the temperature will behave
following the thermal law of the wall in the entire channel. In Figure 5.2, obtained Nusselt numbers are
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Figure 5.2: Nusselt number. Thin black line from Kawamura et al [40] for Re, = 180. Colours as in
table 5.1.

plotted as a function of the Prandtl number. Nu was calculated by Kawamura et al [40] for Re, = 180
and Prandtl numbers from 0.025 to 5. They found that in the range of Prandtl between 0.2 and 1.5, Nu
had a linear logarithmic increment. This agrees with the results obtained here for larger Re numbers.
In addition, it is seen that the range of Prandtl numbers where Nu has a linear logarithmic increment is
larger when Re is increased (at least the lowest limit is reduced). As it was expected, the Nusselt number
decreases with Re, or Pr numbers. This entails a decrement of the heat transferred by convection.

Temperature and heat fluxes intensities

The root mean square of the temperature variance, #’F, and the heat fluxes in the streamwise, ut6+,
and wall-normal, v+6+, directions are represented in figure 5.3. All Re, = 2000 cases are plotted as a
function of y/h in figures 5.3a and 5.3c. Meanwhile, in figures 5.3b and 5.3d, the same functions are
plotted for three Reynolds numbers of values Re, = 500, 1000 and 2000 and for three different Prandtl
numbers: 0.71, 0.3 and 0.02. The tendency of the results of these turbulent intensities agrees perfectly
with the results obtained by Abe et al. [45] and Kawamura et al. [40].

First of all, in figure 5.3a, for Prandtl numbers greater than approximately 0.3, 8'T tends to collapse
in the outer region, approximately for y/h > 0.3. However, when Re, is reduced (figure 5.3b), the value
of Pr at which 8'" collapses increases. It is observed again, that the use of the Péclet number gives a good
approximation to determine which cases collapse in the central region of the channel. For Pe, > 325, 8"
tends to collapse for y/h > 0.3. The maximum value of #' increases when Re., increases. The location of
this maximum depends on the Prandtl number. On the one hand, when Pr is greater than approximately
0.3, the yT coordinate of the maximum is independent of the Re, number. In such cases, it is located in
the buffer layer or logarithmic region. On the other hand, for Pr lower than 0.3 the morphology of §'F
changes. Now, its maximum location moves to the outer region. For these cases, the coordinate y of
the maximum depends on both Reynolds and Prandtl numbers.

In the same way as 8'*, all the profiles for v+07 (figure 5.3a) collapse in the outer region, for y/h > 0.1
and Péclet numbers greater than approximately 225. The minima location of v+67 is always in the outer
region. This location depends on both the Reynolds and Prandtl numbers.

Finally, ut6+ is shown in figures 5.3b and 5.3d. The behaviour of this function is the same as the
previous turbulent intensities. Values collapse from y/h = 0.07 up to the center of the channel when
Pe, > 325. Regarding the location of the function maxima, the analysis is the same as for /7, and the
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Figure 5.3: Root mean square of the temperature variance and wall-normal heat flux for (a) Re, = 2000
as a function of y/h and (b) Pr = 0.71, 0.3 and 0.02 as a function of y*. Streamwise heat flux for (c)
Re; = 2000 as a function of y/h and (d) Pr =0.71, 0.3 and 0.02 as a function of y*. Colours as in table
5.1 and symbols as in table 5.2.

threshold is again Pr ~ 0.3. For Prandtl numbers above this threshold, these maxima are located in the
buffer layer or logarithmic region. Their positions are independent of the Re, number. For the lower
Prandtl numbers, the y™ coordinate of the maxima depends on both Re, and Pr. These similitudes
between T and ut0+ come from the high correlation that exists between the streamwise velocity and
thermal field. However, as the Prandtl number is reduced, this correlation is also reduced, and the
differences between the different profiles are increased.

As a general rule, one can conclude that the location of the maxima does not depend on the Reynolds
number when the maximum is located in the buffer layer or in the logarithmic region. However, for lower
Prandt]l numbers, the maxima location moves to the outer region. Here, it does depend on the Reynolds
number.

In every case, the values of the root mean square of the temperature variance and both heat fluxes
decrease when Pr decreases. This means that, for lower Prandtl numbers, turbulent intensities decrease,
in other words, the thermal flow is less turbulent. This confirms the result obtained during the validation
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Figure 5.4: Temperature statistics of this work (solid lines) and the ones obtained by Pirozzoli et al. [50]

(dashed lines; black dashed line is for Re, = 4000). Pr = 0.71 in all cases. (a) e, (b) 0'F, (c) uto+

and (d) vT6+. Colours as in table 5.1 and symbols as in table 5.2.

of the simulations when molecular and turbulent heat fluxes were obtained.

Boundary conditions influence

The results obtained for the cases of Pr = 0.71 and Re, = 1000 and 2000 are now compared with the
ones calculated by Pirozzoli et al. [50], where a different boundary condition to the MBC is used. In
Pirozzoli et al. [50], the uniform heat generation boundary condition was used. Therefore, one cannot
expect to obtain the same results, but the tendencies of the temperature and its intensities would not
differ abruptly.

In figure 5.4, the mean temperature, the root mean square of the temperature variance, and the
streamwise and wall-normal heat fluxes are represented, in figures 5.4a, 5.4b, 5.4c and 5.4d, respectively.
Indeed, all magnitudes increase when the MBC is used, specially in the central region of the channel.
Values for Pr = 0.71 and Re, = 4000 obtained in [50] are also represented with the dashed black line to
visualize the tendency of the variables when increasing the Reynolds number.
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Nu Present work Pirozzoli et al. [50]
Re,; = 1000 85.0416 86.0682
Re,; = 2000 153.378 159.854

Table 5.4: Comparison of the Nusselt number for Pr = 0.71 and Re, = 1000 and 2000 with the ones
obtained by Pirozzoli et al. [50].

Figure 5.5: Turbulent Prandtl number. Colours as in table 5.1 and symbols as in table 5.2.

With respect to the Nusselt number, table 5.4 shows a comparison between the Nusselt numbers
obtained for Pr = 0.71 and Re, = 1000 and 2000 in this work and the ones obtained in [50]. A decrease
in the value of Nu is obtained when the MBC is used. This was expected since the temperature profiles
were slightly greater. Nevertheless, the results are reasonably similar.

Turbulent Prandtl number

Definition of the turbulent Prandtl number, Pr; (already defined in section §2.3.1 equation (2.16)),
which represents the ratio between the momentum eddy diffusivity and the heat transfer eddy diffusivity,
is written here again for the sake of readability

wror dot /dut
Pr, = 04O Jdy” (5.4)
vt0t U Jdyt

Pry is shown, as a function of ¥, in figure 5.5. These results reaffirm the well-known law that states
that Pr; is approximately constant and equal to 1 for medium molecular Prandtl numbers but it increases
for low Prandtl numbers (Kawamura et al. [40]). It can be seen how for Pr < 0.05 the values of Pr; are
higher, not only in the wall vicinity but along the whole channel. In addition, an increase in the Reynolds
number entails a slight decrease in the turbulent Prandtl number. Therefore, new scaling laws for low
Prandtl numbers are needed.

Turbulent budgets

Budgets of the temperature variance, kj (2.19)-(2.21d), the dissipation rate of the temperature vari-

ance, €5 (2.22)-(2.24g), and the turbulent heat fluxes, u; 0+ (2.25)-(2.28f), have been calculated. These
equations are defined in subsection §2.3.1.
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Figure 5.6: Budgets of the streamwise heat flux, ut6+, for Re, = 2000 and (a) medium Prandtl numbers:
Pr =0.71, 0.3 and 0.1; (b) low Prandtl numbers: Pr = 0.01 and 0.007. Re, = 2000, 1000 and 500 for
(¢) Pr = 0.1 and (d) Pr = 0.007. Colours here denote budget terms: production (red), turbulent
diffusion (black), viscous diffusion (blue), dissipation (green), pressure-temperature-gradient correlation
(magenta) and pressure diffusion (orange). Line style determines the Re, number: Re, = 2000 (solid
line), Re, = 1000 (dashed line) and Re, = 500 (pointed line). Symbols as in table 5.2.

The idea of this subsection is to check if the budget terms scale for low values of the Prandtl number.
As an anticipated result, for low Prandtl numbers, scaling failures are amplified.

Budgets for ut0+t are shown in figure 5.6. Cases for Re; = 2000 and medium Prandtl numbers
(0.71, 0.3 and 0.1) are plotted in figure 5.6a. For the same Reynolds, the lowest Prandtl numbers (0.01
and 0.007) are selected for figure 5.6b. On the other two subfigures, the analysis is done for a variation
of Re,. Budget terms for one of the medium Prandtl numbers, 0.1, are plotted for all three Reynolds
numbers in figure 5.6c. Meanwhile, the lowest Prandtl, 0.007, is used, again for all three Reynolds
numbers, in figure 5.6d. For both, medium and low Prandtl numbers, dissipation is compensated by
viscous diffusion near the wall. From the end of the buffer layer up to the center of the channel, the
production term increases and becomes more important than the viscous diffusion. In this part of
the channel, for medium Prandtl numbers (figures 5.6a and 5.6¢), dissipation and pressure-temperature
gradient correlation terms are compensated by production. However, for low values of Pr (figures 5.6b
and 5.6d), production compensates dissipation, and the rest of terms are negligible. Regarding the scaling
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Figure 5.7: Budgets of the wall-normal heat flux, v+0F, for Re, = 2000 and (a) medium Prandtl numbers:
Pr =0.71, 0.3 and 0.1; (b) low Prandtl numbers: Pr = 0.01 and 0.007. Re, = 2000, 1000 and 500 for
(¢) Pr = 0.1 and (d) Pr = 0.007. Colours here denote budget terms: production (red), turbulent
diffusion (black), viscous diffusion (blue), dissipation (green), pressure-temperature-gradient correlation
(magenta) and pressure diffusion (orange). Line style determines the Re, number: Re, = 2000 (solid
line), Re, = 1000 (dashed line) and Re, = 500 (pointed line). Symbols as in table 5.2.

of the budget terms, it can be seen that it presents several errors when Pr varies (figures 5.6a and 5.6b).
Not only the magnitudes of all the budget terms change along the entire channel, but also the location
of the maximum changes depending on the Prandtl number. When Pr is kept constant and with a
medium value (figure 5.6¢) all terms seem to scale well in the logarithmic layer and in the center of the
channel (difference are due to the difference in Re,). However, in the wall vicinity, viscous diffusion and
dissipation present noticeable differences from one case to another. When Pr is reduced (figure 5.6d),
these differences are even larger.

Budgets for vT0T are shown in figure 5.7. The arrangement of the subfigures is the same as for the
streamwise heat flux. It can be seen how for medium Prandtl numbers (figures 5.7a and 5.7c) the more
important budget terms are pressure-temperature gradient correlation, pressure diffusion, dissipation and
production. However, when Pr is reduced (figures 5.7b and 5.7d), dissipation becomes more important
than both pressure terms. For the lowest Prandtl numbers, these pressure terms become negligible and
production is compensated only by the dissipation term. Dissipation becomes more important for lower
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Figure 5.8: Budgets of the temperature variance, k; , for Re, = 2000 and (a) medium Prandt] numbers:
Pr = 0.71, 0.3 and 0.1; (b) low Prandtl numbers: Pr = 0.01 and 0.007. Re, = 2000, 1000 and 500
for (c¢) Pr = 0.1 and (d) Pr = 0.007. Colours here denote budget terms: production (red), turbulent
diffusion (black), viscous diffusion (blue) and dissipation (green). Line style determines the Re, number:
Re, = 2000 (solid line), Re, = 1000 (dashed line) and Re, = 500 (pointed line). Symbols as in table 5.2.

Prandt]l numbers since it occurs in eddies of a larger scale, as it was seen in the visualization of the velocity
and temperature structures in section §4 in figure 4.2. Regarding the scaling of the budget terms, the
same problems as for ut6+ appear. For a constant Re, (figures 5.7a and 5.7b), the magnitude of the
budget terms and the location of their maxima do not scale properly. When Pr is kept constant with
value 0.1 (figure 5.7¢) all terms seems to scale well except for the pressure terms in the near wall region.
For the lowest Prandtl number (figure 5.7d) scaling failures are seen in the center of the channel for the
production and dissipation terms.

Budget terms for k; are shown in figure 5.8. Again, the sub-figures information is presented in the
same order as in the previous ones. For all cases, dissipation compensates molecular diffusion in the
wall vicinity and production in the center of the channel. The y* coordinate where the production
term becomes more important than molecular diffusion increases with a decrease of the Prandtl number.
Turbulent diffusion appears to be more noticeable at the end of the buffer layer for medium Prandtl
numbers. The scaling law used for these budget terms presents the same problems as before when a
variation in the Prandtl number is introduced (figures 5.8a and 5.8b). In addition, the problem for the
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Figure 5.9: Budgets of the dissipation rate of the temperature variance, sj, for Re, = 2000 and (a)
medium Prandtl numbers: Pr = 0.71, 0.3 and 0.1; (b) low Prandtl numbers: Pr = 0.01 and 0.007.
Re. = 2000, 1000 and 500 for (¢) Pr = 0.1 and (d) Pr = 0.007. Colours here denote budget terms:
summation of the four production terms (red), turbulent diffusion (black), viscous diffusion (blue) and
dissipation (green). Line style determines the Re, number: Re, = 2000 (solid line), Re, = 1000 (dashed
line) and Re, = 500 (pointed line). Symbols as in table 5.2.

dissipation term is even more complex. In the buffer layer, not only the magnitude of this term changes,
but also its morphology. For a variation of Reynolds and Pr = 0.1 (figure 5.8¢), the same scaling problem
for dissipation arises again. Molecular and turbulent diffusion also present scaling problems in the buffer
layer. For the lowest Prandtl number (figure 5.8d) a better scaling is needed.

Finally budget terms for sj are shown in figure 5.9. The cases shown in each sub-figure are the
same as in the previous analysis. Production is mostly compensated by dissipation, except in the wall
vicinity, where viscous diffusion overcomes the production term. For lower Prandtl numbers, the effect of
viscous diffusion close to the wall is more remarkable. The scaling used for a; presents the same problems
for variations of Prandtl numbers (figures 5.9a and 5.9b). When the Reynolds number is changed and
Pr = 0.1 (figure 5.9¢) scaling errors appear in the logarithmic region for production and dissipation
terms. Also, in the buffer layer, the viscous diffusion term does not scales properly. For Pr = 0.007
(figure 5.9d), the differences in the production and dissipation terms are larger.

In general, it is seen that scaling of the budget terms fail for lower Prandtl numbers, especially in
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the near wall region. The most conflicting terms are dissipation and viscous diffusion. Also, remark the
scaling errors in the pressure terms for v+6+ and the production term for 63_. It has been seen through
all this section that the behaviour of the thermal field changes for low Prandtl numbers. Therefore, one
could have expected these scaling differences. This suggest that the modeling of some of the budget terms
depends on both Re, and Pr, which makes their modeling a very complex problem.

Conclusions

A new set of Direct Numerical Simulations of turbulent heat transfer in a channel flow are presented.
Uniform heating from both walls is used as the boundary condition. The effects in the thermal flow of
Re., and medium to low molecular Prandtl numbers is studied for a range of values of: Re, = 500, 1000
and 2000; and Pr = 0.007 — 0.71.

A balance of the heat fluxes is calculated to validate the simulations. It is seen that when Pr is
reduced, molecular heat flux becomes more important than turbulent heat flux. Indeed, for the lowest
Prandtl number, turbulent heat flux is almost negligible except in the central region of the channel.

Mean temperature profiles, the diagnostic function and turbulent intensities (6’*, u+t6+ and v+0+)
are shown. The logarithmic region appears only for Prandtl numbers greater than approximately 0.3.
The von Karmén constant has been calculated, obtaining an approximately constant value of xk; = 0.43
for Re, >= 1000. The values of the diagnostic function in the central region of the channel collapse for
Pe, > 30. On the other hand, the morphology of the turbulent intensities change when Pr > 0.3. Also,
in the outer region, their values collapse when the Péclet number is greater than 325 for #’* and ut0+;
and 225 for v+0+. In addition, the location of the maxima of the functions does not depend on the
Reynolds number when the maximum is located in the buffer layer or in the logarithmic region. However,
for lower Prandtl numbers, the maxima location moves to the outer region and it does depend on the
Reynolds number. The absolute values of all three intensities decrease when Pr is reduced, which means
that, in fact, the thermal flow is less turbulent.

The Nusselt number is derived from the mean temperature profile. It is seen that it can be represented
with a linear logarithmic expression for medium-low to medium Prandtl numbers. This range seems to
increase, at least the lower limit of Pr, when Re, is increased. However, the upper limit of the linear
behaviour is not captured in this section, since it is greater than 0.71, but it will be studied in next
subsection. Another dimensionless number calculated is the turbulent Prandtl number. As it was known,
for Pr > 0.05, its value is more or less constant and approximately 1 in all the channel. For Pr < 0.05,
the turbulent Prandtl number increases as the molecular Prandtl or Re, decrease.

A comparison with the results from [50] for the simulations of higher Reynolds and a value of Prandtl
of Pr = 0.71 have been done. For that work a boundary condition different to the MBC and similar
to the one used in [30] was used. Results are not exactly the same but similar. Also, tendencies of the
thermal variables are the same. Thermal values tend to increase when the MBC is used, especially in the
central region of the channel.

Finally, turbulent budgets for heat fluxes, temperature variances and its dissipation rate are presented.
For v+607, the pressure terms become negligible when Pr is reduced, and dissipation compensates the
production term. As it was expected, turbulent diffusion is negligible for all low Prandtl number cases.
Also, scalings of the budget terms are analyzed. It is seen that for low Prandtl numbers, any of them
work properly and a deeper study is needed. The most conflicting terms, especially in the near wall
region, are dissipation and viscous diffusion, pressure terms for v+60+ and production for 53‘.

Finally, to help other researchers to test their theories, the statistics of all simulations can be down-
loaded from the following website:

http://personales.upv.es/serhocal/.
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Table 5.5: Symbols used to identify the Prandtl numbers through all the figures of this subsection.
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Figure 5.10: (a) @+/P7". Black line represents the law of the wall, 6 = Pry*. (b) Left axis: solid

and dashed lines represent Ay as a function of Pr using and not using a linear interpolation of e /Pr
in between two mesh points, respectively. Black empty symbols represent Ay according to Shaw and
Hanratty 1977 [79] (squares): Ay ~ Pr~%3; Kader 1981 [31] (triangle down): Ay ~ Pr~1/3; Na et al.
1999 [43] (triangle up): Ag ~ Pr=%5; and Schwertfirm and Manhart 2007 [46] (circle): Ay ~ Pr=029,
Right axis: circles and triangles represent values of v with and without the linear interpolation of CH /Pr,
respectively. Black and orange dashed lines represent the scaling of v for medium-high and low Prandtl
numbers, respectively, using the linear interpolation of @+/ Pr. Colours as in table 5.1 and symbols as
in table 5.5.

5.1.2 Medium and low Reynolds numbers and high Prandtl numbers

In this subsection, the results of simulations with Pr > 1 will be presented, with Re, = 500, 1000 and
2000, reaching a Prandtl number of 10, 7 and 7, respectively. Symbols used to distinguish among the
different Prandtl number in figures of this subsection (unless otherwise specified) are collected in table
5.5. Prandtl number lower than 1 will also be used to compare the different behaviours of the thermal
field. These cases where Pr < 1 will be distinguished with dashed lines.

Temperature statistics

The mean temperature, @+, is presented in figure 5.10a as @+/Pr. The law of the wall, 6" = Pry™,
is fulfilled for every case close to the wall. The size of this region of the flow, Ay, i.e. the conductive
sublayer, is determined here by the value of the y* coordinate where 0" differs by a 5% with the law of
the wall.

As its name indicates, in this region the heat transferred by conduction is dominant over the turbulent
heat flux. It can be seen how this layer gets thinner as the Prandtl number increases. In figure 5.10b it is
represented Ay for every case. Due to the discretization of the problem, there is noise in the value of Ag,
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Figure 5.11: (a) Diagnostic function of 6. Zoom of the logarithmic layer. (b) Von Kdrmén constant as
a function of Prandtl number. Colours as in table 5.1 and symbols as in table 5.5.

specially when its value is low, see dashed lines of figure 5.10b. A linear interpolation of N /Pr between

the two closest mesh points where 6" differs by a 5% with the law of the wall gives a more realistic result
of where Ay is actually located (solid lines of figure 5.10b). The depth of the conductive sublayer ranges
from values of 100 for very low Prandtl numbers down to barely 3 wall units for Pr = 7 and 10. This is a
great indicator that for low Prandtl numbers, the thermal field is dominated by conductive heat transfer,
and as the Prandtl increases, the turbulent heat transfer overcomes the conductive one.

The classical scaling proposed for Ay is a power function, such as Ay ~ Pr=9% Ay ~ Pr1/3,
Ay ~ Pr=93 or Ay ~ Pr=929 depending on the range of Prandtl numbers, [43, 31, 79, 46], respectively.
A more precise way to define the scaling of Ay is using a power function with a dependence on the
Prandtl number in the exponent, Ag ~ Pr?, where v = (Pr). Thus, the following relation can be used
Ay = aPr?7, where a must be the value of Ay for Pr = 1. Then, the value of v for every other Prandtl
numbers is calculated as v = In(Af/a)/In(Pr) to fit the data. Note that, for the value of v at Pr =1
an indeterminate form of the type 0/0 is obtained. Therefore, limits must be used to obtain this specific
value. As can be seen in figure 5.10b, the value of « is a linear function of Pr for Pr > 0.5 (z-axis is in
logarithmic scale). Noise on the results arises near Pr = 1, where very small errors entail big discrepancies

in the value of ~, as it is the case for Pr = 0.71. As can be seen, if the interpolation of @+/Pr is not
done, even higher errors are obtained for v at Pr near 1 (see triangles of figure 5.10b). This is due to
the sensitivity of the fitting of a power function near values with base 1. The relation for Ay obtained is
Ay = 5.9Pr0:360.004Pr " The value of 7 is reasonable comparable to other values given in previous works,
which ranged from —0.3 to —0.5, depending on the Prandtl number. As seen in figure 5.10b, for high
Prandt]l numbers, the scaling proposed by Shaw and Hanratty 1977 [79] (squares): Ay ~ Pr=%3; Kader
1981 [31] (triangle down): Ay ~ Pr—1/3; and Schwertfirm and Manhart 2007 [46] (circle): Ag ~ Pr=0-29
are very precise for the range of Prandtl between 0.3 to 7. Furthermore, the impact on Ay due to the
Prandt]l number dependence on the exponent appears to be small in the these range of Prandtl numbers.
On the other hand, the scaling of Na et al. 1999 [43] (triangle up): Ay ~ Pr~%® provides a more precise
result for lower Prandtl numbers. Also, remark the small dependence of Pr in the value of 7. Therefore,
considering 7 constant in a small range of values of Prandtl would not entail big errors. For low Prandtl
numbers and sufficiently high Re., the value of 7 is a logarithmic function of Pr. The relation in this
case is Ay = 5.9 Py 0-23+0.07Llog(Pr)
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Figure 5.12: (a) Temperature fluctuation, ', and (b) streamwise heat flux, ut6+. Colours as in table
5.1 and symbols as in table 5.5.

As a remark, the definition of Ay could be changed and the limiting value of 5% difference between the
wall law and @Jr/ Pr could have been increased or reduced. Then, the value of Ay would had obviously
changed. However, in the scaling of Ay with the Prandtl number, the value of « will remain the same.
Therefore, as long as the limiting value of the conductive sublayer is reasonable, the value of v will always
be comparable between different criteria to obtain Ay.

The diagnostic function of the mean temperature, =7, is represented in figure 5.11a. If the flow
presents a logarithmic layer, then =7 must be constant in the region approximately between y*™ = 70
and y/h = 0.2 [77]. In the work done by Jiménez and Moser 2007 [51] it was stated that the diagnostic
function of the velocity field presents a linear dependence with y*. This dependence tends to 0 as Re,
goes to infinity. The same occurs for the diagnostic function of ©". This linear dependence with y™,
although small, still exists for Re, = 2000. One can see in the zoom of figure 5.11a that in the logarithmic
region, where the diagnostic function must be a plateau, there is still a small increment. For cases with the
lowest Prandt]l numbers, =7 does not even collapse in the outer region. As the Prandtl number increases,
Z'r starts to collapse in the outer region, then in the logarithmic region, and, for the highest Prandtl
numbers, also in the buffer layer. Therefore, for medium-high Prandtl numbers, whether a logarithmic
region appears or not for the mean temperature profile will only depend on the Reynolds number.

The previous statement can be confirmed calculating the von Karman constant, x¢. As in previous
section, the logarithmic equation (5.1) is fitted to the value of e Again, the limits of the logarithmic
layer where the fitting is done are set to be y™ = 70 for the lower limit and y/h = 0.2Re, for the upper
limit, as in [77]. In figure 5.11b, & is represented for the three Reynolds numbers and Pr > 0.71. It can
be seen how k; is approximately constant for a constant Re,. The small variation (smaller than 2%) can
be due to numerical discrepancies. When the Reynolds number is increased, x; slightly increases. Also,
differences of k; were expected, since for these values of Reynolds number, the logarithmic layer is not
perfectly developed. Nevertheless, the value of x; seems to converge with the Reynolds number towards
a value of roughly 0.45 or slightly above. This result is very close to to the one provided in the work
of Pirozzoli et al. [50], where a value of x; = 0.46 is obtained for Re, = 4000 and a thermal boundary
condition that consisted in a thermal heat generation. Regarding the work of Abe and Antonia [80],
where the MBC was also used, a value of k; = 0.43 was obtained for Re, = 1000, which agrees with the
one presented here.
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Figure 5.13: Correlation coefficient, ut6+/(u/*6’'*). Colours as in table 5.1 and symbols as in table 5.5.

Information of the turbulent intensities such as the transformed temperature fluctuation, 6'*, the
streamwise heat flux, ut0%, the correlation coefficient, ut6+ /(u/'T¢'*), the wall-normal heat flux, v+6+,
and a quadrant analysis of vt61, have been calculated. They are represented in figures 5.12, 5.13 and
5.14. One of the main differences between #’* and u*6+, is that, at the highest Prandtl numbers, or more
precisely, highest friction Péclet numbers, the maximum of 8T does not grow with the Reynolds number
(see figure 5.12a). Analogously, this feature is observed in Couette flows for the velocity fluctuation,
uw'T, when the Reynolds number is high enough [62]. However, this is the first time that this feature is
reported for a thermal Poiseuille low. This scaling of the maximum of #’t have more benefits in the
scaling of some turbulent budgets, as will be seen later.

As reported in section §2.3.1, near the wall, the streamwise velocity and the temperature fields are
highly correlated, specially for Prandtl numbers close to 1. But as as the Prandtl number moves away
from 1 this correlation is weaker. In figure 5.13, the correlation coefficient is shown for all cases with
Pr > 1. The same tendencies were obtained by Abe et al. [81] for cases with lower Reynolds numbers
and Prandtl close to 1. Note that some noise appears at the center due to small values of ut6+, u'*
and 6'T. Nevertheless, the important result is obtained at y* a 10, where, effectively, the correlation
coefficient decreases from 0.95 for Pr = 1, down to 0.8 for Pr = 7.

The wall-normal heat flux, v+07F, is represented in figure 5.14a. For higher Pe,, v+6+ approaches
to its bound value of —1 in a wider region of y. This is in accordance with Townsend’s hypothesis [11],
applied to the temperature field. Additionally, a quadrant analysis like in [82] has been performed to
study the generation mechanism of v+6+ compared with the one of utvt (figures 5.14b, 5.14c and 5.14d).
On one hand, events on the first quadrant, Q1 (0, v > 0 and v > 0), and third quadrant, Q3 (0, u < 0
and v < 0), are referred to as outward and inward interactions, respectively. On the other hand, the
second quadrant, Q2 (f, u < 0 and v > 0), and fourth quadrant, (6, u > 0 and v < 0), represent ejection
and sweep events, respectively. A good scaling in the Reynolds number is observed from figures 5.14c and
5.14d, with indeed similar tendencies for both v*6+ and utv*. Dominant contributions from the sweep
events (Q4) appear very close to the wall. At a certain y* coordinate, the ejection events (Q2) become
the most important. Obviously, this ¥ coordinate is constant for different Reynolds numbers, since the
generation mechanism scales with Re,. However, the y T coordinate where the alternation of the dominant
event occurs moves closer to the wall as the Prandtl number increases, going from y* = 16 for Pr = 1
(similar to the y* = 17 for Pr = 0.71 obtained in [82]) to y* = 8 for Pr = 7 (see figure 5.14b). Related
with the constant maximum of §’F for different Reynolds numbers, one can see how the maximums of
Q1, Q2 and Q3 events also scale for vT67+, in contrast to uTvt, where all maximums increase with the
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Figure 5.14: (a) vT0+. Colours as in table 5.1 and symbols as in table 5.5. Quadrant analysis of v+6+ for
(b) Re; = 2000 and Pr = 1 (dotted lines), Pr = 4 (dashed lines) and Pr = 7 (solid lines) and (c) Pr =17
and Re, = 500 (dotted lines), Re; = 1000 (dashed lines) and Re, = 2000 (solid lines). (d) Quadrant
analysis of utv* for Pr =7 and Re, = 500 (dotted lines), Re, = 1000 (dashed lines) and Re, = 2000
(solid lines). In (b), (c) and (d) colour blue is for events of Q1, magenta for Q2, green for Q3 and red for

Q4.

Reynolds number, as in uT0+. Regarding the scaling in the outer region, a good similarity is observed for
the cases at Re, = 2000 and Pr = 4 and 7 in figure 5.14b. However, if the Reynolds or Prandtl number
are decreased, some discrepancies appear, specially in the region below y/h < 0.3 (see figure 5.14c). The
same result was obtained by [82] for a low Prandtl number of 0.025 and Reynolds numbers ranging from
180 up to 1020.

The dimensionless numbers Nu and Pry, defined in equations (5.3) and (5.4), respectively, have been
calculated. In figure 5.15, Nu is presented as a function of Pr. As shown in previous section, Nu is a
power function of Pr for Pe, < 20. Also, in [40], it was noted that, for Re, = 180, the increment of Nu
begins to reduce for Prandtl numbers greater than 1. This feature is also observed here for medium—high
Prandtl numbers at Re, up to 2000. However, it is not Pr that determines when Nwu is no longer a
power function of Pr, but Pe,. As a conclusion, Nu is a power function of Pr in the specific range of
the friction Péclet number, 20 < Pe, < 1500. Fitting a power function to the data, it is obtained:
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Figure 5.15: Nu as a function of Pr. Squares are the values from the DNS. Solid lines represent cor-

relations from this work (5.5a)-(5.5¢). Dotted lines represent Dittus and Boelter correlation (5.6), and,
dashed lines represent Kays et al. correlation (5.7). Colours as in table 5.1.

Nu = 53.1Pr%%°  for Re, =500 (5.5a)
Nu = 103.7Pr*%% for Re, = 1000 (5.5b)
Nu = 192.9Pr* %% for Re, = 2000 (5.5¢)

for 20 < Pe; < 1500. Two more correlations are also included in figure 5.15. On one hand, the correlation
obtained by Dittus and Boelter 1930 [83] for turbulent pipe flows

Nu = 0.023Re%® Pr™, (5.6)

where Rep is the Reynolds number based on the diameter of the pipe and n = 0.4 since the flow is being
heated. On the other hand, the correlation obtained by Kays et al. 1980 [48] for constant temperature
walls, which reads

Nu = 0.021Re’8 Pr05. (5.7)

The correlations proposed here (5.5a)-(5.5¢) are very precise in the range of 20 < Pe, < 1500.
However, as mention before, for Prandtl numbers above 1 the scaling of Nu with Pr changes and, in the
small range obtained here, Dittus and Boelter correlation (5.6) fits well with an exponent of 0.4 in the
Prandtl, while the exponent of 0.5 from the Kays et al. correlation (5.7) seems to be overestimating the
value of Nu. Nevertheless, if the scaling of Nu for higher Prandtl numbers is still a power function of Pr
with exponent approximately 0.4 cannot be determined with the data from this work only. Even higher
Prandt]l numbers must be simulated. This, however, is beyond the scope of the study of this work.

With respect to Pr; an important change in its value near the wall occurs (see figure 5.16a). For
medium molecular Prandtl numbers, Pr; value is approximately 1.1 at the wall, as reported by many
other authors [34, 37, 40, 44, 82]. However, for medium-high Prandtl numbers, Pr; in the wall increases.
The reason of this increase can be explained using the decomposition of the fluctuating variables near
the wall proposed by Antonia and Kim [34] and Kawamura et al. [40], which was introduced in section
§2.3.1, equations (2.17a)-(2.17i). Using the definition of Pry, (5.4), where (d@+/dy+)/(dﬁ+/dy+) = Pr
at the wall, and the approximations of v+6+ and utv™ near the wall, (2.17i) and (2.17g), respectively,
one gets Prt|y:0 ~ dya/dayg.
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Figure 5.16: (a) Pr; focused in the near-wall region. Box: Values of doy (solid) and d;2 (dashed). (b)
Pr; in the core region. Black squares represent the distribution proposed by Abe and Antonia 2009 [81].
Colours as in table 5.1 and symbols as in table 5.5.

The value of these coefficients can be observed in the box inside figure 5.16a. The coefficient dog
has a constant value approximately equal to dy2 in the range of Prandtl numbers near one. However,
for Pr > 4, dog decreases due to the reduction of the normal-wall heat fluxes over the Prandtl number,
i.e. v1t0+/Pr reduces when the Prandtl is increased above Pr a 4. This makes Pr; greater than 1 in
the wall. This variation has serious consequences in the modelling of fluids with medium—high Prandtl
number, like water, since Pr; is one of the the main parameters for modelling.

In the core region of the channel, Abe and Antonia 2009 [81] proposed a quadratic distribution for
Pry:

Pry =0.9 —0.3(y/h)>. (5.8)

In figure 5.16b, it is observed how this approximation captures the mean behaviour of Pr;, even for
Reynolds and Prandtl numbers up to 2000 and 7, respectively.

Turbulent budgets

Turbulent budgets of the temperature variance, kj (2.19)-(2.21d), the dissipation rate of the temperature
variance, e} (2.22)-(2.24g), and the streamwise, ut0+ (2.25)-(2.27f), and wall-normal heat flux, v+o+
(2.28a)-(2.28f), are analyzed in this subsection. Reader is referred to subsection §2.3.1 for the equations
of the turbulent budgets.

Although it was stated in chapter §4 that the size of the computational box, L, = 2wh, L, = 2h
and L, = 7wh, was enough to accurately compute first order statistics, it is also big enough to accurately
calculate the turbulent budgets. Figure 5.17 presents the budget terms of k(j obtained by the code used
in this work, for Pr = 0.71 and Re, = 500 (dashed lines) and 1000 (solid lines). These results have been
compared with those obtained by Abe et al. [45] for Pr = 0.71 and Re, = 640 (dotted lines). The size of
the computational box used by Abe et al. [45] is L, = 4wh, L, = 2h and L, = 2wh. A perfect collapsing
or following of the trends is observed for the budgets of k;’. The same results have been obtained for the
budget terms of the heat fluxes, but they are not shown here for brevity. This validates the size of the
computational box used in this work to calculate turbulent budgets.

Figures 5.18a, 5.18b, 5.18c and 5.18d present the results obtained for every budget term. Only
simulations for the three Reynolds numbers, Re, = 500, 1000 and 2000, with Pr = 2 and 7 are plotted
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Figure 5.17: Budgets of the temperature variance, k‘; for Pr = 0.71. Here, colours denote budget terms:
production, turbulent diffusion (black), viscous diffusion (blue) and dissipation (green). Here, line style
denotes the Reynolds number: Re, = 1000 in solid lines and Re, = 500 in dashed lines. Re, = 640 in
dotted lines is from Abe et al. [45].

for better visibility. The main result obtained is the better scaling near the wall of the viscous diffusion,
V9+, and the dissipation, s;', in the budget of kg' . For Pr = 7, V' varies less than 5% in the wall between
cases at Re,; = 500 and 2000. This is a significant reduction compared with the 16% difference obtained
for Pr = 0.71 in previous section §5.1.1.

The value of V(f and E; at the wall can be calculated as

1

2
%+’y+:0 = 2Prayyel+ = Eg‘wzo‘ (59)

y+t=0
Using the approximation of % near the wall from equation (2.17f), one gets

Vol oo = —ed | oo = Prig. (5.10)

If the first maximum of 6’t is constant and it is placed at the same distance to the wall, by will be
the same for two cases with the same Prandtl number. It was shown before (figure 5.12a), that this is
fulfilled for medium-high Prandtl numbers. Therefore, since by is approximately constant, a good scaling
is obtained in the wall. Note that the scaling of V9+|y+=0 and sﬂw:o with by is quadratic, so small
differences in by will make scaling errors larger. In figure 5.19a the values of by for all simulations are
represented (solid lines and left axis). Effectively, when the Prandtl number is increased, the values of
by converge among the three different Reynolds numbers. Specifically, by seems to converge to a value
between 0.3 and 0.4.

In the ideal case where by does not depend neither on Re, nor Pr, V0+ /Pr and 5; /Pr will perfectly
scale in the wall for all Re, and Pr. If, in addition, the wall-normal direction is scaled with Pr!/3, as in
[40], the peaks of the other terms will also scale. The results for the cases of Pr = 2 and 7 are shown
in figure 5.19b. The scaling is almost perfect in the entire channel except in the wall, where the small
differences in by are amplified due to this quadratic behaviour. In this context, Abe and Antonia [80]
found that the peak value of the product term reaches a constant maximum of value Pr/4 when the
MBC is used, for Re, larger than 400. This seems to be convincing with the result obtained here for Re.,
up to 2000.
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Figure 5.18: Budgets of (a) k; (b) e/ (c) w0+ and (d) v+6+. Here, colours denote budget terms:
production or sum of productions in (b) (red), turbulent diffusion (black), viscous diffusion (blue), dissi-
pation (green), pressure strain (magenta) and pressure diffusion (orange). Line style denotes the Reynolds
number: Re, = 2000 in solid lines, Re, = 1000 in dashed lines and Re, = 500 in dotted lines. Black line
with value 0 is the summation of all terms. Symbols as in table 5.5.

Following this procedure, the same analysis can be done for the viscous diffusion, szé, and dissipation,
5:9a in the budget of ut0+. Their values at the wall are obtained using the approximation of u+6+ near
the wall (2.17h), obtaining:

_Pr+1

vt =—¢t N ——— Oy utot = (Pr+ 1)cyp. 5.11
uG‘y+:0 u0’y+:0 Pr yy =0 ( ( )

Therefore, if the c19 values are different, Vng and 539 will not scale in the wall. In figure 5.19a, the
values of c19 are represented with dashed lines (right axis). Effectively, c1p is not the same for different
Reynolds numbers and it oscillates for different Prandtl numbers.

Finally, regarding the budgets of 53‘, Abe et al. [81] did an analysis focusing of the Reynolds depen-
dence of the production terms of the transport equation of the mean square scalar gradient, whose terms
are analogous to the ones of &, defined in equations (2.22)-(2.24g). They found that for Pr = 0.71, with
the increase of the friction Reynolds number, from Re, = 180 up to 640, the mixed production, mean
gradient production and turbulent production also increased. Meanwhile, the gradient production term
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Figure 5.19: (a) Values of by (solid and left axis) and cj9 (dashed and right axis). Colours as in table
5.1. (b) Budgets of kJ /Pr as a function of y+Pr'/3. Cases for Pr = 2 and 7 are represented. Here,
colours denote budget terms: production (red), turbulent diffusion (black), viscous diffusion (blue) and
dissipation (green). Line style denotes the Reynolds number: Re, = 2000 in solid lines, Re, = 1000
in dashed lines and Re, = 500 in dotted lines. Black line with value 0 is the summation of all terms.
Symbols as in table 5.5.

was independent of the Reynolds number. The same tendency can be observed in figure 5.20a, where
the product terms of 5;{ are shown for Pr = 1 and Re, = 500, 1000 and 2000. However, an interesting
result is obtained when the Prandtl number is increased to Pr = 7 (figure 5.20b). At this higher Prandtl
number, the mixed and mean gradient production seem to be independent of the Reynolds number when
this is high enough, i.e. Re, > 1000. Therefore, the only Reynolds dependent term is the turbulent
production. Although not shown here for the sake of brevity, for Pr = 4 a clearer difference was notice
between the mixed and mean gradient production terms at Re, = 500 and 1000. This suggests that
a thermal equilibrium is achieved depending on a combination of Re, and Pr, i.e. the friction Péclet
number, Pe.. This thermal equilibrium may be linked with the inner collapsing obtained for the thermal
fluctuations with high Péclet numbers (figure 5.12a).

Conclusions

A new set of DNS in a thermal channel flow at medium and medium-high Prandtl numbers have been
conducted. The MBC has been used as the thermal boundary condition. The mean temperature field
has been studied and a new scaling for the thickness of the conductive sublayer has been proposed for
medium to medium-high Prandtl numbers, Ag ~ Pp—0:36+0.004Pr

The presence of a logarithmic region in the temperature field is still not perfectly observed at the
ranges of Re, and Pr simulated, although the Reynolds number dependencies are small. Also, it is
demonstrated that, for medium and medium—high Prandtl numbers, whether or not the logarithmic layer
perfectly appears, depends only on the Reynolds number. Therefore, the values of k; are constant for
different Prandtl numbers, but converges towards a constant value when the Reynolds number tends to
infinity.

Turbulent intensities have been calculated. The main result is that, it is observed for the first time in
Poiseuille thermal channel flows, that the maximum value of * does not increase when Re, is increased
for medium—-high Prandtl numbers. As a consequence, in the budgets of the temperature variance, the
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Figure 5.20: Production terms of €. (a) Pr =1 and (b) Pr = 7. Here, colours denote production term:
mixed production (red), mean gradient production (black), gradient production (blue) and turbulent
production (green). Line style denotes the Reynolds number: Re, = 2000 in solid lines, Re, = 1000 in
dashed lines and Re,; = 500 in dotted lines. Symbols as in table 5.5.

scaling of the viscous diffusion and dissipation terms is more accurate near the wall. This may also be
the consequence of a Reynolds number independence of the mixed and mean gradient production terms
in the transport equation of 5;. As a conclusion, a thermal equilibrium seems to be achieved in the
near-wall region when the Pe, number is high enough, so that the aforementioned thermal quantities
become constant with the Reynolds number.

Finally, the Nusselt and the turbulent Prandtl numbers have been calculated. It is observed how the
Nu can be written as a power function of Pr in a range of Pe, between 20 and 1500. On the other hand,
Pry is no longer equal to 1 near the wall for medium—high Prandtl numbers. Pr; increases due to the
decrease of the wall-normal heat flux near the wall, which entails a lower thermal eddy diffusivity.

Remark, that the Prandtl numbers simulated in this work reach up to the Prandtl number of water
(Pr =~ 7), and with the Reynolds numbers reached, up to Re, = 2000, these new features of the thermal
field have been obtained. The tendency has been to observe statistics that become Reynolds independent
when the Reynolds was increased (6’7", the viscous diffusion and dissipation budgets of k‘g' near the wall,
and the mixed and mean gradient production budget terms of s;’). Although an extrapolation should
always be made carefully, the Reynolds numbers in practical applications are even well above Re, = 2000,
which suggest that a perfect scaling with Re, is achieved for this variables, making thermal models for
water much easier and accurate.

The raw data that support the findings of this study are available in the following website:

http://personales.upv.es/serhocal/.

5.1.3 High Reynolds number for Pr =0.71

This subsection contains the results of the first simulation of a thermal channel flow for a friction Reynolds
number of value Re, = 5000 and the Prandtl number of air, Pr = 0.71. Results will be compared with
simulation presented in section §5.1.1 for lower Reynolds numbers and the Prandtl number of air, i.e.
Re, = 500, 1000 and 2000, and Pr = 0.71. Also, results from the simulation of Pirozzoli et al. 2016 [50]
will be used for comparisons. This simulation used the highest friction Reynolds number in a thermal
channel flow until now, Re, = 4000, and the thermal boundary condition consisted in an internal and
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Figure 5.21: (a) Mean temperature. Magenta dashed line is from Pirozzoli et al. [50]. Black thin line
shows the law of the wall. (b) , as a function of Re,. Magenta circles represents the data from [50].
Cyan triangles is the data from [45], where the MBC is used. Colours as in table 5.1.

uniform heat generation (UHG) removed from both isothermal walls. Therefore, small differences should
be expected. In all plots of this subsection, magenta dashed line will be used to represent data from
Pirozzoli et al. [50] (unless otherwise specified).

Temperature statistics

The value of the mean temperature, @Jr, has been obtained and it is represented in figure 5.21a. As it
was expected, in the viscous layer, all values of CH collapse with the law of the wall: 6 = Pry™. Even
the values from [50], where a different boundary condition for the thermal field is used, coincide with the
ones obtained in the present work. This shows the universality of turbulence near the wall. However, in
the logarithmic layer and in the central region of the channel, the slope of ©" tends to decrease with an
increasing Reynolds number. For the UHG boundary condition used in [50], the slope is smaller than the
one obtained using the MBC.

The von Karméan constant, ;, has been derived from the mean temperature profile fitting the loga-
rithmic equation (5.1) to the value of 6" in the range of y* = 70 up to y/h = 0.2Re,, as suggested in [77].
Therefore, in this range, k; represents the inverse of the slope of ©". The values of K¢ are represented in
figure 5.21b. Results at lower Reynolds numbers from the work of [50] have also been added (magenta
circles). In addition, the values of k; obtained in [45], where the MBC was also used, are represented
with cyan triangles. Results are coherent among all different works.

Here, it is seen that k; slightly increases with Re., but, asymptotically, tends to a value slightly above
0.44. One may think that x; depends on the Reynolds number. However, the reason of the variations in
the value of k; is that the logarithmic region is not properly developed and it is influenced by the buffer
layer and the outer region. A value of k¢ = 0.441 is obtained for Re, = 5000. This value is slightly above
the von Karmén constant of the velocity field, which ranges between 0.38 and 0.4 [75, 76]. With respect
to the UHG, the value of x; increases to 0.455, since the slope of 0" is lower, as it was mentioned before.
Regarding the constant B from equation (5.1), their values are collected in table 5.6. Notice that this
more or less constant value of B ~ 3 obtained in all simulations is totally different when the Prandtl
number changes, as it was shown in the previous sections.
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Re, K B Koo a1 K o)
500 0.418 2.89 — - - -
1000 0.436 3.11 0.4625 150 0.433 1.304
2000 0.440 3.05 0.4635 150 0.448 1.436
5000 0.441 2.96 0.4466 150 0.441 0.756
4000 0.455 3.09 0.4651 150 0.457 0.961

Table 5.6: Values of the parameters of equations (5.1) and (5.12).
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Figure 5.22: (a) Diagnostic function (5.2). Dotted black line represents where the plateau should be for
k¢ = 0.44. (b) Diagnostic functions, solid, and approximations of equation (5.12), dashed. Colours as in
table 5.1 and magenta dashed line is from Pirozzoli et al. [50].

A visual way of checking how well developed is the logarithmic layer is using the diagnostic function,
Z7, defined in equation (5.2). If equation (5.1) holds, then the diagnostic function will have a value
of 1/k; in the logarithmic layer. In figure 5.22a, the diagnostic function of the mean temperature is
represented. This logarithmic layer appears between the two peaks of the diagnostic function that are
obtained in the buffer layer and the outer region. Regarding the peak in the buffer layer, its position is
constant at yT ~ 12 and its magnitude continues decreasing with the increase of the Reynolds number.
This peak is even lower for the UHG boundary condition. Regarding the peak in the outer region, it
is positioned at a constant value in outer coordinates, y/h ~ 0.5. In the ideal case where a logarithmic
region appears perfectly developed, the plateau of value 1/x; should be observed approximately between
yT > 70 and y/h < 0.2. This is not observed in any of the cases, since Zr increases along the logarithmic
layer. However, it is true that the slope of =7 tends to 0 as the Reynolds number increases. This indicates
that higher Reynolds numbers must be simulated in order to be able to find a plateau in the logarithmic
layer.

This problem was addressed by Jiménez and Moser [51]. They studied this influence of the Reynolds
number in the slope of the diagnostic function of the velocity, =, on the logarithmic region for the mean
velocity profile, UT. They used a higher-order truncation in which the diagnostic function had the form

1/k
—~
- —t 1 o +
E=y0,U = (n * Rel ) +a2lge ’ (5:12)
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Figure 5.23: (a) Nusselt number as a function of Re. (b) Zoom for the lower Reynolds numbers. Black
circles represents the data from this work, magenta squares are the data from [50] and cyan triangles are
the data from [45]. Lines represent correlations: Black solid (5.13), red dotted [83] (5.14), orange dashed
[84] (5.15), green dashed [48] (5.16) and blue dotted-dashed [85] (5.17).

where the Reynolds number dependence is introduced in the term x and a linear dependence with y/h
is introduced in the term y/Re,. This approximation was valid in the range y* > 300 and y/h < 0.45.

The same analysis has been performed here for ©". Note that the case Re,; = 500 does not appear in
this analysis since the range where the approximation is valid does not exist. In figure 5.22b, a zoom of
the diagnostic function together with the approximations of equation (5.12) are represented.

Values of the parameters of the approximation are presented in table 5.6. The value of a7 has been
set to 150 as in [51]. While k and k; seem to be more or less converged, as is still larger than the expected
limit value of 0 for very high Reynolds number.

Another parameter that can be derived from the mean thermal field is the Nusselt number, Nu, defined
in equation (5.3). In figure 5.23, the obtained Nusselt numbers, as a function of Re, are presented. In
the range of Reynolds numbers studied, the Nusselt number can be approximated as a power function of
Re

Nu = 0.031Re* ™5  for Pr=0.71, (5.13)

where the coefficient of determination is R? = 0.99976, for R? = 1 representing a perfect fit. The
data has been compared with results from [50] at lower Reynolds numbers and from [45]. Also four
correlations have been used to compare them with correlation (5.13). Two of them are correlations for
turbulent flows in pipes: Dittus and Boelter [83]

Nu = 0.023Re%8 Pr™, (5.14)
and Gnielinski [84]
B (f/8)(Rep — 1000)Pr
C 1+ 12.7(f/8)Y2 (Pr2/3 — 1))
where Rep is the diameter of the pipe, n is a coefficient of value 0.4 since the fluid is being heated and

f is proportional to the skin friction coefficient, f = (0.79In(Rep) — 1.64) 2. On the other hand, two
correlations for constant temperature walls are used. The Kays et al. [48] correlation reads

(5.15)

Nu = 0.021Re’ 8 Pro-? (5.16)
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and the Sleicher and Rouse [85] correlation
Nu = 4.8 + 0.0156 Re®® Pr93  forPr < 0.1. (5.17)

On one hand, figure 5.23a presents a global image, with all the Reynolds numbers that are being
analyzed in this work, including the ones from [50] and [45] for comparison. Figure 5.23b presents a zoom
in the low Reynolds numbers for a better view of the discrepancies between different boundary conditions
and correlations in this range of Re.

One can see that the Nusselt number obtained in [45] follows the same trend than the ones obtained
in this work, since the MBC is employed in both cases. However, Nu in [50] is slightly higher, since the
magnitude of the mean temperature is lower when the UHG thermal condition is used. In other words,
the convective heat transfer is lower when the MBC is used.

Regarding the correlations, the ones from Dittus and Boelter [83] (5.14) and Sleicher and Rouse [85]
(5.17) overestimate the value of Nu, either because it is for turbulent pipes or because the correlation
is valid for lower Prandtl numbers. Correlations from Gnielinski [84] (5.15) and Kays et al. [48] (5.16)
adjust much better to the results obtained. They perfectly adjust to the result from [50]. Anyway, note
that the exponent of Re from correlations (5.14), (5.16) and (5.17) is (or it is close to) 0.80, which is also
the case for the correlation proposed in this work (5.13).

Turbulent intensities are represented in figure 5.24. The root mean square of the temperature variance,
0'T, and the wall-normal heat flux, v+, are represented in figures 5.24a and 5.24b as a function of outer
and inner coordinates, respectively. Also, streamwise heat flux, ut6+, is represented in figures 5.24c and
5.24d as a function of outer and inner coordinates, respectively.

The main result is that a perfect collapse of the statistics is observed in the inner layer, when the
plot is represented in inner coordinates, figures 5.24b and 5.24d. On the other hand, when the statistics
are represented as a function of the outer coordinates, the collapse is observed in the outer region of the
channel.

The maximum values of the turbulent intensities 8'* and u+6+ occur in the buffer layer. Their values
can be observed in figures 5.25a and 5.25b. The peaks increase with Reynolds number, which indicates a
more turbulent flow, as it was expected. 6’7 and ut6+ present a linear increase with respect to log(Re,).
Values of the peaks can be obtained with the following correlations

0/F =0.112log(Re,) + 1.82, (5.18)
ut 67 00 = 0.508log(Re,) + 3.06. (5.19)

On the other hand, v+6+ does not present this linear increase of its absolute value. The peak occurs
in the outer region and its absolute value increases slowly as the Reynolds number increases. Actually,
v+t0+ is bounded by —1 as can be observed from heat fluxes balance equation (1.41). The maximum
value of ¢T is 1. The turbulent heat flux, has its maximum in the core region of the channel. The higher
the Reynolds number is, the closer to 1 the value of ¢* will be in this core region. Since in this region
Gt ~ —vt0+, for very high Reynolds numbers —v+6+ will be close to 1.

Regarding the UHG case, the peaks of the three intensities have a lower absolute value, which indicates
a less turbulent thermal field than the one obtained using the MBC. Lower Reynolds number cases have
been also represented to see how this feature happens for all simulations, obtaining the same tendency.
Also, data from Abe et al. [45] has been added. This has been done to verify the results, since [45] also
used the MBC. Effectively, the results are very similar, and the small differences (lower than 1%) can be
due to numerical discrepancies or different mesh resolution.

In a similar way that the mean velocity and temperature are studied through the diagnostic function
in the log layer, velocity intensities can be analyzed through the Townsend’s attached eddy hypothesis
[11]. This hypothesis is valid for high Reynolds number flows, in a certain region of y, where the velocity
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Figure 5.24: #'" and v*0* in (a) outer coordinates and (b) inner coordinates. ut6+ in (c) outer coordi-
nates and (d) inner coordinates. Colours as in table 5.1 and magenta dashed lines are from Pirozzoli et
al. [50].
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Figure 5.25: Maximum value of (a) 8" and (b) ut6+, both as a function of Re,. Black line represents
correlation (5.18) in (a) and correlation (5.19) in (b). Black circles: data from this work; magenta squares
are from Pirozzoli et al. [50]; and cyan triangles are from Abe et al. [45].

intensities satisfy

u't = Ay — Bilog(y/h), (5.20a)
O = A, (5.20b)
w't’ = Ay — Bslog (y/h), (5.20¢)
utot = —L (5.20d)

Analogously, due to the high correlation between u'* and ", one may think that the Townsend’s
hypothesis is valid for the thermal field when «'T is replaced by . Doing this, the following relations
are obtained

2

0t = Ay — Bslog(y/h), (5.21a)
utf+ = A5 — BG IOg (y/h) s (521b)
vt = -1 (5.21c)

It has already been shown that the minimum value of vT0+ tends to —1 in a wider range of y/h
when the Reynolds number is increased (figures 5.24a and 5.24b). This is in accordance with equation
(5.21c). Regarding 9'+" and utOT, their diagnostic functions can be observed in figures 5.26a and
5.26b, respectively. If Townsend’s criteria can be applied to the thermal field, there should be a plateau
in y*o,+ 0'+* and yTOy+ut@+ profiles. For this values of Re, there are no evidences of this plateau,
although the trends may indicate that for higher Reynolds numbers it may appear in the logarithmic
layer.

The turbulent Prandtl number, Pr;, has been calculated. It is defined in equation (5.4). In figure
5.27, Pr; is shown as a function of y*. In the viscous layer, it can be seen how Pr; is close to 1 and
constant for all values of Reynolds numbers. This confirms the well-know law that states Pr; =~ 1 in
the wall for medium molecular Prandtl numbers [40]. Some differences are observed with respect to the
Pr; obtained by Pirozzoli et al. [50]. However, in the buffer layer and logarithmic region, all values of
Pr; seem to collapse, including the ones obtained in [50]. In the outer layer, values of Pr; decrease. As
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Figure 5.26: Diagnostic function for (a) '+ and (b) ut@+. Colours as in table 5.1.
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Figure 5.27: Turbulent Prandtl number. Colours as in table 5.1 and magenta dashed lines are from
Pirozzoli et al. [50].
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Re, be V(;r Y=o Pr- b%
500  0.4202 0.1246 0.1254
1000 0.4385 0.1360 0.1365
2000 0.4529 0.1449 0.1456
5000 0.4692 0.1565 0.1563

Table 5.7: First column shows the Re, of each case. Values of by are in second column. Third and
fourth columns show the value of V" +—o Obtained from the DNS and calculated with equation (5.10),

respectively.

a conclusion, there has not been observed new behaviours of the turbulent Prandtl number for the new
friction Reynolds number Re, = 5000.

Turbulent budgets

In this section, budgets of the temperature variance, kj (2.19)-(2.21d), the dissipation rate of the tem-
perature variance, e; (2.22)-(2.24g), and the turbulent heat fluxes, ut6+ and vT+ (2.25)-(2.28f), are
presented (see equations in subsection §2.3.1).

Figure 5.28 shows the different budget terms for all cases that use the MBC with Re, = 500, 1000,
2000 and 5000. Figure 5.28a represents the budget terms of k;r. In figure 5.28b, the budgets of 53
are represented, where the four production terms of 53 have been added as in the previous subsections.
Finally, figures 5.28¢c and 5.28d show the budget terms of uT0+ and v+6+, respectively.

For k; , figure 5.28a, all terms collapse for = > 10. In the buffer layer, the turbulent diffusion terms
present small discrepancies between all cases. Furthermore, in the viscous layer there are big differences
between each viscous diffusion and the dissipation terms. The absolute values of these terms increase
with the Reynolds number.

The reason of the discrepancies in the wall for the viscous diffusion and the dissipation terms can be
understood by using the Taylor series approximation of the turbulent intensities proposed by Antonia and
Kim [34] and Kawamura et al. [40], which were introduced in section §2.3.1, equations (2.17a)-(2.171).
Near the wall, 0T =~ Prbyy™. In figure 5.29a it is shown how this is true for approximately y* < 3. The
values of by are collected in table 5.7.

On the other hand, one can approximate the value of the viscous diffusion term, V;', with equation
(5.10). The result of the approximation is almost the actual value obtained in the DNS (table 5.7). In all
cases the error is lower than 1%. Therefore, the reason why this term of the turbulent budget does not
scale in the wall comes from the differences in the by terms. This term represents the slope of 6'*/Pr
near the wall. Looking at the zoom in figure 5.29a, one can see that, effectively, the lines of 6t /Pr are
parallel, but they do not collapse. The differences in V(f for cases with the same Prandtl is due to the
increase in the slope of 8’7 with the Reynolds number. One may think that this value of by converges
for very large Reynolds numbers, as it may look from the trend in table 5.7. However, it was seen in
figure 5.24b that the maximum value of 8" always increases with Re,, at least for Re, < 5000. Because
the position of the peak was constant in y™, the slope of 8" has to be higher for larger Re,. In other
words, as long as the peak of §’T increases with Re,, by will also increase and V9+ cannot scale at the
wall. It was observed in previous section §5.1.2, that for high Prandtl numbers, the peak value of §'F
was approximately constant, which yielded an approximately constant value of by and, therefore, a much
better scaling of the viscous diffusion term near the wall. Whether this thermal equilibrium depends
only on the Prandtl number or on both, Prandtl and Reynolds number, i.e. the Péclet number cannot
be answered with the data calculated in this work, since a friction Reynolds number of Re, = 14000
should be calculated with a Prandtl number of Pr = 1 in order to obtain the same friction Péclet number
Pe,. = 14000 from the simulation with Re, = 5000 and Pr = 7 from previous subsection. However, this
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Figure 5.28: Budgets of (a) k;, (b) &5, (c) ut0+ and (d) v*6+. Symbols denote budget terms: produc-
tion or sum of productions in (b), (triangle up), turbulent diffusion (circle), viscous diffusion (square),
dissipation (triangle down), pressure strain (star) and pressure diffusion (diamond). Black line with value
0 is the summation of all terms. Colours as in table 5.1.
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Figure 5.29: (a) 0’"/Pr and (b) ut6%/Pr in wall coordinates. Zooms of the viscous layer. Colours as in
table 5.1.

Re, big Vu*(;\y+:0 (Pr+1)byg

500  0.1512 0.2562 0.2586
1000 0.1619 0.2717 0.2768
2000 0.1713 0.2853 0.2930
5000 0.1836 0.3138 0.3139

Table 5.8: First column shows the case. Values of b1y are in second column. Third and fourth columns
show the value of V&; ’y +_o Obtained from the statistics and calculated with equation (5.11), respectively.

simulation is far beyond the computational possibilities of nowadays supercomputers. The same analysis

can be done for the dissipation term, since, at the wall, Vg" = —E;_.

In the case of the dissipation rate of the temperature variance, 6;_, plotted in figure 5.28b, the scaling
failures appear in the buffer layer for the sum of production terms and the dissipation. This increase of
the production terms was already reported in other works such as [81].

For the budgets of u+f+ (figure 5.28c), the viscous diffusion, qugv and dissipation, 5;“9, terms do not
scale near the wall, in the same way that for k;r. Actually, the phenomenon is very similar and it can
be studied in the same way. Vu‘z, can be calculated at the wall with equation (5.11). The value of c1g
is obtained from the Taylor series approximation of ut6+, equation (2.17h), which near the wall reads
uto+ =~ PT619y+2. This approximation is shown for in figure 5.29b and the values of c19 are collected in
table 5.8. The approximation is very accurate up to y= < 4. The values of qué at the wall using equation
(5.11) differ less than a 3% for all cases (table 5.8), proving a good accuracy of the approximation.
Similarly to V9+, while the coefficient c¢19 increases with the Reynolds number, the value of Vut, will also

increase at the wall. This will occur as long as the peak of ut6+ keeps increasing (figure 5.24d).
As a conclusion, the scaling failure near the wall of V; and Vj{; are due to the increase of the peak
of &'T and ut 6+, respectively.

Regarding the turbulent budgets of vT6+ (figure 5.28d), small scaling failures appear in the buffer
layer for the production and pressure strain terms. Near the wall, bigger discrepancies appear for the
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Figure 5.30: Budgets of (a) y™k;, (b) yTe}, (c) yTuTT and (d) y*v+6+. Symbols denote budget terms:
production or sum of productions in (b), (triangle up), turbulent diffusion (circle), viscous diffusion
(square), dissipation (triangle down), pressure strain (star) and pressure diffusion (diamond). Black line
with value 0 is the summation of all terms. Colours as in table 5.1.

pressure strain and pressure diffusion terms. The pressure strain term can be written as
v =
Iy = pt0,+ 0+ (5.22)

The reason why Hf)g does not scale in the wall is again because the term p*0,+67* has a peak at a
constant y* and it continuously increases with the Reynolds number. Not shown here for brevity.

As a general comment, the budgets of k:g' and ut0+ are very similar due to the high correlation
between u't and §’T. Near the wall, the energy enters to the thermal flow through viscous diffusion and
it is extracted by dissipation. Also, the peak of the production term is constant for different Reynolds
numbers. For k;, the value of P; is Pr/4, as noted by [80]. On the other hand, there is not a clear
scaling with Pr for the peak of PJLQ. In the case of the budgets of v1+6+, a similar picture to that of utwv*
is obtained (not shown here for brevity), again, due to the high correlation between «'* and ¢’*. In this
case, the energy is introduced by the pressure strain and it is extracted by the pressure diffusion.

A different picture is obtained above the buffer layer, up to approximately y/h = 0.4. Figure 5.30
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shows the same turbulent budgets as before, pre-multiplied by y*. In a perfectly developed logarithmic
layer, the kinetic energy production scales with 1/y™ [38]. Note that this is approximately true for the
dominant budgets of k;, ut0+ and vt0+. Therefore, a much better comparison between the dominant
budget terms above the buffer layer can be done. As in the near-wall region, production is the dominant
budget term of k;, which is compensated by the dissipation term. However, in the case of ut6+, and
also for vT07, it is the pressure strain what compensates the production term.

In the center of the channel (above y/h = 0.4) the velocity and temperature flatten and all production
terms tend to 0, since the velocity and thermal boundary conditions imposed imply a zero gradient in
the velocity and temperature in the center of the channel. Turbulent diffusion becomes the dominant
budget of k(j and it is compensated by the dissipation.

As a final comment, there are no noticeable changes in the behaviour of the turbulent budgets with
respect to lower Reynolds number cases.

Conclusions

A Direct Numerical Simulation of a thermal channel flow at Re, = 5000 has been conducted for the first
time. The Mixed Boundary Condition has been used. The Prandtl number of air, 0.71, was used. The
results obtained are compared with other simulations using the same Prandtl number and lower Reynolds
numbers: Re,; = 500, 1000 and 2000. Also, the simulation with closest Reynolds number, Re, = 4000, is
used to compare results. In that simulation the Uniform Heat Generation boundary condition was used.
A comparison among both boundary conditions is provided.

The mean temperature is calculated and its diagnostic function still does not show a plateau in the
logarithmic layer. Higher Reynolds number are needed in order to properly study the behaviour of the
thermal field in this logarithmic region. The von Kdrmén constant presents an asymptotic behaviour with
an increasing Reynolds number and it trends to converge at a value of approximately 0.44. The reason
why k¢ is not constant is attributed to the influence of the inner and outer regions on the logarithmic
region, since for these Reynolds numbers this logarithmic region is small. This effect of the Reynolds
number on the logarithmic layer is also studied through a slightly different diagnostic function. For this
case, a new term that contemplates the dependence of the Reynolds number is introduced. Effectively,
the value of this term trend towards zero when the Reynolds number is increased.

A new correlation for the Nusselt number is provided. This correlation is valid for turbulent thermal
channel flows, Pr = 0.71, and 500 < Re, < 5000. It has been compared with classical Nusselt number
correlations. Regarding the turbulent Prandtl number, there are no relevant results at Re, = 5000 and
the trends of Pr; are the same as for lower Reynolds numbers.

Thermal intensities increase with the Reynolds number and the values of the inner peaks increase
logarithmically with Re, for ¢'T and ut0+. v+6+ tends to have a minimum value close to —1 in a wider
range of y* for high Reynolds numbers. This agrees with the application of Townsend’s hypotheses to
the thermal intensities. However, 0'+% and ©T0F do not present a logarithmic dependence at any region
of y as it indicates Townsend’s hypotheses. A remarkable difference between the MBC and UHF thermal
conditions is observed in the temperature intensities. Magnitudes of this intensities are higher when the
MBC is used, meaning that a more turbulent thermal field is obtained.

Turbulent budgets are presented and scaling failures are analyzed. The most relevant scaling failures
are the ones that occur near the wall for the dissipation and viscous diffusion terms of k(j and ut6+.

These scaling failures are a direct result of the increase of the inner peak of #’* and ut 0+, respectively.
In the cases of the budgets of vt67+, the scaling failures occur in the pressure strain and pressure diffusion
terms. In the same way, this occurs due to the increase of the inner peak of the variable p*9,+ 0.

The raw data that support the findings of this study are on the following link:
http://personales.upv.es/serhocal /
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Case HJ02 [73] LJO4 [75] LMO5 [76] HAKOI10
Re, 2000 4200 5200 10000

Line  --«--- - —_—

Table 5.9: Friction Reynolds number and line code to distinguish each simulation during the plots of this
subsection.

5.1.4 Poiseuille isothermal flows

This subsection contains the results of the simulation of a Poiseuille turbulent channel flow. For the first
time, a friction Reynolds number of value Re, = 10000 have been simulated in a DNS. The data has
been compared with other simulations at different Reynolds numbers [73, 75, 76]. Table 5.9 shows the
line colours and styles used to distinguish between each simulation in the different plots of this subsection
(unless otherwise specified).

One point statistics

The mean velocity profile is shown in figure 5.31 in terms of the diagnostic function, = = y*9,+ U*. This
function should show a plateau if the classical scaling for the logarithmic layer Ut = x~!log(y*) + B
holds, where k is the von Karman constant. For every case, the first local minimum of = is reached
around yT = 70, which more or less coincide with the classic starting point of the logarithmic layer [12].
However, the diagnostic function is not really flat until y* ~ 400. The logarithmic layer extends to
around y* ~ 2500 or y/h = 0.3, above the usual value of y/h = 0.2. To obtain the values of x and B,
the fitting of the logarithmic function has been restricted to the region where the diagnostic function is
flatter, y™ = 400 to y/h = 0.27, obtaining £ = 0.394 and B = 4.61. This value for & is only 0.010 and
0.007 units larger than the one given by [76] and [86], respectively.

The intensity of the streamwise velocity, u'T, is shown in figure 5.32a. The well known scaling failure
in the buffer layer is still present [73]. Lee & Moser [76] found that this limit is growing in several DNS
studies of canonical flows, in the range Re, = 1000 — 5200. This first maximum is still growing, and
its value v/t = 3.07 is in agreement with [76] and the experimental results of [87]. Notice that several
experimental researchers, [88], have found that this limit is not growing. However, as it is shown later,
this is related to the scaling failure of the dissipation [38].

About the open question of a possible second maximum of u'* the situation is shown in figure 5.32b.
Notice that the existence of this second maximum could lead to the presence of new phenomena at the
beginning of the logarithmic layer [89]. If it exists, this maximum would be located around y™ ~ 120.
However, the derivative of T is still not zero. Moreover, if it is plotted the maximum value of dy+u't
close to y* ~ 120 with respect to the Reynolds number, figure 5.32b box, it is not clear that this second
maximum would ever exist. A fitting of these data with a first order polynomial gives a value of only
Re, =~ 13000 for the existence of this maximum. This would oppose the results obtained in [87], where
for Re,; = 20000 a second maximum was not present. However, a fitting with a second order polynomial
leads to a never existing second maximum, leaving the question open.

The other three components of the Reynolds stress tensor can be seen in figure 5.32c. As expected,
the scaling of utv+ and vt is almost perfect near the wall. In the case of w'", the maximum keeps
growing, causing a minor scaling failure in the viscous sub-layer. Pressure, figure 5.32d, is computed as
in [90], growing at the wall logarithmically [51, 91]. The peak is at y* & 30 for all simulations. It could
be thought that the problem of the scaling is mainly a translation problem, which would seem natural,
as the pressure is defined as an additive constant. However, in the box of figure 5.32d, where the peaks
of cases HJ02, LJ04 and LMO5 have been shifted so they coincide in their maximum with the peak of the
present work, it is appreciated that the scaling is not perfect either.

98



CHAPTER 5. RESULTS
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Figure 5.31: Diagnostic function, showing a log layer in the range y™ = 400 — 2500. Lines as in table 5.9.
Horizontal red dashed line represents where the plateau of the logarithmic layer would be for a value of
Kk = 0.394.

The spectral energy densities for Ut and V*, ¢ = k k, E(ks, k.), at y© ~ 15 are given in figure 5.33a.
Here A = 27/k is the wavelength and k is the wavenumber. This further confirms that the large and
wide structures at the right corner are inactive in the sense of Townsend [11, 73, 92]. They are present
in U™ spectra but neither in V* or UTV™ co-spectra. This situation differs in the logarithmic region.
As can be see in figure 5.33b, a large spectral ridge, containing half of the most energetic eddies of the
flow goes roughly across the extension of the logarithmic layer for V*. This confirms what was hinted in
[73], where only a few points in the logarithmic layer were present. Notice also that the isolines for larger
values of y/h are approximately parallel, suggesting a similar cascade process for both U and V. The
dashed lines of figure 5.33b show the approximate position of the maximum of the 1D z—spectra. These
peaks grow linearly as ymaz = A, /6 for U, and ymaz = A,/2.5 for V. Similar plots can be obtained
for the z—spectra with yma. =~ A, /2.5 for VT too. It can also be noticed, in both plots, that more than
95% of the energy has been captured in the box, further assuring the validity of the statistics.

Turbulent budgets

The budget equation for the component uju;' of the Reynolds-stress tensor is written as in [38, 93]
— + dt
Bf; = Dufuf /Dt = P + i + T + 13 + 115 + V7. (5.23)

This equation has been nondimensionalized as B;; = B;jv/ud. The terms in the right hand side of
equation (5.23) are referred to as production, dissipation, turbulent diffusion, viscous diffusion, pressure-
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Figure 5.32: (a) v't. Box: dy+u'" evaluated at the wall. (b) d,+u'", close to the possible second

maximum. Box: maximum value of d,+u'" (c) v'*, w'* and utv*. (d) Intensity of total pressure. Box:
shifting of all pressures to the peak of the case of this work. Lines as in table 5.9.
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Figure 5.33: (a) 2D power spectra at y ~ 15. (b) 1D z-spectra. In both cases, UT (black) and VT (red).
The inner isolines represents 90% of the energy. From there, each isoline is half of the energy of the
previous one.

strain, and pressure-diffusion. They are defined by

Ph o= —ufuf oy — ufulonU; (5.24a)
el = —200u] O], (5.24b)
TS = Owujujul, (5.24c)
Vil = O, (5.24d)
G = pt O +95u7), (5.24¢)
M = o (phui o+t o) (5.24f)

Finally, in channels BZ = 0. In the viscous and buffer layers, budgets should scale in wall units. The
budgets are shown in figure 5.34, using this scale. Except those terms that are identically zero, all are
active. The well-known scaling failure [38] of the dissipation at the wall for Bf'l is still present, figure
5.34a. As expected all terms collapse for y™ > 10. However, below this more or less arbitrary limit, the
absolute values of £, and V;T increase with the Reynolds number. This scaling failure can be linked to
the growing of the first maximum of «'*, as the scaling failure of V(f was linked to the growing of the
first maximum of §’T. At the wall,

yr—0 = Oyry+ ut? 0 2(0yut)?|, o = —€11, (5.25)

Vil
as all other terms vanish. Using the Taylor series decomposition (2.17¢) proposed in [34] and [40], near
the wall, 't ~ byy™, and V;T ~ b?. Thus, the reason why this term of the turbulent budget does
not scale with the Reynolds number in the wall comes from the differences in the b; terms. This term
represents the slope of u/* near the wall. Looking at the box in figure 5.32a, one can see that, effectively,
the value of du'* /dy™* at the wall does not collapse, but slightly increases. Apart from the data of this
work, there are also experimental evidences that the peak at y* ~ 15 keeps growing with respect to Re,
[87]. Because the position of the peak is constant in y*, the slope of T has to be higher for larger Re..
In other words, as long as the peak of u/* increases with Re,, b; will also increase and V;{ cannot scale
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Figure 5.34: Budgets for Reynolds stresses in wall units. (a) Bj}, (b) By, (¢) B, (d) Bi;. Production
M, dissipation ¢, viscous diffusion *, pressure-strain V, pressure diffusion A, turbulent diffusion e. Lines
as in table 5.9.

at the wall. This behaviour is identical to that of qué observed in sections §5.1.2 and §5.1.3 and V(,Jr
observed in section §5.1.3.

The scaling failures of the pressure terms, figures 5.34b and 5.34c, are harder to explain because there
are no good models for them [38]. However, it seems that this scaling failure is decreasing with the
Reynolds number, even if the pressure keeps growing at the wall, as it is shown in 5.32d.

The situation in the center of the channel is better explained using a different nondimensionalization,
B}, = yBij Ju3, see figure 5.35. This scaling counteracts the expected decay of these terms far from the
wall, which is roughly as y~!. To avoid numerical noise, the turbulent diffusion has been computed here
using the fact that B;; = 0. Above y/h ~ 0.2 the scaling is almost perfect. In agreement with previous
results [38, 93], all the budgets above the buffer layer, y/h > 1072 in this case, are dominated by a few
terms. The streamwise velocity fluctuations introduce the turbulent energy in the flow. This energy is
dissipated by the dissipation and the pressure-strain terms (see figure 5.35a). Notice that Pj; ~ 2e1; and
that, in the channel center, the turbulent diffusion becomes dominant in the production of energy, as U™
flattens.
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Figure 5.35: Premultiplied budgets for Reynolds stresses, Bj; = yBi;/us. (a) Bfy, (b) Bfy, (¢) B3y, (d)
B3,. Production M, dissipation 4, viscous diffusion *, pressure-strain V¥, pressure diffusion A, turbulent
diffusion e. Lines as in table 5.9.
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This energy is redistributed by pressure to V* and W7, where it is dissipated by, certainly, the
dissipation (see figures 5.35¢ and 5.35d). Notice, however, that pressure diffusion plays an important role
in the channel center. Finally, for the Reynolds stress utvt, figure 5.35b, production and pressure strain
are the dominant terms, but above y/h = 0.5 pressure diffusion and turbulent diffusion are also present.

Conclusions

To conclude, a Poiseuille turbulent channel flow at a friction Reynolds number of Re, = 10000 has been
simulated. This simulation was made in a small box of size (27wh,2h,wh), large enough to accurately
compute the statistics of the flow. The profile of U" shows a long log layer, extending from y+ ~ 400 to
y+ =~ 2500. The value of the von Kdrmdan constant is x = 0.394. The first maximum of the streamwise
profile v/t continues growing, which is the cause of the scaling failure of the dissipation at the wall. The
second maximum of u'T has not appeared yet, and it is not clear if it eventually will. On the other hand,
The turbulent budgets show a perfect scaling in the outer region with Bj; = yBy;/ul. Finally, the 1D
spectra grow linearly in the logarithmic layer. Near the wall, the spectral analysis reinforces Townsend’s
hypothesis of inactive motions.

The data presented here can be download from the following link:

https://www.fdy.tu-darmstadt.de /fdyresearch/dns/direkte_numerische_simulation.en.jsp

5.1.5 Scaling laws of velocity, temperature and high order moments with Lie
symmetries

Lie symmetries of the governing equations

In this section, the Lie symmetries of the governing equations (1.5), (1.6) and (1.7) are presented. For
high Reynolds numbers flows, i.e. for Re, — 0o, one can neglect the viscous term for length scales beyond
the Kolmogorov length scales, and the Navier-Stokes equations reduce to the Euler equations (see [94]).
For the case of the Euler equations a 10-parameter symmetry group of transformation is obtained. For a
complete set of the 10-parameter symmetry group, the reader is referred to [17]. Here, only the scaling
groups needed further below to derive the scaling laws are presented

Tsy, : tr=t, af =e%Seg, U*=e%:U, P*=c?5:p, (5.26)
Ts: tr=ett, gf=g, U*=e %tU, P*=e 295tp (5.27)

The coefficients ag, and ag; are the group parameters of scaling in space and time, respectively.

If the Navier-Stokes equations are considered, i.e. the viscous term is not neglected, the two scaling
symmetries, Ts, and Tg;, linearly combine into a simple scaling symmetry. This phenomenon, in which
a multi-parameter symmetry group of transformations is reduced after a certain condition is applied is
known as symmetry breaking.

An analogous simplification, as the transition from the Navier-Stokes to the Euler equation, applied
to the energy equation (1.7) can be done by neglecting the diffusive term, i.e. Pe, — oo. Considering
this, the energy equation admits the following infinite dimensional symmetry

To: t'=t, a*=x U*=U, P*=P ©'=f(0). (5.28)

For scaling purposes, and in analogy with the scaling symmetries of the Euler equations, it is consider
the simplification f(©) = e*©©, so that Te represents a scaling of temperature.

As noted in [71], the symmetries obtained for the Navier-Stokes and energy equations transfer to the
MPC equations (3.15). So, in the limit of zero viscosity and diffusion, the MPC equations (3.15) admit
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the following scaling symmetries:

T . * * __ _ASg * __ nasg
Ts. tt=t, xF =eScx, H =e""S* H;

i{n} O (m} {nyO(myr
I;{nﬂ}@{m}[a]P = e(n“)asm‘ri{n—l}@{m}[“]P’ (5.29)
T t" =e*tt, x* ==z, H;{”}@{m} = g nast i} O (my
I;{n—l}@{m}[a]za = e_(ml)asqi{n—l}@{m}[a]P’ (5.30)
TS@ : t* = t, CC* =, ;{n}@{m} = emaeHZ‘{n}@{m},
I;‘{n—l}@{m}[a]P =" L 0 m lale (5.31)

which are immediate consequences of (5.26), (5.27) and the scaling version of (5.28).

In addition to the symmetries induced from the Navier-Stokes/Euler and energy equations, the MPC
equations (3.15) admit an extended set of symmetry transformations. These symmetries are called statis-
tical symmetries and they are the key in the process of deriving scaling laws [17] for high order moments
of the velocity and temperature. These symmetries were discovered in [71] and detailed information on
the physical meaning of the statistical symmetries can be found in [95]. First, because of the linearity of
the MPC equations (3.15) a scaling symmetry of the dependent variables is admitted

Tgs t"=t, x*=u=wx, = g%5¢

*
Hi{n)@(m} i{n}O(my»

e?ss [

itn—1}9(m}lalp* (5'32)

Ii{nfl}@{vn}[a]l’ =
This symmetry, as proven in [95], represents a measure of intermittency. Moreover, as all dependent
variables in (3.15) appear inside derivatives, a translation symmetry of the moments is also admitted

Veal . * * * — . H
Ttra,H : t" = t, r =@, H’L{"}(—){m} - Hl{n}@{m} + ai{n}(—){m}’

* _ I
Ii{n_l)@{m}[alp = Lig 00 lalr T Qi 1yO(my (5.33)

Apart from the symmetries presented, it will also be included the classical translation in space sym-
metry
Tiraz t"=t, x*=zx+a,, H;

* R
in}O(m) — TR} O(my>

L y0mylale = Lign 130y lalp- (5.34)

Note that, in contrast to (5.32), where ag; is a single group parameter, symmetries (5.33) and (5.34)
are a condensed way of showing several symmetries. Each component of the vector and tensors aﬁl Hm}
afn_l} (m} and a, represent the group parameter of different and independent symmetries. Therefore,
infinite symmetries are contained in (5.33), while (5.34) contains three symmetries, one for each spatial
direction.

In summary, six symmetries have been identified, that will be used to derive the scaling laws of high
order moments of the velocity and temperature. One property of the Lie symmetries is that one can
combine different one-parameter Lie symmetries into a multi-parameter Lie symmetry. Following this,
one can obtain the following multi-parameter Lie symmetry group from the symmetries (5.29)-(5.34)

T t* =e®tt, x* =e**x + a,,
n(asz—ast)+mae+ass 17 H
Hl{n}@{m} + RN (5.35)

— (nJrl)(astaSt)ija@Jrass i I
=¢ Il{nfl}e{m}[“]P + ai{nq}@{m}'

i) O(my — ©

*
Ii{nfl}e{m,}[a]P
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A different way of writing the symmetry group (5.35) is using the infinitesimal notation (3.25), from
which one obtains

gt = aStta £w = a8z + Ay,
H
M, o0 = Masz = ast) + mae +ass| Hig,o,,., +ai 0, (5.36)

N = [(n+ D(ase — asi) +mae + ass li, 1,6, lalr + G, 100"

Lifn-110 {mylalp

New high order moment scaling laws

Using the symmetries (5.35), or rather its infinitesimal form (5.36), it is possible to compute the invariant
solutions of the equations (3.15), which in turbulence are called the turbulent scaling laws. For this
purpose the infinitesimals (5.36) are inserted into the invariant surface condition (3.86) and it is obtained

dxa _ dHy,,
- H
ase Ty + g, [ase —ast + ass] Hiyy + ay,,
dHe ,,

H
[ae + ass] Hey,, +ag,,
dHi ey,
H
a5 — ase + ae +ass] Hig e, T a1 6,

dH
- Lin} Otm) - (5.37)
[n(ase — ase) + mae + ass| Hi,ye,,., + 01, 6,

Since a shear flow is considered, which is fully parallel in the statistical mean, all moments in the
one-point limit depend only on zy. Furthermore, the dependencies of the other points for the higher
order tensors would have to be formally considered as well, because this would result in further similarity
variables. However, from now on, the study will be focus on the one-point statistics, so that every point
of application of the variables in (3.15) will be (1) = T(2) = ... = T(n4m)-

For the integration of the characteristic system (5.37), there are two cases to be distinguished and
their solutions correspond to the logarithmic layer and centre region of the channel. The first case
describes the logarithmic law, which was only perfectly observed for the mean velocity in the case of
Re,; = 10000 in subsection §5.1.4. Therefore, the application of Lie symmetries to obtain scaling laws in
the logarithmic layer will only be applied to that case. The key parameter here is the wall shear stress
velocity, u; = \/7w/p. u, uniquely determines the only velocity scale in the problem. For a given flow,
this refers to a specific value, which implies that a scaling of the velocities according to infinitesimal
transformation (5.36), with arbitrary parameter ag,, as: and ass, is no longer feasible. Hence, in terms
of symmetry theory, u, is symmetry breaking for the velocity and for the group parameters in (5.36).
This implies that ag, — ast + ags = 0. Using this during the integration of the characteristic system
(5.37), it is obtained

U, = 2m <x2+%) + (5.38a)
asg Sz
w(n—1) al
jod Qg 1{"}
H - G, 2 - : 5.38b
Loy (w2 52) (7~ 1{ass — as0) (5:380)
with €, = efn(n=Diase—as), (5.38¢)

where C; and &, represent integration constants and w = 1 — ags/ag,. The three central results here are
that in the logarithmic region for the mean velocity (i) the moment n = 1 follows a logarithmic law, (ii) the
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moments n > 1 behave like a power-law, (iii) the exponents for all n*" moments are determined by a single
parameter which is the exponent w for the second moment. For the classical near-wall logarithmic region
for the mean velocity in equation (5.38a), these laws are now to be transformed into wall-coordinates
using v and u., to nondimensionalize, obtaining

_ 1

U = —In(ef)+Bi, (5.39a)
K

fo= Ca@) " =B, for n>2, (5.39b)

C, = ae®, B,=a", for n>2. (5.39¢)

where in &, By, By, Cn, o, 8, & and 3 it is subsumed the various constants appearing in equations (5.38a)
and (5.38b). k refers to the usual von Kérmén constant and equation (5.39a) is identical to the already
introduced equation (1.28) in chapter §1. The shift in 25 by a,, in equations (5.38a) and (5.38b) has
been set to zero, although there are works, [96], that suggest a non-zero shift. However, the numerical
value is small and thus is negligible for large z3. A value of k = 0.394 was obtained, as reported in
section §5.1.4, similar to previous simulations at lower Reynolds numbers [73]. Interestingly, the data
below shows that the o and g are essentially independent of n, so C,, results in a simple exponential
function in n. Actually, this also results for & and Bin B, although the reason for this is unknown.
For the case of integration of the characteristic system (5.37) in the center of the channel, both,
velocity and temperature fields, will be consider to validate the scaling laws. In this case, no a priori
symmetry breaking scale is introduced into the characteristic system, i.e. the factors (ag, — as: + ae +
ass), .- .,n(ase — ast) + mae + ass, are all assumed to be non-zero. This results in power-laws for all
moments n + m, including the first moment n = 1, m = 0 and n = 0, m = 1. After the integration,
it is observed that the parameters ag;, ast, ag and ags only occur as ratios and hence only three free
parameters exist. If the exponents for the first two moments, o1, 02 and og, are given, it is obtained that

Qg

) n(oce—o1)+moe+201—02

e
Hl{n}@{m} 7Cl{n}®{7n} <$2 + a
Sx

. (5.40)

a
_ 1003 Omy
b
n(ags — ast) + mae + ags

where C’{{n}@{m} denote the constants of integration, o1 = 1 —agi/ag, + ass/ase, 02 = 2(1 —agi/asz) +
ass/as,; and 0o = ag/asy. The choice of parameters in the exponent of (5.40) has been designed so
that the high order moments depend on those of the first and second order. This can be easily seen
by using n = 1 and n = 2 for m = 0 and m = 1 for n = 0. Therefore, ; and o3, which come from
symmetries of the Navier-Stokes equations (1.5) and (1.6), are determined from velocity moments, while
0o is determined from the first temperature moment, which is influenced by the velocity. In such a way,
the condition of passive scalar is also extended to the parameters of the scaling law. It is important
to recall that the invariant solution (5.40) has been derived in the limit of vanishing viscosity and heat
conduction. Therefore, this solution, will be only valid in the region where these conditions apply, i.e.
the center of the channel. The invariant solution (5.40) shows that the moments of velocity, temperature
and higher order moments scale as power-laws, whose exponents are determined by the parameters o1,
o9 and og.

Analogously to [14], where the scaling law of the mean velocity of a turbulent shear flow was presented
as a deficit law, equation (5.40) can be rewritten to form the final scaling law of the velocity, temperature
and higher order moments of both as

Hl{n}@{m}d — Hl{n}@{m} , To n(oc2—o1)+moe+201—02
ngm = Cl{n}e{m} (ﬁ) ’ (541&)
urvr
. / 1 .np+mpBh
with Cliy 0, = a'etmie, (5.41b)
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where the subscript ¢l refers to the value of the moment in the center line, which comes from the last term
on the right hand side of equation (5.40), and similar to equation (5.39¢c) above, o/, 8] and f¢ subsume
various constants and are presumed to be universal. Also note that, in equation (5.41a), the shift in
x9 coordinate has be neglected, since the value of a,,/as, can be set to 0 or at least, it is negligible,
as suggested in [96]. Equation (5.41a) is the final scaling law in the center of the channel of velocity,
temperature and high order moments of both.

Validation of the scaling laws with DNS data

The new scaling laws (5.39a), (5.39b) and (5.41a) will be validated by using DNS data presented in the
previous subsections. The moments calculated in the simulations go up to order seven for pure moments
of velocity and temperature and up to order six for mixed moments of velocity and temperature. The
procedure to fit the scaling laws to the DNS data has been done by minimizing the infinite norm of the
relative error between the fit and the value of the DNS data, i.e.

n (‘ L) . (5.42)

Using the infinite norm, more accurate results were obtained. With this, the exponent for any high
order moment is know and only the constants of integration must be calculated.

Starting first with the validation of the scaling laws in the logarithmic region, (5.39a) and (5.39b), for
the velocity field, as mentioned in subsection §5.1.4, the logarithmic law is linked to a flat region of the
diagnostic function, =,

data(zg) — th(’l;’g)
data(xs)

g =270,.U,, (5.43)

which was indeed nicely observed in figure 5.31 of previous subsection employing the new DNS data in
the region z3 = 400 — 2500.

Figure 5.36 shows the first central result of the application of Lie symmetries to turbulent flows, which
is the comparison between DNS data for the moments n > 2 and equation (5.39b). A double logarithmic
plotting has been adopted to make the power-laws visible more clearly. The universal numerical value
w in equation (5.39b) has been chosen to w = 0.10 to match the DNS data and gives the best fit for all
higher moments up to n = 6.

The two key results in figure 5.36a are (i) a nearly perfect representation of the power law for all
moments solely based on the single parameter w and (ii) the validity of all moments in the logarithmic
region with range of 23 ~ 400. .. 2500.

Looking closely at figure 5.36a one might get the impression that the power-law scaling of equation
(5.39b) continues beyond the domain x; ~ 400...2500, however, it does not, as can be shown with the
definition of a power-law diagnostic function. To extract the exponent in (5.39b) it is defined

vf  dH
Bp =2 = w(n—1). (5.44)
Hy  +Bn dzs

DNS data are now inserted into (5.44) and compared with the exact value w(n —1) in figure 5.36b. It
can be seen that especially for higher moments the constant range of validity stands out very clearly. The
horizontal lines in figure 5.36b denote the theoretical values w(n — 1) and even for the highest moment
with n = 6 the deviation is less than 2.1%.

Further, in addition to the validity of wall-distance based scaling properties, it is important to verify
the exponential scaling of C,, and B,, with n, equation (5.39¢c). Indeed, it is found an almost optimal
agreement of this scaling given in equation (5.39¢) with the DNS data shown in figure 5.37 where also the
scaling of C’{{n}@{m} from equation (5.41b) has been included for the case of the velocity with Re, = 10000.
It should be reminded that this is due to the fact that the constants of integration ¢, emerging from the
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Figure 5.36: Symbols n =2: O, n=3: o,n=4: A, n=>5: V, and n = 6: * DNS data; (a): moments
Hy ;=== equation (5.39b) with coefficients fitted to DNS data. (b): =, according to equation (5.44);
—_— 5, =w(n —1) with w = 0.10.

integration of the characteristic system (5.37) are essentially independent of n and are all of order one.
The deeper background for this is not fully evident so far.

Regarding the scaling law in the center of the channel, given in equation (5.41a), the results of the fits
of the velocity moments for Re, = 500 and Pr = 4 can be seen in figure 5.38a, together with the fits of
the velocity moments for Re, = 2000 and Pr = 7, in figure 5.38b. Also for Re, = 2000 and Pr = 7, the
fits of the temperature and heat fluxes moments are presented in figures 5.38c and 5.38d, respectively.
Solid lines represent the values from the DNS, while squares are the values obtained from the scaling
law (5.41a). In these figures, the wall and center of the channel are swapped, so the center line is at
x2/h = 0, while the wall is at zo/h = 1. Also, it is important to mention that the range of the center
of the channel where the scaling law has been applied is up to x3/h = 0.75. The most important result
is the high accuracy of the scaling law to fit the data of the DNS for all moments, with highest relative
errors of only 0.2%. Even for the lowest Reynolds numbers of value 500, the accuracy of the fit is almost
as good as for Re, = 2000, as can be seen in figures 5.38a and 5.38b. In the same way, the scaling law is
validated for the temperature and all high order moments with figures 5.38c and 5.38d, respectively.

On the other hand, a comparison of the scaling between a high Prandtl number of 4 and a very low
one of 0.01 is done in figure 5.39. In the case of the scaling of temperature and its high order moments,
figures 5.39a and 5.39b, for cases of Pr = 4 and 0.01, respectively, there is a noticeable difference. While
for Pr = 4 the scaling presents a high accuracy with errors lower than 0.01%, for the case of Pr = 0.01,
the errors are high and clearly visible in figure 5.39b. The reason of this error comes from the assumption
of zero heat conduction, which, obviously, for Pr = 0.01 is not true. The high diffusivity for very low
Prandtl numbers affects the temperature field in a deeper region away from the wall, and the temperature
moments are no longer parallel for x5 /h approximately grater than 0.2. In the same manner, the scaling
of mixed moments is no longer correct for very low Prandtl numbers. While in figure 5.39¢c, the scaling
is again very accurate for Pr = 4, in figure 5.39d, similar failures appear in the scaling for Pr = 0.01.
Note that in figure 5.39d, only moments for n + m = 2, 4 and 6 are plotted for clarity of the figure.

It is important to analyse the values of the different parameters of the scaling law and see the influence
of each symmetry on the final scaling. As it was shown in equation (5.41a), the exponent of the power-law
is formed by a constant term, 201 — o, that comes from the scaling symmetry of the moments, Tg (5.32);
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Figure 5.37: Lines refer to coefficients C,, ( ) and B,, ( ==+==+) defined in equation (5.39¢) with
a =488, =231, a=223 5 = 2.74, and coefficient C{("}@{m) (=== defined in equation (5.41b)

with o/ = 0.21, 8’ = 3.64; data points (+), () and (x) are fitted directly to DNS data at Re, = 10000.

a second term that depends on n, n(cqo —o1), which comes from the scaling symmetries in space and time,
T, (5.29) and Ts; (5.30), respectively; and a third term that depends on m, moe, which has its roots
in the scaling symmetry of the temperature, T'se (5.31). However, as can be clearly seen in figure 5.38,
all moments have a more or less constant slope in the log-log plot, which translates into a non-existent or
very small dependence on n and m. In other words, the values of o1 and o5 should be very similar, and
oe should be small compared with the value of 207 — 02. Regarding the scaling symmetries, this means
that scaling in space and time have almost no influence in the center of the channel. On the other hand,
the scaling of moments has to be dominant in the center of the channel, which makes sense, since, as it
was said before, it is a measure of intermittency.

Figure 5.40a presents the values of o1 and o5 for all the DNS simulations, while the values of og are
shown in figure 5.40b. The values of o; are almost the same than o9, which confirms that the symmetries
of scaling in space and time have almost no influence in the center of the channel. Similarly, the scaling
symmetry of temperature has barely no influence, since cg < 201 — 05. This latest term, 201 — o9, is
indeed the only dominant term in the exponent of the scaling law (5.41a), with a value slightly below 2,
confirming that the symmetry of scaling of moments, T'ss (5.32), is dominant in the center of the channel.
One last point to be analysed is whether the values of the parameters obtained are constant for every
Re, and Pr or not, which, according to the scaling law (5.41a), should be. For all the parameters, oy,
o2 and 0@, an almost constant value is obtained in all ranges of the parameters Re, and Pr used. Small
differences can be due to small numerical errors or small noise in the fitting.

The other part of the scaling law (5.41a) is the constant of integration C' Figure 5.41a shows

!
1n}O{my-
the values of C{{n}@{m} for Re, = 500 and Pr = 4. An almost perfect plane is observed in a z-log plot,

which suggest that C{{n}e{m is an exponential function in n and m, obtaining equation (5.41b).

}
Note that relation (5.41b) is not obtained from first principles, but just from inspection. In figures

5.41b, 5.41c and 5.41d, the values of ¢/, 8] and fg for every simulation are presented, respectively. In
order to calculate them, only the constants of integration of the moments up to order 2 have been used,
ie. C{{l}, C{{z}, C”@{l}, C’@{z} and C{m@u}‘ With these five values, a fit of the parameters have been

done minimizing again as in equation (5.42).

110



CHAPTER 5. RESULTS

10 ‘ ‘ ‘ ‘ ' ‘
0.002  0.01 0.1 1 0.002 0.01 0.1 1

xg/h {L'Q/h

(c) (d)

Figure 5.38: Moments of velocity, Hi,,, for (a) Re; = 500 and Pr =4 and (b) Re, = 2000 and Pr =T.
(c) Moments of temperature, He,,,, and (d) mixed moments, Hi, e, for Re; = 2000 and Pr = 7.
In (a), (b) and (c), velocity and temperature moments are obtained for n and m =1, 2,..., 7, appearing
in that order from bottom to top of the plot. For (d), mixed moments are shown for n +m = 2, 3,...,
6, appearing in that order from bottom to top of the plot. For mixed moments of the same order, the
lower lines are for m = 0, while the upper lines are for n = 0. Solid lines are the values from the DNS,
while squares represent the values from the scaling law (5.41a). The wall and center of the channel are
swapped, so the center line is at 25/h = 0, while the wall is at zo/h = 1. Colours as in table 5.1.
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Figure 5.39: Moments of temperature, He,,,, for (a) Re; = 500 and Pr = 4 and (b) Re,; = 500 and
Pr =0.01. Mixed moments, H1,,e,,,, for (¢c) Re; =500 and Pr = 4 and (d) Re, = 500 and Pr = 0.01.
In (a) and (b), temperature moments are obtained for m = 1, 2,..., 7, appearing in that order from bottom
to top of the plot. In (c), mixed moments are shown for n+m = 2, 3,..., 6, appearing in that order from
bottom to top of the plot. For mixed moments of the same order, the lower lines are for m = 0, while
the upper lines are for n = 0. In (d), mixed moments are shown for n +m = 2, 3 and 6, appearing in
that order from bottom to top of the plot. For mixed moments of the same order, the lower lines are
for n = 0, while the upper lines are for m = 0. Solid lines are the values from the DNS, while squares
represent the values from the scaling law (5.41a). The wall and center of the channel are swapped, so the
center line is at x2/h = 0, while the wall is at x2/h = 1. Colours as in table 5.1.
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Figure 5.40: Values of (a) o1, solid lines, and o9, dashed lines, and (b) og. Colours as in table 5.1. Note
that black points at Pr = 0.71 represent the value for the single simulation at Re, = 5000.

A first problem arises at this point. The coefficients are not constant for different values of Re, and
Pr. From the symmetries derived in subsection §5.1.5, there is not dependence of this constant with
respect to Re, or Pr. However, this dependence goes beyond the scope of the study of this work. Here
the study is limited to confirm that the scaling law (5.41a) can represent the behaviour of the arbitrary
moments obtained from the DNS data, which indeed happens, as it has been proved, and to give the

actual values of C{{ 1Oy
n m

Conclusions

A new set of scaling laws for arbitrary moments of the velocity, temperature and high order moments
of both in a turbulent channel flow have been obtained using the Lie symmetries theory. These scaling
laws are for incompressible flows moved by a pressure difference and with a passive scalar. In addition,
the scaling laws are valid for zero viscosity and zero diffusion, i.e. Re, and Pr — oo, and two cases are
distinguished: the logarithmic layer and the center of the channel.

In the logarithmic layer, the mean velocity behaves as the well-known logarithmic function, first
derived by von Karman and derived here from first principles. The high order moments are power
functions that depend on the order of the moment n. No derivation of a scaling law for the temperature
field has been derived in the logarithmic region, since no perfectly plateau was observed in the diagnostic
function of the mean temperature in previous subsections.

On the other hand, in the center of the channel, scaling laws of the arbitrary moments are presented
in deficit form in the wall-normal direction. These scaling laws are represented as power functions, where
the exponent is determined by the order of the moments and three different parameters that come from
different symmetries (o1, o2 and gg). In order to derive the scaling laws, symmetries of the classical
Navier-Stokes and energy equations have been obtained. However, these symmetries are not enough to
generate a scaling law that to properly represents the arbitrary moments. The use of the MPC equations
is the key to obtain a constant term in the exponent of the power function that can accurately represent
the real data. The usual fluctuation approach to obtain the MPC equations is not used because it yields a
non-linear system of equations. Using the instantaneous approach results in a linear system of equations
with two trivial symmetries, scaling and translation of moments. The scaling of moments represents a
measure of intermittency. Thus, it makes sense that the term in the scaling law, 201 — 02, which arises
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Figure 5.41: (a) Values of C{{n}@{m} for Re; = 500 and Pr = 4. Parameters from equation (5.41b): (b)
o', (c) p1 and (d) Bg. Colours as in table 5.1. Note that black points at Pr = 0.71 in (b), (c) and (d)
represent the values for the single simulation at Re, = 5000.
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Cases I II 11 I\Y \% VI
Re, 166 177 176 178 262 476
Box spawn  47h 2mh 4rh  16wh 16mh  167h
Box span  0.57h wh 2mh 67h 67h 6mh

Line s LTI — o —

Table 5.10: Lines used through plots of this subsection to identify the different cases.

from this scaling of moments, is the dominant term of the exponent.

The scaling laws have been validated with data obtained from different DNS at different Reynolds
and Prandtl numbers. The accuracy of the the scaling law to represent the data is remarkable, specially
for high Reynolds and Péclet numbers. For cases with low Péclet numbers, no logarithmic region exist
and the center of the channel gets influenced by the viscosity and heat conduction, and the assumption
of Re and Pr — oo is no longer correct, what entails a wrong scaling of the moments.

An analysis of the parameters of the scaling law at the center of the channel has been done, showing
consistency for the cases where Re and Pr — oo can be applied. The conclusion regarding the parameters
is clear, and it is that, in the center region of the channel, the symmetry of scaling of moments is dominant
over the symmetry of scaling in time, space and temperature.

Finally, regarding the constant of integration, note that, according to the analysis done in this work, no

relation is obtained between C{{n}@{m and the order of the moments n and m. The exponential function

/
Lin}Omy”
However, this does not mean that the Lie symmetries theory is limited, but additional symmetries may

be missing. In the same way that extra symmetries have been obtained from the MPC equations, the
Probability Density Function (PDF) contains deeper information about the turbulent behaviour of the
flow. Therefore, it is an idea that the exponential behaviour of C’{{n}@{m} may be found from symmetries

}
of the constant of integration (5.41b) has been obtained by observation of the values of C'

contained in the PDF equations. However, this is only a suggestion and the study of these symmetries
of the PDF equations is beyond the scope of this work, and it is considered as a future work.

5.2 Other flows

5.2.1 Couette flows

In this subsection, the results obtained from the DNS of a thermal Couette flow are presented. Table
5.10 collect the line colours and styles used in this subsection to distinguish among the different cases
(unless otherwise specified).

Temperature statistics

Couette and Poiseuille flows affect in different ways the thermal flow under MBC for these low Reynolds
numbers. A first result is that mean and one-point statistics are no longer symmetric. In figure 5.42a,
it can be seen that temperature profiles are slightly different in both halves of the channel for Couette
flows. On the other hand, the Poiseuille flow thermal profile is perfectly symmetric [52]. A first insight
of the collapse of the statistics depending on the computational box size can be obtained from figure
5.42b. Here, temperature profiles of the bottom part of the channel of cases I-IV are shown. All profiles
of & collapse fairly well, except for case I. This case uses a computational box similar to the one in [64].
The collapse error is probably due to the narrowness of the box. Another remarkable difference between
Couette and Poiseuille flows is the presence or absence of a thermal logarithmic layer between the viscous
and the outer layers. For Poiseuille flows, this logarithmic layer appears for Pr ~ 0.3 and above [97].
However, for Couette flows, it is not present for Pr = 0.71. It is uncertain if this logarithmic layer in
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Figure 5.42: (a) 6" for cases V (blue dotted) and VI (red solid). Closed symbols, bottom half. Empty
symbols, top half. Black dash-pointed line represents a Poiseuille flow at Re, = 497. (b) 6" for cases

I-IV at the stationary wall. In both cases, orange solid line: thermal law of the wall, 6 = Pry™. Colours
and line style as in table 5.10.

the temperature field will appear for higher Prandtl numbers in a Couette flow. However, as it is said
before, Couette flows are far more computationally expensive than Poiseuille ones. To see if a thermal
logarithmic layer does exist in Couette flows will still be a challenge for the next decade.

In figure 5.43 turbulent intensities for the three different Reynolds numbers are shown. As a general
result, it is seen that the maximum of all turbulent intensities increases and moves towards the wall
with an increase of the Reynolds number. A difference between Couette and Poiseuille flows appears
in u'" (see figure 5.43a). A second maximum can be observed for the higher friction Reynolds number,
500. This was already noted in previous simulations [54], and from this work it is confirmed that for
Re, = 500, u'* shows a second maximum in the central region of the channel. Also, as it was shown
before for @+, intensities related with temperature are not totally symmetric or antisymmetric. This can
be seen in figures 5.43b, 5.43c and 5.43d. Another important point is the antisymmetry obtained for the
turbulent intensity ut0+ (see figure 5.43c). This opposes to the behaviour of ut6+ in a Poiseuille flow
when the MBC is employed, where a symetric profile is obtained. This is discussed below.

A distinctive feature of Couette flows is the existence of velocity large instantaneous structures in
the flow [56, 57], described in section §2.3.1. Corresponding long and wide structures of the thermal
fluctuation field are also present. These instantaneous structures, figure 5.44, appear in a strip-like
pattern in & — z planes. Isocontours of 87 (see figure 5.44 middle) show long and wide, coherent three
dimensional thermal structures, that mainly extend along the streamwise direction. Couette Thermal
Flow Superstructures (CTFS) are a consequence of this particular distribution of the values of u™ and
07, as they reflect the effect of these instantaneous structures in the time-averaged flow and thermal field.
CTEFS are defined as a characteristic of the time-averaged perturbations, which does not need to be zero.
A first proof of the existence of the CTFS appears in the z—averaged fields. The values of (u™)_, (vT)_,
(wt),, and (#1), are shown in figure 5.45b. In this figure, white and green lines represent contours of
positive and negative (u™)_, respectively. ((v*)_,(w™),) vector field is represented by arrows. Colours
show contours of (§7) . While the u—velocity structures expand across the whole height of the channel,
a pair of hot-cold thermal structures appear for every velocity structure. These thermal structures are
as long as the box itself, L, = 16mh (figure 5.45¢), in the same way as the velocity structures [55].
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Figure 5.43: (a) v'T, (b) 0", (¢) ut6+ and (d) vT0+ for cases IV-VI. Colours and line style as in table
5.10.

The black box of figure 5.45b shows the footprint of a CTFS. These structures are made of two velocity
rolls (positive-negative velocity fluctuations) and four thermal ones. They are organized in such a way
that the thermal flux, u+60+, is positive in the lowest part of the channel and negative in the top one. A
large vortex in (vT) and (w™) appears at the center of the CTFS.

In Poiseuille flows, these structures do not exist. In fact, the time averaged of any perturbation field
is simply noise. This is due to the inclination of large-scale structures in the Poiseuille flow. In this
context, Abe et al. [98] recently examined the effects of the streamwise domain size in the Poiseuille flow
for a flow field for Re, = 395 and 1020. They found out that when the streamwise domain is reduced
to L} ~ 400 for Re, = 1020, the two-dimensional behavior is indeed established in the Poiseuille flow.
Thus, only trivial symmetries are present. CTFES, on the other hand, exhibit two non-trivial symmetries
never described before. First, there is a translation symmetry of period 2Lg. This length is the distance
between the centers of two consecutive rolls. In this case is Lr/h = 67/8 =~ 2.3. Second, there exists a
symmetry, for (§7),, with respect to the origin of every (vt,w™) vortex (see black box of figure 5.45b).

Quantities related to the mean flow seem not to be seriously affected by the CTFS. As an example,
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Figure 5.44: Instantaneous value of 87 at Re, = 500. Top: = — z-plane at y = 0.3 h. Middle: isocontours
of #*. Red, hotter than mean; blue, colder than mean. Bottom: mean in the streamwise direction of
u™ (isolines), v and w™ (arrows) and 6% (contours). The black box indicates the region plotted in the
middle figure.

the Nusselt number has been computed using equation (5.3). Table 5.11 summarizes the difference in
Nusselt number for Couette flows, Nuc, and Poiseuille flows, Nup. Value of Nup at Re, = 180 has
been obtained from [40]. In order to obtain Nup at Re; = 250 a new simulation had to be run.

One can consider the hypothesis of a linear behaviour of the Nusselt number in the range from
Re, = 180 to 500, as shown in section §5.1. Therefore, precise values of Nup have been extrapolated
to the Reynolds number of the corresponding Couette flow. All simulations I-IV give approximately the
same value (less than a 0.6% deviation) of Nuc, regardless of the box size. Thus, short and narrow
boxes do not introduce a big error when calculating the Nusselt number. An interesting property to be
investigated is the difference in Nu between Couette flows and Poiseuille flows. As can be seen in table
5.11, this difference gets reduced with an increase of Re..

Re; Nuc Nup A (%)
178  21.60 18.33 17.9
262  29.39 25.35 16.0
476 47.96 42.86 11.9

Table 5.11: Nu for each Reynolds number in a Couette flow, second column, and a Poiseuille flow, third
column. The fourth column shows the relative difference.

However, local Nusselt number can be different to the average one due to the effect of the CTFS. In
figure 5.45a, local Nusselt number for case VI is shown in red and the averaged one, in black. Despite
it looks like hot rolls compensate the cold ones when averaging in the y direction (figure 5.45b), local
Nusselt number shows that the lower thermal rolls are stronger, especially the cold ones. For this reason,
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Figure 5.45: Case VI. (a) Local Nusselt number averaged in x direction (red) and averaged Nusselt number
(black). (b) Contours of (1) . White and green lines represent contours of positive and negative (u™),
respectively. ((vT),,(w™) ) vector field is represented by arrows. (c) Isocontours of cold (blue) and hot
(red) (#1). The values of the isocontours are 0.4 (fT) and 0.4 (1) for the cold and hot (A7),
respectively.
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Figure 5.46: Nusselt number as a function of Re, for Prandtl number of 0.71. Black line represents
correlation of Abe and Antonia [80]. A represent Nu for Couette flows, O are the Nu values for Poiseuille
flows from [80] and M are the Nu values for Poiseuille flows from [97].

(Nu), have greater peaks above the average Nu in the z coordinates where a cold roll is present in the
lower part of the channel. Here, local Nu number differs up to a 3% from the averaged one. Remark
that local Nusselt number shows two frequencies: one that corresponds to the wavelength of the CTFS.
The other, whose amplitude is half of the CTFS one, and whose intensity is lower, corresponds to smaller
structures that cannot be seen in isocontours plots of mean u/* and 6'T, but that will be observed in the
spectral analysis.

To conclude the analysis of the Nusselt number, a comparison of the results obtained in this work
with the correlation obtained by Abe and Antonia in [80] for Poiseuille flows has been performed. This
correlation expresses the Nusselt number as a function of Reynolds bulk number, Rey, where the entire
height of the channel is considered for its calculation,

Nu = hyReyPr, (5.45)

where h; is the heat transfer coefficient, computed as

hy \/C;f (5.46)

2.181n <Reb\/(7f> +2.4

2v2

where C'y is the skin friction coefficient, which is obtained form the next expression,

1 o igm (Reb\/cf) — 0.163. (5.47)
Cs

Figure 5.46 represents the values of the Nusselt numbers obtained for the Couette flows, A, and the
ones obtained for Poiseuille flows in [80], O, and from subsection §5.1.1, B for Re, = 500. As it was
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Figure 5.47: Quadrant analysis of case VI for a) utvt, b) ut0+ and ¢) vt0+. Dotted blue line: quadrant
1; dashed green line: quadrant 2; solid red line: quadrant 3; solid black line: quadrant 4. Solid thin
blue line is the sum of the four quadrants. d) 1D coespectral density of u™, 8% and u+0+ (red solid), for
Re, = 500.
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Figure 5.48: 1D spectral density of u™ (without marks) and 6% (@) at Re, = 250 and 500 for (a) x and
(b) z. yT = 160. Colours and line style as in table 5.10.

expected, Nu for Couette flows are slightly above the line of the correlation for Poiseuille flows and when
Rey, is increased, this difference gets reduced.

A quadrant analysis for case VI, like in subsection §5.1.2 for a Poiseuille flow, has been performed
to see if the large-scale temperature structures are active in generating wall-normal turbulent heat flux.
Also, the generation mechanism of v+60+ is compared with the one of utv* and ut6+. As a reminder,
for this analysis, the flux is divided in four quadrants. In the case of the wall-normal heat flux, quadrant
1 (vF > 0 and 67 > 0) and quadrant 3 (vF < 0 and 6T < 0), are referred to as the outward and
inward interactions. While quadrant 2 (vt > 0 and 67 < 0) and quadrant 4 (v < 0 and 67 > 0) are
referred to as the ejection and sweep events. In figure 5.47 all three fluxes are plotted together with
the decomposition in the four quadrants. In contrast with the results obtained in Poiseuille flows, the
generation mechanism of utvt and vt6+ are quite different for Couette flow. On the other hand, ut6+
and vt607+ generation mechanisms are very similar, although interactions and events occur in the opposite
walls: for uT60+, outward and inward interactions occur in the stationary wall, while for v+67+, ejection
and sweep events happen in this wall. The opposite happens in the moving wall. This is perfectly
correlated with the result obtained in the black box of figure 5.45b, i.e. the CTFS. In the black box, it
can be seen how, in the lower part of the channel, hot 8T are related with positive u* (quadrant 1) and
negative v (quadrant 4) or cold 67 are related with negative u™ (quadrant 3) and positive v (quadrant
2). The contrary occurs in the upper part of the channel.

A spectral analysis has been performed for u* and 6%. In figure 5.48, 1D spectral density of the two
intensities is shown for Re, = 250 and 500, for coordinates x and z and a wall distance of y* = 160. The
most important result is the peak that appears in figure 5.48b at A} ~ 4.7, which agrees with the one
obtained in [99]. The wavelength of the peak corresponds to the width of the CTFS or, in other words, to
half of the width of the velocity and thermal fluctuation structures shown previously in figure 5.45b, i.e.
2L ~ 4.7. In addition, it can be appreciated that the peak increases as the Reynolds number increases,
which means that the structures become more intense for higher Reynolds numbers.

Contour plots are shown in figure 5.49 to visualize the y dependencies of the spectrum. First, mention
that at y* = 10 there is a concentration of energy corresponding to the small scales of the velocity and
temperature, intrinsic to every turbulent flow. The new feature appears at the previously mentioned
wavelength, A} & 4.7, which corresponds to the CTFS. Here it can be seen how the velocity rolls are
perfectly symmetric, while the temperature ones are more intense in the lower half of the channel. In

122



CHAPTER 5. RESULTS

1 1
10 10
100} 100}
., 478 1, 478 :
100 | 100 “
10 10 2 %
— A4
1 ‘ 1 ‘
101 10° 10t 101 10° 10t
X./h A./h

(a) (b)

Figure 5.49: Contours of a) u™ and b) 0 spectral density for Re, = 500 in the Y — Z plane. Central
horizontal line is the center of the channel. Vertical axis is the wall distance to the closest wall.

addition, one can see a small increase of the energy intensity at A\J ~ 2.3, which is the half of the
previously mentioned wavelength. This second harmonic is the one appreciated in the local Nusselt
number (see figure 5.45a).

As it was said before in figure 5.43c, one of the major differences between Poiseuille and Couette
flows, when the same thermal boundary condition is used, is the different behaviour of the streamwise
thermal flux, ut60+, shown in figure 5.50c. When the MBC is used, this flux is symmetric in the case
of Poiseuille flows and (almost) antisymmetric for Couette flows. This antisymmetry is totally related
to the second symmetry of the rolls explained above. In the lower half of the channel, hot temperature
fluctuations are related to positive velocity fluctuations and vice-versa, causing a positive value of ut6+.
This situation is inverted in the upper part, where hot temperature fluctuations appear with negative
velocity fluctuations, causing a negative value of ut6+. Other point of view to explain the antisymmetry
of ut0+ is the difference in the flow and thermal boundary conditions. In a Couette flow, the flow
boundary conditions is that one wall is moving, while other wall is stationary. This is analogous to a
temperature difference for the thermal boundary condition. However, in this simulations, the MBC is
used for the thermal field. Therefore, both walls are kept at the same temperature, which is analogous
to a Poiseuille boundary condition for the velocity field.

Box size analysis

All intensities related with temperature (figures 5.50b, 5.50c, and 5.50d) are almost symmetric or anti-
symmetric, in contrast with Poiseuille flows, where perfect symmetry or antisymmetry is always present
in both halves of the channel. Values of 8t have been compared with other trusted simulations for
Poiseuille flows [40] and pipe flows [100] and tendencies agree fairly well.

As it was shown before, the effect of the box size in the mean flow, both in the mean temperature
or the Nusselt number is small. This is not the case for the statistics of the perturbations. As it can be
seen in figure 5.50, the one-point statistics of the flow for Re, = 180 in different boxes do not collapse.
The problem is evident in figures 5.50a, 5.50b, and 5.50c, mainly for case I, but not only. However, in
the case of Poiseuille flows, a (27h, mh) box in z and z, respectively, is enough to accurately compute
every first-order statistics [52, 75]. The collapsing problem here is also not an effect of the mesh size, as
the cell lengths used for cases I-IV are smaller than in many other available DNS.
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Figure 5.50: (a) 't, (b) 0", (¢) ut#* and (d) vTOT for cases I-IV. Colours and line styles as in table

5.10.
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Thus, the collapse problem has to be related to the CTFS. An analysis of 1 in cases I-IV shows that
the CTFS are always present (see figure 5.51), even if the box is too small (case I) to obtain accurate
statistics. The width of the CTFS grows with the box until a transition phase, where a new CTFS fits
in the box. For the two smaller computational boxes in the z direction (7/2 and 7), only one CTFS
appears (see figure 5.51 top and middle). Therefore, Lr/h = 0.78 and 1.57 for cases I and I, respectively.
However, when extending the computational box to 27 in the spanwise direction, a transition phase occurs
(see figure 5.51 bottom). Two velocity vortices and four thermal ones are perfectly visible in the left part
of the channel. In the right side, the same CTFS is starting to be created, but it is still in process. A
slightly wider computational box is needed in order to properly capture 2 CTFS perfectly structured.
This explains the differences in the statistics and the discrepancy about the width of the velocity CTFS
with other works [54, 61, 62]. Accurate statistics, both for the flow and the thermal field, need wide
boxes, with at least four CTFS well represented.

Conclusions

In summary, two simulations of thermal flows at larger numbers of Reynolds and larger boxes than those
previously simulated have been described. The perturbations of the flow field present a well organized
structure in form of positive and negative velocity rolls. These structures leave a trace in the time-averaged
flow field. The superstructure made of two velocity rolls and four thermal ones in the time-averaged field
has been defined as a Couette Thermal Flow Superstructure. This implies that unlike for the Poiseuille
flow, there seems to be less spanwise meandering of large-scale structures in the Couette flow. In this
context, Abe et al. [82] also reported in the Poiseuille flow that when the streamwise domain is reduced
down to L, ~ 400 at Re, = 1020, the two-dimensional behavior is established so that there is a tight
coupling between the near-wall and outer-layer structures. This tight coupling may also be observed in
the present CTFS and will be studied in future works. The CTFS presents two symmetries and their size
and number has been found to depend on the computational box size. Thermal quantities appear to be
not totally symmetric or antisymmetric, in contrast to Poiseuille flows. Using a second set of simulations
at Re, = 180, it has been seen that the CTFS do not strongly affect neither the mean velocity nor the
mean thermal flow. Moreover, mean-related quantities such as the Nusselt number are also not affected.
On the other hand, the width and numbers of rolls, i.e. the size of the computational box, affect the
value of the first order statistics of the flow. This explains the small differences found in the bibliography
about the width of these rolls. Moreover, this makes the width of the box an essential parameter to
obtain accurate statistics. The statistics of all simulations can be downloaded from the following link:
http://personales.upv.es/serhocal/

5.2.2 Stratified flows

In this last subsection, the results of simulations for stratified flows are presented. Line colours and styles
to distinguish the different cases in the plots of this subsection (unless otherwise specified) are shown in
table 5.12.

Stratification on velocity fields

Isosurfaces of (u/Uy), are plotted at the channel centre for cases CO and C6 in figure 5.52. The streamwise
streaks in case CO are trackers of the large-scale rolls [55, 56]. While these rolls are strong and clearly
defined for CO, their strength and definition is reduced in C6 due to stratification. This can be seen in
figure 5.53, where (u(y/h = 1)/Uy)¢, is shown for the four cases. While CO and C1 present four extrema,
corresponding to the yellow (fast) and blue (slow) streaks of figure 5.52 top, C3 and C6 present six weaker
peaks. The disruption of the self-sustaining mechanism by a stable stratification in channel Couette flows
was predicted by Eaves and Caulfield [68] by observing the laminar to turbulent transition of neutral
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Case Re, Ri, Line
PO 500 0

Co 480 0  eee--
C1 476 0.50 ————
C3 483 1.65 —-—
C6 476 290 ——

Table 5.12: Line colour and style to distinguish the different simulation throughout the figures of this

subsection.

x/(mh)

Figure 5.52: X — Z plane at the center of the channel of (u/Uy); for the cases CO (top) and C6 (bottom).
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Figure 5.53: (u/Uy) .+ at the center of the channel represented along the spanwise direction. Colours and
line style as in table 5.12.

and stratified cases. Stable stratification damps turbulent wall-normal motions by imposing a potential
energy toll [101]. This feature disrupts the well-established self-sustaining mechanism by modifying the
energy input into rolls and consequently reducing the kinetic energy density of the streaks. The level
of disruption increases with the bulk Richardson number, Ri,. It is observed that the disruption is
significant at a Richardson bulk number Rij, > 3 x 1073, In this study, the case C6 has Ri, = 1.2 x 1072,

More information about the 3D shape of the rolls can be obtained from the spectral density, ® =
kik.E(ky, k), where k, and k, are wave numbers in their sub-index direction and E(k,, k) is the energy
spectrum of u. They are presented in figure 5.54. The four figures have been plotted using the same scale
to highlight the range in the energy from the largest scales to shorter ones. The black lines correspond
to case P0. The two rolls in CO and C1 are identified by the energy spectrum peak at A, /h = 37/2 = 4.7
in the channel center. This is the same wavelength that was identified in [56] for unstratified Couette at
Re,; = 125, which confirms that the width of the rolls is independent of the Re.. For a box with spanwise
dimension of 37h, rolls have a width of 37h/4 ~ 2.4h. Even if figure 5.53 can give the impression that
the rolls in C6 are present but only in more quantity and less energetic, it can be seen in figure 5.54 that
in C6, they have disappeared for y* < 100. Additionally, their width has reduced. Near-wall structures
are also identified in figure 5.54 at y* = 10 at both walls. This region is mainly dominated by coherent
streaks of streamwise velocity with an average spanwise separation of the order A\ ~ 100 [25].

Thus, increasing Ri, causes the break-up of the rms-averaged rolls by weakening the streaks in the
channel center as observed in figure 5.52. However, other quantities such as the turbulent density flux
vtpt and the Reynolds stress uTvT (not shown here) do not change for the range of stratification achieved
in this work. The reason that both quantities are unaffected can be linked to the close relationship
between the streamwise velocity and the scalar fields. Deusebio et al. [67] indicates that the Reynolds
stress and the turbulent scalar flux decrease proportionally with stratification, so their ratio remains close
to constant. Moreover, Garcia-Villalba [101] shows that a deviation of the Reynolds stress in a stratified
turbulent channel at Re, = 550 is only appreciable from Ri, > 60. Thus, changes in these averaged
quantities shall not be expected at Ri, < 3.
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Conclusions

Using a database of several Couette flows with active thermal flow, it is observed that the stratification at
Ri. = 3 is enough to weaken the outer streamwise streaks, consequently vanishing the large-scale counter-
rotating rolls, characteristic in neutral turbulent Couette channels. The weakening of the outer streaks is
presumably caused by the well-known restriction on vertical motions imposed by the stratification, which
at low stratification levels is only notorious above the buffer layer. Based on these facts, large-scale rolls
will hardly appear in real-life Couette flows of air with a stable wall-normal gradient of temperature, as
soon as Ri, passes a relatively low threshold.
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Figure 5.54: Contours of u™ spectral density for cases C0, C1, C3 and C6 ((a) to (d), respectively) in
the Y — Z plane. Central horizontal line is the center of the channel. Vertical axis is the wall distance to
the closest wall.
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Conclusions

In this thesis a study of wall turbulence has been performed. The principal focus has been set on
thermal flows driven by a pressure gradient and heated uniformly from both walls. Also Couette and
stratified flows have been analysed. The main tool to carry out the study has been the Direct Numerical
Simulations. A vast database has been generated for very high Reynolds numbers and a wide range of
Prandt]l numbers never simulated before. New behaviours of these turbulent flows have been addressed
and deeply analyzed. The second pillar of this work has been the derivation of scaling laws to describe
universal behaviours of turbulence flows. For this purpose, Lie symmetries has been employed.

A extensive review of the previous state of the art bibliography has been presented in section §2.3.1,
summarizing the most important works in the sense of high friction Reynolds numbers and extreme
Prandtl numbers. As mentioned before, in this work, the state of the art have been extended in all
senses: higher friction Reynolds numbers have been simulated, together with a wider range of Prandtl
numbers. Specifically, in figure 6.1, a schematic representation of the previous stated of the art (red) and
the contributions from this work (blue) for thermal Poiseuille flows is shown.

Also, in Couette flows, the maximum friction Reynolds number simulated has been increased from
Re, =395 in [42] up to Re, = 500. As a conclusion, a extensive contribution to the new state of the art
is provided. All the data collected has been upload to the database of the research team. This database
is open to all the scientific community with the aim of validating new codes and data from future research
works. The link to the database is:

http://personales.upv.es/serhocal /

The most relevant results for the mean temperature are that the logarithmic layer only appears for
Pr > 0.3 and for sufficiently high Prandtl numbers, the formation of this logarithmic layer only depends
on the Reynolds number. Therefore, the value of k; tends towards a constant value and it is independent
of Pr for higher Re,, obtaining a value of k; = 0.44 for the highest friction Reynolds number simulated
at this work, Re, = 5000. Also, the scaling of the conductive sublayer is found to be a power function of
Pr with a dependence of Pr in the exponent for high Prandtl numbers.

Regarding turbulent intensities, the values of T and ut0+ tend to collapse in the outer region
depending on the friction Péclet number. For low and medium Pr, the peaks of these intensities increase
logarithmically with Re,, but for high Pr, one of the most important results of this thesis is obtained: the
inner peak of T is constant for different Re,. This has a direct impact in the scaling the the dissipation
and viscous diffusion terms of the temperature variance budget: the scaling near the wall of these terms
is more accurate. On the other hand, for low Prandtl numbers, the result is the opposite, requiring better
scaling for the dissipation and viscous diffusion terms of the temperature variance and the streamwise
heat flux and the pressure strain and pressure diffusion terms of the wall-normal heat flux budgets.

Dimensionless numbers Nu and Pr; have been analysed, with no relevant results for the latter in the
new range of Re, and Pr simulated. For the former, Nu, new correlations have been proposed in a range
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Figure 6.1: Previous stated of the art (red) and the contributions from this work (blue) for thermal
Poiseuille flows.

of Pr, where Nu behaves as a power function of Pr.

Last comment about Poiseuille flows is that for the case of isothermal flows, it has been obtained for
the first time a perfectly developed logarithmic layer at a friction Reynolds number of Re, = 10000, with
a value of the von Karman constant of x = 0.394.

All the data from Poiseuille flows has been used to validate new scaling laws for turbulent channel
flows. These scaling laws have been derived using the Lie symmetries theory. They describe the velocity,
temperature and high order moments of both in a defect law of power functions of the wall distance. The
strength of these scaling laws is that they are obtained from first principles and that only the first two
moments of the velocity and temperature are needed to obtain the exponent of the scaling law for all
higher moments. Therefore, one can write in an analytical form, a scaling law for arbitrary moments of
order n or m. Also a scaling law for the logarithmic layer of the mean velocity and higher order terms
has been derived. The classical logarithmic function for the mean velocity has obtained and validated
for the case of Re, = 10000. High order moments are obtained as power functions of the wall distance,
and the exponent of each moment can be determined from the parameter that determines the second
moment. To conclude, the scaling laws derived have proven to describe the turbulence behaviour with
an extreme accuracy.

Finally, the behaviour of Couette flows without and with stratification has been studied. A deep
analysis of the superstructures that appear in Couette flows (CTFS) has been presented. It has been
proved that the dimensions of the computational box directly influence the value of several flow statistics,
as turbulent intensities. Therefore, box dimensions are crucial in Couette flow simulations to obtain results
that accurately represent the actual flow. The effect of the CTFS, which is not influenced by transversal
flows, seem to be dissipated or at least clearly weakened when stratification is presented.

Several future works emerge after this thesis. The use of different canonical domains should be studied
to have a broader view of turbulence. The research team is already working on boundary layers. For this
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purpose, the code has been adapted to be able to simulate this type of problem and simulations will be
run in a near future. The main problem that arise in a DNS of a boundary layer is that, a priori, the
flow is no longer periodic in the streamwise direction. In order to solve this problem, a laminar flow is
introduced. This laminar flow receives a perturbation which makes it turbulent and it starts to develop
into a growing boundary layer. Data is collected in this stage. Then, the flow is made laminar at the
end of the computational domain. In such a way, periodicity in the z-direction is achieved and efficient
Fourier methods can be used in this direction.

Also, a different way of analysing turbulence can be applied. The one used in this work is based on
the Reynolds decomposition, and it focus on the stochastic nature of the flow. The second one, which
focus on the turbulent structures that appear on the flow, should also be considered as an alternative to
understand turbulence. This point of view was deeply studied by del Alamo et al. in [102, 103] and it
has been already addressed by the research team of the author of this thesis in [104].

Regarding Lie symmetries, the results obtained in this thesis have central implications for turbulence
model development. More precisely, the statistical symmetries developed in this work should be incor-
porated into turbulence models to make them reproduce the derived scaling laws. This was recently
published by the research team in [105]. It was shown how the statistical symmetries can be considered
and a first base-model was developed. Furthermore, it implies that model equations need only to be
used up to the second moment to reproduce the scaling exponent for all higher moments as well. In
addition, further research and finding of new statistical symmetries seem to be essential for the further
development of this theory. Symmetries of the PDF equations and for the wall-normal and spanwise
velocity fluctuations are still to be derived.

133



134



Chapter 7

Appendix

7.1 Appendix A: a DNS code

In this appendix, the code used to run the simulations will be explained in detail. Simultaneously,
different point about a DNS will be addressed. The original code, named LISO, has been previously used
in several DNS described in section §2.3.1. Several types of flows can be simulated by the LISO code:
Poiseuille, Couette or a mix of both for isothermal flows and, a new version of the code allows to run
thermal flows with passive or active scalar. Nevertheless, in order to explain the code in this appendix,
the case of a Poiseuille channel flow with a passive scalar will be used, since it is the main flow described
in this thesis.

The properties of the computational box, i.e. the domain of the problem, are given in section §4, where
the length of the box, the spatial coordinates, the velocity components and temperature are defined. In
addition, it should be introduced two important terms: the vorticity, & = V x U; and the helicity,
H = U x Q. Developing these terms, their definition based on the velocities and their derivatives are
for the vorticity

oW _ oV
Qx oy 0z
Q={Q,p =L (7.1)
Q. ov _ ou
ox Jy
And for the helicity
v U U _ aw
H, VQ. - WQ, V(W—BT,)—W(E—W)
_ _ _ oW _ oV v U
H = Qfa = 3 WO = U0, o = w(E-)-v(%E-%);. (7.2)
3
Q, —VQ, U _ W\ _y/ (W _ av.
v Y v - U(Bz 69:) V(@y 82)

At this point, the equations solved by the code are going to be derived. These, for the velocity field,
are the second component of the evolution equations derived from the Navier-Stokes equations (1.5) and
(1.6), together with the energy equation (1.7). This method of resolution was first introduced by [25] in
what is the seminal DNS work. It is important to note that, from now on, regular vector notation will be
used instead of index notation to facilitate the comprehension. In addition, the dimensionless variables
in inner coordinates will be presented, but the superscript will be omitted for readability reasons. If the
curl (Vx) of the momentum equation (1.6) is taken, it is directly obtained that the vorticity appears
inside the derivatives of the linear terms and the pressure term dissapears. Regarding the nonlinear term,
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(U - V) - U, the following operation must be calculated
H=Vx((u-V)- u). (7.3)
Developing this term, the second component of the resulting vector is

LoUoU U ovau o owou | o
C 0z Ox 0xdz 0z Oy Oydz 0z 0Oz 022
oU oW PW oV oW PW oW oW 0PW

H
(7.4)

or dx 022 Oz Oy 0xdy  Or 0z 0x0z’

If the terms 4-(9V/0x)(0V/dz) and £V 92V /(0xdz) are introduced, one can identify the derivatives
of the first and third component of the helicity (7.2), with respect to z and x, respectively. Therefore,
the final result of the second component of the curl of the nonlinear term is

OH. OH
=82 (7.5)

Ox 0z
A second evolution equation must be taken, which is obtaining after calculating the second curl of the
momentum equation. In the linear terms, the laplacian of the velocity, V2U, is directly obtained, while
the pressure term does not need to be calculated after being 0 with the first curl. For the nonlinear term,

it must be calculated
a

V x (V% ((u- V) ). (7.6)

The terms in the parenthesis (a) are known from the previous calculation,

OHy _ OHs
0z Oy
OH OH
Vx((u-V)-u)=¢52 -5+ 7, (7.7)
OH, _ OH>
Jy ox

where the first and third component have been obtained in an equivalent way to that of the second
component. Therefore, the second component of the second curl of the momentum equation is

0 (0H, O0Hj 02 02
—_— =+ = —+ — | Hs. .
Ay ( oz + 0z > + <8x2 + 922) "7 (7.8)
With this, the evolution equations that are solved in the DNS code are the second component of the
derived equations

ovv 1
= h, iy, 7.9
ot +R67—v (7.92)
o0, 1,
—Y = h,+—V?Q 9b
at g+ ReTv Yo (79 )

where h, and hg, resume the nonlinear part of the equations, and are given by

0 (0H,  OH; o2 o
o = ay(ax +az)‘<axz+azz Ho, (7.10a)
hy = 3@21_%_ (7.10Db)
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In these equations, V2V = ¢. An obvious advantage arises for this system, which is that the pressure
term is not present, considerably simplifying the problem. Finally, the energy equation can be equivalently
written as

CENNy—
ot " Re,Pr

where h; is the nonlinear term of the energy equation, and it is defined as

v2e, (7.11)

he=—(U-V)-0. (7.12)

While only the second component of the velocity and vorticity are calculated in these evolution
equations, (7.9a)-(7.9b), one can easily recover the rest of velocities and vorticities from the definition of
the continuity equation and the vorticity,

oU oW 9V

= 1
Ox * Oz oy’ (7.132)
ou  ow
Deriving with respect to = and z, it is obtained
0(7.13a)  9(7.13b) 0? 0? B o*V 09,
Ox + oz \oz2 + 022 v 92y + 0z’ (7.142)
0(7.13a)  9(7.13b) 0? 0? B o?V 09,
0z  Ox Ox2 + 022 T 9ydz Oz (7.14b)

As the flow is periodic in both z and z, it is natural to use Fourier methods in these directions. The
Fourier transform of any field ¢(z,y, 2) is

B,y 2) =Y Y dly)elth=rth==), (7.15)
ke k.

where (e) represents the variable in Fourier space in z and z, and k, and k, are the wavenumbers in x
and z, respectively. Therefore, equations (7.14a) and (7.14b) can be trivially solved as the become

—~iky O + ik,

U= EEEwT (7.16a)
ik — ik,
W= —m (7.16b)

Notice that this technique cannot be used for the (0,0)-modes of U and W. For that case, using the
Navier-Stokes equations, one can write

oy 0P 1 92Uy
I & § — 1
ot e 00T Re, 0y? '’ (7.172)
We 0P 1 92Woo
=—-——+H . 7.17b
ot 0z +Hso0t Re, 0y? ( )

The pressure gradient in the spanwise direction is negligible. However, the pressure gradient in the
streamwise direction can be used to keep the flow mass constant. Using Fourier transforms, equations
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(7.9a), (7.9b) and (7.11) are transformed into Fourier space in = and z, obtaining three decoupled problems

9

= b+ 24
ot ReT Ve,
O,y 7 2~
— = hy
ot ReT Vi,
BLe) 5 1 -
ot e+ ReTPrv ©.
The boundary conditions are
Vigy=+1) = 0, o =0,
ay y==1
Wyly==+1) = 0,
O(y==+1) =

Problem (7.18a), (7.19a) is usually solved splitting V in three parts,

V= Ty + aVi + b7,

where a and b are chosen in order to fulfill the homogeneous Neumann condition.

aA 7 1 82 ~
at h Re, (k% + k,g - Ty2> ¢p7

dpy = +1) =0,

— (K24 B2 = 2) Vo = by,

Ap( 1) =0
B = —m (B k- £2) b,
¢a(y = il) =Y,
— (k2482 = 2) V= b,
Va(y_]-): 5 Va(y:_l)zou
%o = — L (R+12 - 2) b,
ng(y - il) - Oa
~ (k2= 22) Vo=,
Vb(y = 1) - Oa ‘/b(y = 71) = ]-7

(7.18a)

(7.18b)

(7.18¢)

(7.19a)

(7.19b)
(7.19¢)

(7.20)

(7.21a)

(7.21b)

(7.21c)

(7.21d)

(7.21e)



CHAPTER 7. APPENDIX

although, due to the symmetry of the problem, V,(y) = Vi(—y), so that only systems (7.21a), (7.21b),
(7.21d) and (7.21e) have to be solved.

As it is said in section §4, it is natural and efficient the use of Fast Fourier Transforms (FFT)
techniques in = and z. This, in fact, decouples the problems (7.21a), (7.21b), (7.21d) and (7.21e), and
then, instead of a large Partial Differential Equation (PDE), a large number of individual Ordinary
Differential Equations (ODEs) have to be solved. The numerical technique used for y is thus critical to
obtain an accurate and fast algorithm. These kind of problems had been addressed mostly by spectral
methods [25, 106]. A typical technique used in channels is Chebyshev polynomials, [107]. This has also
been applied to thermoconvective problems [108, 109, 110]. However, in this case it is more efficient
the use of Compact Finite Differences, (CFD). Note that CFD should no be confussed with CFD from
Computational Fluid Dynamics. Nevertheless, both terms will be clearly distinguished by the context.
The CFD method was introduced in a groundbreaking article by Lele in 1992 [111]. Lele’s idea was to
use Finite Difference (FD) to solve problems presenting a range of spatial scales, generalizing some Padé
schemes that had been used early [112, 113]. Lele’s CFD main advantage is that maintaining the freedom
in choosing the mesh points of typical finite difference methods offers a very high precission, comparable
to that of spectral methods. This is critical in turbulent problems, as one tipically needs many more
points close to the wall than in the outer regions of the flow.

Through this part of this work the following notation is going to be used. Let u(z) be a real evaluated
function. Supposing that u(x) is differentiable enough, the first and second derivative of u(z) at the point
x; will be denoted by uj(x) = u/(z;) and u} (x) = u”(x;), respectively. In the case of a derivative of grade
n, it is expressed as ugn)(x) = dd:u(xz) Here, z; is a point belonging to a certain discretization of the
interval [a, b], where a and b are finite and z¢ = a, x, = b. Without loss of generality, the schemes will
be derived for the second derivative. FD schemes aims to compute an approximation of v} (z) trough a
linear combination of the values of the function close to z;. CFD, instead, relates a linear combination
of the second derivatives with the values of the function. In order to explain a practical use of CFD
schemes, one specific example will be presented, the scheme used in [114]. In that work, the authors used
a stencil of seven points in the function and five in the second derivative. Let’s assume that the following
relation holds (the x dependence is not shown from now on for the sake of readability)

" " " " "
Q_oU;_g + a_1U;_j+aou; + a1y + QU o = (7.22)
G_3Ui—3 + a_2Uj—2 + a_1U;j—1+aoU; + A1U+1 + G2Ui42 + A3U;4 3,

for some unknowns coefficients, a; and a;. Without loss of generality, it is possible to assume that one
of these coefficients is one, so from now on, oy = 1. Defining h; = (x; — x;4;), Taylor’s Theorem states
that

h_ h? .
wly =+ e b e g 22 o () (7.23a)
v ha e R @ %y 42 | o (st b
ul =, (7.23¢)
h h2 .
iy = o g 4 Sl s S o (), (7.23d)
he 3 M2 D nio i
ully, = ul+ ?ug )+ 2—?u£ Db+ ;ﬁuﬁ Y40 (heth). (7.23e)
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and

h_ h2 h%s (n

Ui = u;i+ Tﬁu; + 2—'314’ +..+ TTSUE )10 (h"51), (7.24a)
h_ h? h™

Wio = u;+ Tfu; + 2%214’ ot néful(.”) +0 (K5, (7.24b)
h_ h? h™

Wiy = uj+ T'Iu; + 2;'17%’ + ...+ n;ﬁui )+ 0 (h"1h), (7.24c)
h h? hT (n

Uip1 = ui+ I—}u; + 2—}%’ +..+ ﬁug )10 (hpth), (7.24e)
h h3 hy (n

Uirs = uj+ I—?u; + 2—?11;’ +..+ ﬁug '+ 0 (51, (7.24f)
h h3 R2 (n

Uiys = Ui+ I—?u; + 2—?%’ +..+ n—d'uf '+ 0 (h5*h), (7.24g)

The relations between the coefficients «; and a; are derived by matching the Taylor series coefficients.
In this case the formal truncation error of the approximation is tenth order. Translating this information
into an algebraic equation leads to the system

0 0 0 0 1 1 1 1 1 1 1
0 0 0 0 h_g h.o h_y 0 h ho hs
RZ, K%, R, B2 h2 h2
S S LT T ap 0
2, B3, K3, B3 RS RS o 0
—ho —ha —hi —hy S ¢ 5 0 53 o T a 1
4 4 4 4 4
32 32 32 52 hig hi, A%, hy hy  hy
h2y —=hZy —=hy —hy 33 3 23 0 1 13 13 Q2 0
_h3 _h3 —h3 _—hp3 %4 hZ, h% 0 h3 h3 h3 a-3 0
22 ~1 1 2 B4 B4 54 54 54 54 a_s | =10 (7.25)
6 6 6 6 6 6
_pA _pd _pa _pa Pls hlp Rl by hg o by a 0
hZ, hZ, hi hy 65 65 65 0 6-5 6-5 6-5 -1 0
7 7 7 7 7 7 ao
35 35 _35 _3p5 hig  hly AT, hi hy gy
h2, h2, hi h 76 76 75 U 76 7.6 7-6 aj 0
8 8 8 8 8 8
36 36 16 16 hilg hl, hZ, hy hy o Ry az 0
hZ, hZy h3 hy 5% w7 57 0 55 5% 3% a 0
9 9 9 3
_h7 _h7 _h7 _h7 hZs hZ, hZy 0 ﬁ ﬁ ﬁ
-2 —~1 1 2 98 08 98 98 08 08
10 10 10 10 10 10
_38  _p8  _3p8 _p8 ko hl,  hy hy hy hy
hZ, hZ, hi hy 69 109 109 0 105 109 109

Note that this is the direct matrix coming from matching Taylor’s expansions. Usually this matrix is
bad conditioned, so results can be very inaccurate. A typical procedure to overcome this problem consists
in normalizing each row by its absolute value maximum.

As the mesh can be non-uniform, it is necessary to solve this system for each point in the mesh.
When approaching to the boundaries, no ghost points are used but the stencils are adapted, removing
the points which lay outside the interval. This reduces the formal truncation error of the system. Once
the coefficients for every point have been computed, we obtain two sparse matrices, one containing the
a; coeflicients, A,,, and another one made by the o; coefficients, B, such that

By (uf, ey ull)t = Ayy (g, oy ), (7.26)

where the superscript ()! denotes the transpose. Note that (7.26) can be used in both ways, to derive a
function or to integrate it.
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Regarding the time discretization, in order to get a good accuracy in reasonable computational times,
a third order Runge-Kutta method has been chosen, derived in [115]. For

% _ L)+ N(e), (7.27)

where L is a linear operator and N is nonlinear, the equation is discretized as follows

(I — ﬂlAtL)gﬁl = (I + AtOZlL)(po + At’YlNo, (728&)
(I — BgAtL)gOg = (I + Ata?,L)(PQ + At(’YBNl + CgNl), (728C)

with ¢; = @(t%), for " =9, !, +2, ¢3 = t"T1. This stepper presents two problems. The first one is
a problem of memory, due to the necessity of saving two nonlinear terms in steps two and three. The
second problem is a possible loss of accuracy near the wall, due to the explicit computation of the linear
operator in the right hand,

Both problems are solved in the algorithm, using a little bit of algebra. Suppose that (7.28a) is solved,
and (o is to be computed. Let

Rhy = (I + AtayL)pg + Aty No, (7.30)
then .
Y1 — 1

Loy = ——F— 7.31

L1 ﬂlAt ) ( )

and it can be computed and stored in a single buffer the right hand side of (7.28b) but the nonlinear
term Nj. This tactic can be also applied in the computation of @1, but only in the cases where At
does not change. If the time step changes, the derivative of ¢y has to be computed explicitly. To
avoid this loss of accuracy it is a good idea to recompute the maximum At every few steps, using the
Courant-Friedichs-Lewy (CF'L) condition

UAt VAt WAt
M\ Az Ay’ Az

) < CFL. (7.32)

All simulations made with this code ran with a C'F'L of 0.7, showing remarkable stability.

Equations (7.28a)-(7.28c) are solved for ¢, €, and © using CFD. The lineal operator is given by
L = Re;'V? for ¢ and €, and L = (Re,Pr)~'V? for ©. As a practical example, the energy equation
system (7.21e) will be used. Using Fourier transforms, its lineal operator is

1 s oy 02
Fepr \B T —ga ). (7.33)

Thus, for each one of the three substeps, the problem becomes

L=~

(I - BiAtL)p; = RHS, (7.34)

where RH.S summarise the right hand side of the equation. This transforms into

K2+ k2 - 2
(1 + ﬁAtW) @i = RHS,
k2 + k2 BiAt 02p; (7.35)
T4 BiAt=2 22 ) o) — — RHS.
( A ReTPr> v Re, Pr 0y? RHS

n
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Now using matrix equation (7.26), and calling n to the first constant of the previous equation, it is
obtained that

_ 2,
ne; — }fgﬁfr aay“”; — RHS,
1By i — % yy%iﬁi — B,,RHS, 756
nNByypi — %Ayy% = B,,RHS,
Mg; = By, RHS,
where
M =By, — % - (7.37)

M is the final matrix to solve. Notice that this matrix is banded, which allows low-storage schemes
and the use of very efficient LAPACK routines.

It is also important to mention that as the three problems are decoupled and heat transfer is modelled
as a passive scalar, several Prandtl numbers can be solved at the same moment. It is only necessary to
use two buffers of memory, ¢; and ¢;11 per Prandtl number. Note that this is true in this case that
Pr < 1, because if not, the mesh size depends on temperature instead of the flow and this would impose
the use of finer meshes for the flow and the other Prandtl numbers.

The most expensive part of the algorithm is the computation of the nonlinear terms h,, hy and hy,
approximatelly the 80% of the time of the simulation. This is because it is necessary to compute these
terms in physical space, due to the aliasing problem [116]. Notice that there are two global operations

1. Direct and inverse Fourier transforms in x and z, as the nonlinear term has to be computed in
physical space.

2. Integration-derivation in y.

As the data is distributed throughout the supercomputer, it is necessary to perform several all-to-all
communications, which are critical and extremely demanding. The code demands a total of 3(9 + 3hp)
global communications per step, where hp is the total number of heat transfer problems studied.

The number of points of the problem, and thus memory, depend on the Reynolds number studied.
Another constrain is the efficiency of the FFT transforms, so tipically numbers of points made up of
powers of 2 and 3 are chosen to increase the velocity of the FFT. Assuming a mesh with ma x my x mz
points, typically ma is the largest one. It is then natural to start each sub-step of the Runge-Kutta
time-stepper scheme with the data set distributed in y — z planes. To avoid load imbalances, the number
of nodes must be a divisor of the number of complex planes, which is ma /2 after dealiasing. This number
is also the maximum number of nodes that can be used. The maximum number of OpenMP processes
at each node is ma/2/nprocs, where nprocs is the number of processors of the node.

The code to implement the algorithm described above is as follows (schematized in figure 7.1:

1. Calculation of velocity and vorticity in Fourier-Physical-Fourier (F-P-F) space (OpenMP). Trans-
formation of z from Fourier space into physical space (OpenMP). This step requires 15% of the
time step.

2. Move the data set from y — z planes into x—lines using MPI routines. This step requires 30% of
the time step.
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2a,2e,2f 2c

1
1
i 2d

M i

b IS I -

Figure 7.1: Plane-line parallelization scheme of the code.

. Transformation of the data to physical space in = and computation of nonlinear terms (OpenMP).
Then nonlinear terms are transformed back into x—Fourier space. This step requires 15% of the
time step.

. Nonlinear terms are moved back into y — z planes, using MPI routines. This step requires 20% of
the time step.

. Transformation of the nonlinear terms in F-P-F space and solution of the viscous problem, using
OpenMP. This step requires 20% of the time step.

. Move to step 1.
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