




Abstract

The speci�c problem of thermal convection with and without mean shear is studied.

By leveraging advances in 
ow visualization, numerical algorithms, and large-scale

computing, both laboratory and numerical experiments are just beginning to out-

line a picture of turbulent convection in wide 
uid layers and clarify the e�ects of

buoyancy and related analogies on shear-
ow turbulence in many industrial and en-

vironmental 
uid 
ows. Herein, mean shear is established by mechanical means and

density 
uctuations induced by heating a horizontal 
uid layer sandwiched between

hot and cold walls. Even without mean shear, vigorous convection currents develop

under the in
uence of such heating by the direct action of buoyant body forces. It

is of some importance to predict how heat transport by both big and small eddies is

a�ected by the action of buoyancy and mean shear in wall-bounded channel 
ows as

well as in other more complex con�gurations. One of the most striking features of un-

stable buoyant shear layers is the appearance of unsteady longitudinal vortices, which

are characterized by an organized helical circulation of individual buoyant thermals

stirred into alignment by mean shear near the walls. These are in marked contrast to

the polygonal convection cells and heat transport associated with Rayleigh-B�enard

convection without strong mean shear. This report provides a unique physical picture

of wall turbulence in these 
ows and discusses the signi�cance of the present results

for predicting and modeling subgrid-scale phenomena.
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Chapter 1

Introduction

Thermal convection, namely that 
uid motion which occurs between two horizontal

walls held at �xed but di�erent temperatures with the higher temperature on the

under side, is a representative and illustrative kind of 
uid 
ow driven by 
uctuating

buoyancy forces arising from temperature-induced density gradients in a gravitational

�eld. When the temperature di�erence exceeds a certain minimum value, one or more

convection currents form and circulate 
uid from wall to wall. As the warmer (lighter)


uid rises overturning the cooler (heavier) 
uid, a bit more heat is transported across

the 
uid layer by this bulk 
uid motion than would have resulted from heat conduction

by molecular motion alone. As the thermal driving relative to dissipative forces

is increased further, time-dependent, irregular and smaller-scale turbulent motions

develop that mix well and further increase the overall transport of heat. Boundary

conditions, e.g. those imposed on the bottom, top and sides of a 
uid-�lled container,

constrain the motion and can thereby strongly in
uence the nature of this transition

to turbulence and the maximum heat 
ux that can result from thermal instability.

The simplest case of a 
uid layer uniformly heated from below and cooled from

above is that in which the in
uence of the lateral boundary conditions (e.g. sidewalls

in a closed container or the in
ow at an open boundary), which are inevitably present

in any laboratory or numerical experiment, are reduced as much as possible. This

report considers thermal convection of this kind con�ned between two horizontal

rigid planes with periodic (cyclic) lateral boundary conditions wherein the horizontal

1



2 CHAPTER 1. INTRODUCTION

extent of the 
uid layer is much larger than its depth. The relative magnitude of these

dimensions is also shown to profoundly a�ect the transition to turbulence, overall heat


ux, small-scale turbulence statistics and large-eddy circulation patterns that develop.

The complexity of thermal convection problems as realized in nature and engineering

applications, however, stem not only from this kind of geometric complexity imposed

by the boundary conditions but also from the complex interactions that arise when

physical processes other than buoyancy are also present. A common example is shear

in the mean 
ow.

It is of some interest and importance to predict how turbulent transport is a�ected

by the combined action of both buoyancy and mean shear and to know under what

conditions one may neglect one mode of transfer for the other. This more complex

problem wherein the energy for turbulent velocity 
uctuations is supplied by both

buoyancy and shear in the mean 
ow is the focus of the present work. It often happens

that the mean motion is normal to the 
uctuating buoyancy force and maintained by

some external source. A common example is that of a pump circulating oil to cool

the winding insulation channels in a large power transformer, which can increase the

maximum permissible load such an electrical device can safely carry. Likewise, the

synoptic-scale (\weather map") pressure gradients that blow air over a wind farm

often determine the peak power it can deliver to such an electrical grid and how this

power 
uctuates as the mean wind direction and thermal stability change during the

day. When the atmospheric boundary layer is unstably strati�ed, which is the typical

state at midday, the turbulence is driven by both buoyancy and shear such that both

e�ects are comparable. The mean 
ow is here chie
y directed along the horizontal

plane and the e�ective gravity acts (approximately) in the vertical. As these examples

show, thermal turbulence and turbulence generated by mean shear are responsible

for the large transfer rates observed in these and many other natural and engineering

systems. By studying a basic kind of interaction between mean shear and buoyancy


uctuations to derive some fundamental understanding of instability, transition and

turbulence in such 
ows, the present study addresses how these two key physical

mechanisms, which are ubiquitous in technological and geophysical systems, a�ect

the design of complex engineering devices and their impact upon their environment.
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As an idealization of such density-strati�ed shear 
ows, the problem considered

here is thermal convection between two horizontal walls in which a superimposed

background shear 
ow is established by spatially uniform pressure gradients applied in

one or both of the horizontal directions. The present considerations are also restricted

to the case of an ordinary 
uid such as water where changes in the 
uid density are

small so that the only dynamical consequence the density (or temperature) variations

have is to produce a buoyancy force on the 
uid due to gravity. The present study also

contributes to the understanding of wall turbulence and transition in the presence of


uctuating body forces, e.g. of gravitational, rotational or electromagnetic origin. To

assess how our modern understanding of such 
ows developed and the degree to which

the contributions made in this report advance this understanding, we now make a

few remarks on the original motivations for studying thermal convection with shear,

the historical background and people that constructed this understanding, and prior

experiments, both physical and numerical, that have in
uenced this work.

1.1 Motivation

Thermal convection and wall-bounded shear 
ows have both attracted interest for

their physical richness and the technical applications in which they occur. Many

meteorological phenomena and energy systems emanate from the action of buoyancy

forces and mean shear a�ecting the velocity and temperature 
uctuations of a 
uid

near solid boundaries. The cooling of microprocessor chips or automotive engines,

which is a major factor limiting their maximum speed and compactness, involves the

movement of 
uid over complex geometry surfaces by fans or pumps so that buoyant

circulations arise via the temperature di�erence setup between these boundaries and

the environment (Iaccarino & Moreau, 2006). The thermal comfort of passengers

in aircraft cabins, spectators in stadia and students in classrooms similarly depends

upon the ventilation of air by mixed convection (Gorl�e et al., 2015). Likewise, surface

heating during the daytime tends to produce intense updrafts and downdrafts of hot

and cold air in the convectively driven planetary boundary layer. These large-scale

circulations not only enhance the di�usion of particulates and pollution carried by
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the mean wind with consequent implications for the many policy decisions a�ecting

air quality in urban environments near airports (Jacobson et al., 2013), but they also

help erode the trailing vortices behind aeroplanes thereby permitting increased air

tra�c capacity at airports (Lele, 2001). This is akin to alternative strategies which

also use buoyant circulations to ensure the dispersal of these trailing vortices along

runways and 
ight paths, e.g. by directly heating the vortices with auxiliary burners

placed near the wing tips where they �rst roll-up or by redirection of the hot engine

exhaust during takeo�s and landings (Orlandi et al., 2001).

Wherever heat transfer occurs in industrial applications, buoyancy e�ects are

present to various degrees. Thermal convection currents often coexist with sheared

boundary layers near di�erentially heated surfaces. Such buoyant circulations can

markedly a�ect the heat transfer and overall structure of the superposed shear 
ow,

especially when the e�ects of shear and convection are comparable. Many applications

of immediate engineering importance, e.g. the design and manufacture of jet engines,

computer hardware, turbine blades, chemical reactors, liquid metal batteries, wind

energy farms, furnaces and solar heating devices, therefore require understanding how

thermal convection and mean shear sustain turbulence near walls. Toward this aim,


ow visualization yields many qualitative insights essential to understanding how

these phenomena, namely thermal convection with shear, interact.

Reacting buoyant plumes and cumulus clouds are among the most superb natural

phenomena, which illustrate how thermal turbulence and turbulence generated by

a shearing motion interact. Two such 
ow visualizations are shown in Figure 1.1,

which illustrate this behaviour. Hydrocarbon �res often involve the combustion of

fuel distributed over a large horizontal surface area with gravity directed normal to

this plane such that buoyancy plays an important role. Reacting thermal plumes laden

with smoke particles develop above the fuel source in this situation (Tieszen, 2001).

Figure 1.1(a) shows such thermals rising from an oil slick burning on the ocean surface

o� the Louisiana coast in the aftermath of the Deepwater Horizon/BP oil spill during

June of 2010 (Sava�s, 2012; McNutt et al., 2012). The transition to turbulence occurs

very close to the base of the �re. The 
ame surface, which is made partially visible

by the luminous light embedded within the dark smoke cloud, is lifted by buoyancy
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(a) (b)

Figure 1.1: (a) Turbulent buoyant convection plumes made visible by the emission of
soot from the deliberate burning of part of the oil slick originating from the Deepwater
Horizon/BP oil spill (USGS, June 9, 2010). (b) Satellite photograph of the northern
edge of the Caspian Sea showing a pattern of longitudinal thermoconvective rolls
made visible by the condensation of water vapor in upwardly buoyant currents of
air, which take shape as streaks of cloud aligned in the direction of the prevailing
southeasterly winter wind (NASA, January 10, 2008).

above the oil slick to a considerable height (c. 50 meters whereas the horizontal

extent of the base of the pool �re is c. 200 meters). Above this height, however,

almost all combustion had ceased and the rising turbulent buoyant plume continued

to entrain air from the surroundings further cooling the smoke cloud, which eventually

approached the temperature of the ambient air after rising hundreds of meters above

the ocean surface. On this particular day, a light o�shore wind was seen to de
ect

the towering smoke plume from the vertical. The de
ection is strongest at the base

of the �re where the vertical momentum is relatively low.
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1.2 Historical background

B�enard (1901) performed the �rst controlled convection experiments designed to ap-

proximate a shallow 
uid layer of in�nite horizontal extent uniformly heated from

below. In the bulk of his experiments concerning the steady-state regime that were

reported in his thesis, B�enard worked with a cylindrical 
uid layer 20 cm in diameter

with depth ranging from 1=2 to 1 mm of molten spermaceti, a viscous whale oil of

low thermal conductivity, resting above a more conductive metallic plate underneath

which steam 
owed to maintain a near uniform temperature of about 100 �C at the

bottom of the 
uid layer. By using a wide 
uid layer with a diameter-to-depth ra-

tio exceeding 200, B�enard sought to reduce as much as possible the in
uence of the

sidewalls, which was otherwise poorly understood but then known to signi�cantly

a�ect the resulting convection currents and patterns. With this, B�enard discovered a

steady, regular pattern of hexagonal convection cells.

1.3 Large-eddy structure

Figure 1.2 shows two pictures of classical B�enard convection patterns produced by

Koschmieder (1993) in a silicone oil �lled cylinder, both of which also appear in the

Album of Fluid Motion by Van Dyke (1982). The patterns that form just above the

critical Rayleigh number can be seen. There is no plate on top of the cylindrical

container in �gure 1.2(a), therefore, this pattern resulted chie
y from surface ten-

sion e�ects in this thin 
uid layer. In contrast, this hexagonal pattern of B�enard

convection cells does not form near the critical Rayleigh number when the thermal

instability is due chie
y to the e�ects of buoyancy. By placing a rigid lid on top

of the 
uid layer, the weakly non-linear theory for buoyant convection predicts that

the pattern takes shape as long strips of straight, parallel rolls in a wide 
uid layer.

Figure 1.2(b) instead shows how these rolls are shaped to follow the geometry of the

lateral boundaries, which, in this case, are circular rolls in a right circular cylinder.

The average wavelength of these large supercritical convective motions, which is here

equal to the diameter of the cylinder divided by the number of rolls, is known to
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(a) (b)

Figure 1.2: (a) B�enard convection cells in a thin layer of silicone oil above a uniformly
heated copper plate and in contact with the ambient air made visible by aluminum
powder. In this case, the 
uid motion is driven chie
y by surface tension gradi-
ents and imperfections in the hexagonal patterns develop near the lateral walls of
the cylindrical container that impart a relatively weak in
uence on the interior pat-
terns similar to the diamond-shaped defect around a small dent in the copper plate
(Koschmieder, 1978). (b) Circular convection cells form in a right-circular cylinder
of aspect ratio L=d = 19:7 �lled with silicone oil covered by a uniformly cooled glass
plate and heated from below by a copper plate to 2:88 times the critical Rayleigh
number. In this case, surface tension e�ects are absent and the 
uid motion is buoy-
ancy driven, from which regular circular roll cell patterns develop in the shape of the
lateral boundaries numbering 10 concentric rings (Koschmieder, 1993). These �gures
also appear in the Album of Fluid Motion (Van Dyke, 1982).

increase with increasing Rayleigh number (Koschmieder, 1969).

Hoard, Robertson & Acrivos (1970) and Koschmieder & Pallas (1974) have also

observed that circular concentric rolls form in cylindrical containers of large aspect-

ratio (at � = 38:5 and 26:6, respectively) �lled with high Prandtl number silicone oils

under conditions that correspond to the theory where the convection is buoyancy-

driven and the temperature dependence of the physical properties is negligible. For

example, the upper glass plate in the experiment of Hoard et al. (1970) was cooled

axisymmetrically by circulating water from a constant temperature bath to impinge























































































































































http://web.stanford.edu/group/fpc/videos/tslice.mov






































http://web.stanford.edu/group/fpc/videos/skewconv.avi
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