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Prefagg

The work ot Mr. D, Avsec relates to the ensemble of researches
inaugurated in 1899 by H, Bénard, with his thesis on cellular eddies.
Consecrated to a phenomenon which appeared to arise solely from the
laboratory, this thesis has assumed in the space of twenty years ah -
unquestioned importance for geophysics., The thermoconvective eddies
which the young physiciét discovered in liquid layers whose thick-
ness was approximately a millimeter have been recognised by P. Idrac,
reproduced in a scale‘almost one million times larger, in the foggy
formations that render visible atmospheric movements. To bé sure,
the extrapolation has appeared justified; but it is precisely for the
purpose of founding it upon an unguestionable basis that upon the

request of H. Bénard, Mr. Avsec undertook the realization and study

of eddies in bands in a scale one hundred times - (for want of better)
larger than that obtained in the researches of 1899.

The reader will appreciate the ingenuity and the patience of
the experimenter which succeeded in obtaining organized circulations,
the dimensions of which reach the decimeter; he wili follow the mech-
anism of their appearing, their’development and their evolution; he
will see how, under the action of kinematic or of thermic perturbations
there appear the instabilities of form which undulate and wind up the
boundaries; finally, he will be able to consider the fashion in which
the diverse hydrodynamic theories render account of experimental
particulars,

In relation to the original edition; I must formulate a
reproach: conceived under the form of a systematic expos¢ of the appli-

cation of convective currents to phenomena in free atmosphere, it did



not make sufficiently evident all that the original work boasted
of originality, as much in the experimental domain as in theoretical
synthesis. I had to insist to Mr, Avsec that the chapter of conclu-
sions be added where is found precisely set forth the personal con-
tribution that the young and modest Yugoslavic savant was able'to
bring to the problem of cloud forms, that curious meteorological
enigma wherein the laboratory reproduces so faithfully and so pre-
cisely all the appearances of reality.

A, Foch

Professor at the Sorbonne

Director of the Fluid Mechanics Laboratory

INTRODUCTION

The object of the present work is a study on thermo-
convective eddies in a lagyer of air heated uniformly from below.
Being given the importance that these eddies present in meteorolo-
gical phenamena, we have tried to attain thfee principal objéctives:

1l To realize systematic expériments on thermoconvective eddies
in air under thicknesses exceeding considerably the scale gen-
erally employed by preceding experimenters;

2 To verify experimentally the practical value of the
numerical reéulfs deriving fram the theory of thermo-
convective eddieé;

3 To complete, by the results acquired in the course of



our researches in the laboratory, the theory of thermo-

convective eddies in the free atmosphere.

Many experimenters have been concerned with the production of
cellular eddies in a 1qyer of air. Being given that in general
the thickness of this layer did not exceed one centimeter, their
researches related solely to the study of the geametric forms

of the cellules as a function of the speed of translation and

to the study of a few interesting transformations.

In order to deepen the study of these eddies, on the
one hand, by observations of the mechanism of their appearing
"and of their development, and, on the other, by systematic
measurements on the dimensions of the cellules and on the dis-
tribution of temperature, we have undertaken new researches at
the Laboratory of Fluid Mechanics of the University of Paris,
under the personal direction of Mr. Henri Bénard, and under the
auspices of the Commission of Atmospheric Turbulence, presided
over by Mr. Philippe‘Wehrlé, Director of the National Meteor-
ological Office.

The execution of this program of work has necessitated
the production of eddies of the largest size obtainable; the
expefiment has shown us that the uhiformity of the general current
in the experimental chamber and the uniformity of heating are
the fundamental conditions for the production of big eddies.

Thanks to the careful and perfected construction of the

eddy-producing apparatus, we have arrived at some handsome results,



the most interesting of which relate to the formation of eddies

in longitudinal bands; we have obtained some using depths varying
from 1 to 8 centimeters. But, if one wished to exceed the think-
ness of 8 centimeters one would need to use a longer canal to
improve the uniformity of the general current and to assure a
sufficiently long duration of flow, indispensable to the complete
development of large rolls.

Here ﬁow is the resumé of acquired results.

Having first succeeded in producing regular eddies in a layer of
air several centimeters ﬁhick, we undertook the observation of
the mechanism whereby the organized convective currents appear,
and develop, Now - each one of the three principal species of
eddies, that is, the polygonal cellular eddies, the‘eddies in
longitudinél bands, and the eddies in transversal bands,_has
specific characteristics; the study of these characteristics

has permitted us to make precise the classification, and to set
forth in relief certain particularities.

For example, we have corrected the earlier conception
on the origin of eddies in bands perpendicular to the general
current. We think we have established that these bands result
from two successive phenomena: first, formation of Helmholtz
waves on the surface of the denser fluid layer; in the second
place, appearance of convective currents that form in the hollow
of two consecutive waves.

In the same category of researches lie the investiga-

tions on the intermediary forms and on the mutual transformations



of thermoconvective eddies.v We have demonstrated by experiment
that the polygonal cellules do not attain the hexagonal form except
in a steady state and in a fluid layer the surface of which is,
whether free (liquid), or whether easily deformable (a2 layer of air
above a layer of dense smoke)., If thé fluid layer is limited by
two plane énd rigid sides the polygonal'cellules arrange themselves
in chains and finally transform themselves into vermicular bands.
It results from these same experiments that the criteria
usually given as marking the transitions from one to the other
type of eddy are not perfectly defined, That is the reasson why it
is not rare that two or three species of eddy appear simultaneously,
We have consecrated a special study to eddies in longitudinal

bands with wavy sides. We have found that several distinct causes

can contribute to provoke this undulation - as for instance:

1 The slowing up of the movement of translation of the
ensemble of eddies in bands with rectilinear sides;

2 The interpolation of supplementary rolls. provoked by an
accidental or artificial perturbation;

3 Thé considerable augmentation of the difference of the

extreme temperatures of the two surfaces.

For thé sake of deepening the study of organized thermocon-
vective currents, it was indispensatle to sutmit the theoretical
results to the experimental control. We have thus studied:.

1 The numerical value of the Rayleigh-Bénard criterion.

2 The distribution of temperature with the thickness and

width of ﬁhe fluid layer,



3 The thermic field following the rectangular section of
the eddies in longitudinal bands.
i The dimensions of polygonal eddies in bands.

5 The lines of flow inside the eddies.

As respects the R&yleigh—Béhard cfiterion, we have confirmed
that the regime of thermoconvective currents is preceded by a stable
preconvective regime. This fundamental result is in entire agree-
ment with the previsions of the theory. |

The conditions to the limits realized in our experiments not
‘having been rigorously the same as those assumed, whether in the
problem of Rayleigh, of in the problem of Jeffreys, the numerical
value of this criterion differs from corresponding theoretical
values, But it is necessary to underline that the numerical results
of this class of experiment are not absolutely independent of the
judgment of the experimenter who must decide on the moment when he
determines the first ascending currents.

Thanks to the 1argéness of the eddies in longitudinal bands,
we have been able to reslize systematic meésures of the distribu-
tion of temperature with the thickness and width of the ensemble
of the rolls. Thus we give several characteristic diagrams which
represent the temperature as a function of the side Z and of the
abscissa X, the first directed vertically and the other perpendicu-
lar to the longitudinal bands. We have likewise managed to establish
several varieties of the thermic field in the rectangular section of
the eddies in longitudinel bands.

After having reduced the problem of the eddies in bands to




the study of the problem in two dimensions, we have undertaken

a mathematical analysis of the distribution of temperatures. The
confrontation between the theoretic results and the experimental
measures makes proof of a quite compiete agreement,

At the time of his fifst researches on cellular eddies in
liquids, H, Bénard had shown that the ratio of the transversal
dimensions and of the thickness h bf the cellules is an essential
characteristic of their geometric properties.. Thét is the reason
why we have undertaken an analogous work én eddies in gasses and
in particular on the eddies in longitudinal bands,'which consti-
tute the most stable of all the classes.

The ratio A/h has been in general, but not always,
superior to 2.  However, we have observed that the number of rolls
has varied a bit from one experiment to another, and - in coﬁse-
quence, A /h likewise. We have made a determined effort to
seek to explain this variation of the number of the rolls in con-
ditions apparently identical. We have demonstrated experiméntally
that these variations have been provoked by initial accidental
perturbations. By provoking regular perturbations artificially
whose amplitude exceeded the littlé accidental perturbstions, we
have obtained ét will a number determined in advance of roils,
which enabled us to make the ratio A /h vary from 1.25 to 5.

But one should reﬁark that the formations which correspond to

the extreme values are not very stable. We have terminated this
experimental study-by a theoretical analysis of the variation of
the ratio A /h., From it, there has been shown that it is useless

to search for a very great precision in geametric measures.



The study on the stream lines of the flow has also been
conducted at the same time on the theoretical plane and on the
experimental plane., Since the flow in the interiors of the eddies
can be clarified by the study of the movement in two dimensions,
we have been able.to resolve analytically several particular cases.

In order to facilitate the study of the internal movement,
we have completed the experiments realized in our big apparatus
by a series of experiments upon two-dimensional cellular eddies
céntained in a flat vat with walls of glass very close together.
This arrangement permitted us to observe and photbgraph the parti-
tioning and the trajectories in the vertical plane.

A. R. Low, author of a mathematical analysis more general
than the theory of Lord Rayleigh, has found that along with the
simble solution admitting a single stage of eddies, there exist
solﬁtions which correspond to two or to several stages. We have
' sh§wn that starting from the original theory of Jeffires one can
arrive at the same result. We have developed the calculation of
the Rayleigh-Bénard criterion for any number of superposed circu-
lations, and finally we have calculated the values for the cri-
terion A , as a function of perturbation Z and as a function of

V¥ for one and two stages of eddies.

To verify the practical value of this theoretic result,
we have proceeded to the necessary experiments. In using the
same flgt vet, we have succeeded in producing two stages of eddies:
the first constituted by the dense smoke, and the second by the

pure air. If one could avoid the progressive diffusion of the



smoke, the staging of the cells (in layers) would be possible
thanks to the different density of the two‘layers. But, one can
never hope that permanent movements in two or even more stages
can establish themselves practically, in a fluid homogeneous
layer.

The practical interest in the cellular eddies of R&nard
increased as soon as it was perceived that one could explain by
their mechanism, different natural phenomena pertaining to the’
domains of metallurgy, chrystallography, structural geology
(columns of basalt, structural soils of Northern and Alpine
regions) oceanography (convective currents in the upper layer
of the sea, rendered visible by algae-gafhered together in .
polygonal networks), astrophysics (lunar cifcles, granulations of
the solar photosphere) etc. and also, meteorology.

Also we have been keeping as a special goal in our
researches the object of contributing to the theory of con-
vective organized currents in free air. One frequently observes
in the sky superb cloud formations, representing all the geo-
metric characteristics of thermoconvective eddies. It is to
P. Idrac that the credit belongs of having demonstrated the
existence in the atmosphere of organized thermoconvective cur-
rents, and, of having explained the large cloud rolls by the eddies
in bands. This theory has been favorably received in the domain
of meteorology: the English meteorologists were the firsﬁ to con-
tribute greatly to its development and its affirmation, In France,

the Commission of Atmospheric Turbulence is actively pursuing
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researches of that order and Mr, H. Béhard, who was directing
the work concerning convective organized currents was good enough
to confide to us a part of the researches.

In keeping account of all the preceding work and of the
results acquired from our own experiments, we have consecrated
Chapter XII entirely to the systemétic exposition of the exist-
ing state of the theory bf convective eddies in the terrestrial
atmosphere.

One finds again in the category of the clouds in frag-
mented layers all the geometric forms of thermoconvective eddies.

'The clouds in polygonal‘and rectangular cellules dovnot permit
the slightest doubt: both are of convective origin. On the con-
trary, if it is a question of clouds in transversal bands, one
must not lose sight of a second theory, giving to this form of
clouds a dynamic origin, seeing there the result of Helmholtz's
atmospheric waves, which produced themselves at the separation-
surface of two layers of air, each of them animated with a dif-
fefent speed., } ‘

But Sir G. T. Walker and A, C. Philipps have succeeded, in
their experiments in the laboratory, in producing eddies in bands
disposed perpendicularly to the speed of translation. That is why
Walker considers that Helmholtz's clouds are produced very rarely,
and, consequently, that the transversal bands must themselves be
of thermoconvective origin. However, our experiments on eddies
in bands give certain essential observations that can lead to the

reconciliation of the theory of atmospheric waves, and of the
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thermoconvective theory. We have, in effect, shown that the
eddies in transversal bands are intimatelj bound to the simul-
taneous formation of waves of dynamic origin. In these condi-
tions, the wave theory remains always valid, but one must com-
plete it by the thermoconvective theory, should the call arise.

By the experiments on thermoconvective eddies in air satu-
rated with water-vapor, wé have thrown light on several facts
in the study of compartmented clouds. We believe we can explain
the mechanism whereby the compaftmented clouds transform them-
selves into an extended cloudy layer and conversely. On the other
hand, they show that the clouds in longitudinal bands are the
result of the condensation of water-vapor between two eddying
rolls, turning contrary to each other: hence, they place them-
selves in the regions where ascending currenﬁs are produced. As
for the thickness of the cloudy layer, it is not necessarily equal
to that occupied by the thermoconvective currents. In general it
is smaller, Hence, the ratio of the distance of two cloudy bands
and their thicknéss wiil exceed more or less the same ratio apblied
to the eddying rolls. |

Since the Commission of Atmospheric Turbulence proposes like-
wise to undertake researches in flight on the convectiVe currents,
we thought it usefui to give, at the énd of Chap. XII, several
directives which could guide.future explorations in the free atmos-
phere.b

To conclude, we remark that in the course of our researches

on thermoconvective currents in a gas, it has appeared. to. us that
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the physicel causes of the formation of organized currents are not
found to be defined exclusively by the thermic state of the atmos-
phere, but that it is eqﬁally possible to envisage movements having
an electrical origin,

In 1936-37 we undertook in collaboration with Mr. Luntz, a
series of experiments that have'fully confirmed the presumed exis-
tence of ceilular eddies of electrical origin., We have named them

electroconvective eddies, The existence in the atmosphere of move-

ments of electroconvective origin is, hence, very probable together

with thermoconvective currents, It is legitimate to foresee equally
the superposition of thermic convection and of electric convection.

Méteorology will be led surely to orient its explorations towards

this second domain.

*

3* ' *

in terminating this work m& gfeatest pieasure would be to be
able to thank my regretted teacher, Mr. Henri Bénard, Director of
the Laboratory of Fluid Mechanics and Professor at the Sorbonme,
for the benevoient reception that he reserved for me in 1934 among
his collaborators, and for his enlightened direction up to the
beginning of 1939, when an unexpected death interrupted his scien-
tific activity. In evoling his memory I must express to him under
posthumous title, my most profound thanks for having signalized to
me all the interest of this study and for having enéouraged ne tire-
lessly by his precious advices.

After the preméture loss of Mr. Bénard, this could not be

terminated but thanks to the support of Mr. Adrien Foch, present
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Director of the Mechanical Laboratory of Fluids, and Professor
at the Sorbonne, who has béen good enough to take to his charge
the scientific direction of my researches, I offer to him for _
his benevolence, and his aid in the perfecting of the present
memorandum my most sincere thanks,

I oﬁe the same respectful gratitude to Mr. Henri Villat,
Member of the Institute and Director of the Mechanical Institute
of the University of Paris, whd kindly took interest in my
researches and presented in my name several notes to the Academy
of Sciences.

On another hand I must express all my gratitude to the Cam-
mission of Atmospheric Turbulence and in particular to its Presi-
dent, Mr. Philippe Wherlé, Director of the National Meteorolqgical
Office, and to Mr, Georges Dedebant, Chief of the Scientific Ser-
vice of that office, to whom I am indebted that I have become Science
Collaborator of the Air Ministry, and who have kindly placed upon
the program of works that the Turbulence Cammission pursues, my
researches on the organized thermoconvective currents.

Be it also allowed me to tell all my gratitude to the
Technicél Service of Sciehtifié Aeronautical Researches, ahd spe-
cially, té Mr..Paul Jouglard, Director of»this service, and to
Messrs, Paul Dupont and Pierre Vernotte; Chief Aeronautic Engineers
who accorded to me the printing of this memoire in "Publications
Scientifiques et Techniques du Minist®re de 1'Air",

Lastly, I must thank Messrs. E., Drussy, Laboratory Mechani-
cian, and R. Fabre for the numerous services they rendered me during

my sojourn at the Lhaboratory.

EREERS AT RO



Chap. 1
Sec, 1

Chapter One (Sec.l)

Generalities on Convection Currents

Historical Outline

l. - Definition of Convection. Thermoconvective and Electroconvective

Eddies. Work of Mr, H, Bénard,

One understands generally'by convection the transmission of
heat through a fluid mass by movements thét present an appearance
of organization, this word being taken in a very general sense.
The notion of convection is, in reality,'more general, for the object
of the transport can as well bte some form of energy, and even of
matter. The most interesting category of convection is_repfesented
by the convective currents, where a part of the transported energy
serves for their own maintenance., The convection of heat and
electricity come in first place.

If certain conditions are realized, these currents manifest

- an admirable organization., The thermoconvective currents in a hori-

zontal fluid layer heated wniformly from beneath, and the electro-
‘convective currents in a fluid layer submitted to a very intéhse
electrostatic field afford the two principal examples, The elements
of organized convection, having the form of cellules, are named
according to their physical origin: themoconvective cellular eddiés,

christened briefly cellular eddies by H., Bénard (1) at the time of

his first researches, and electroconvective cellular eddies, which

we have recently discovered and described in collaboration with

Mr, Luntz (2). Despite their similar morphologic and cinematic
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~ characters, these two species of eddies have a‘profoundly diffefent
origin._

Only thermocénﬁective currents will be studied here, and
quite particularly the cellular eddies in air.

The instabilities produced.by differences of temperature-
in fluids when the lower layers are lighter than the upper layers,
give rise in these latter, to particular movements which depend
upon external conditions and interior properties of the fluids.

The simplest examplebof an organized circulation in water
under the actionvof heat from beneath is given by the experiment
of the English physicist James Tyndall, (1820 - 1893). When the
water contained in a cylindrical container is heated from below,
a pennanént circulation is established, The hot water, being
lighter, rises vertically, then it grows colder at the free surface,
and becoming dense, descends along the sidewalls of the container.
The behaviour of the trajectories, schematically represented by
Fig. 1, depends prinecipally upon the form of the container used.

We find a particularly interesting case when the fluid forms
a thin layer unlimited in the horizontal, or at least, a layer of
such an extént that the influence of the sidewalls no longer
intervenes,

The first complete experimental study of this problem is due
to Henri Bénard (1), who in 1899 - 1900 carried out researches, since
become classic, upon thermoconvective currents in a layer of melted

spermacetti oil. He worked out all the experimental and recording .
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Fig, 1 - Circulaﬁion of liquid in a cylindrical feceptable
heated from beneath, (Tyndall, 1863)

\

techniques and he created the needed terminology. The christening

of the phenominon "cellular eddies" has been most happy. The
description of théée!eddigs in a liguid layer propagating heat by
éonvection, in a permanent regime, was so perfect that the ideas
on this subject have not bhanged since. It is fitting, hence, to
recount the principal results of these experiments, which are basic
to all éucceeding work.

When one heats unifofmly from beneath a liquid layer,‘where
one has incorporated aluminum powder, for instance, one observes
‘the appearance on the free surface of a network of more or less
regular polygones (Fig, 2 - see back) which tend toward the hex-
agonal form as to a regime-limit.(Fig. 3 - see back).

In observing cldsely the particles of aluminum, one perceives
the existence of a superficial movement, schematized by Figure L.
This movement is directed from the center of each polygon towards

its contour. From this one deduces that the circulation and the

surface polygonal division contimue in depth. The vertical section
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Fig., L4 Surface currents going from the center of each polygon

(hexagon) towards its contour. PRénard.

free Suvjace
T
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Fig. L Vertical section of Bénard's cellular eddies.
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Fig. 5 Vertical section of Bénard's cellular eddies.

of the polygonal elements, that Bénard called cellules, is shown
schematicslly on Figure 5. The internal circulation of a hexagonal
cellule is given in perspective on Fig. 6.

To sum up, when a liquid layer is heated from below, it
dividesiitself spontaneously into a great number of polygonal
cellules, .in the interibr_of which a pemanent toroidal circula-
tion establishes itself, This organization of the motion favors
the transport of heat, which would be very wezk if the propagation

were carried out simply by conduction.
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Chap. 1
Sec, 2

Experimental Researches Subseguent to the Work of H. Eénard

The experimental reseasrches on cellular eddies of Mr. Bénard
were actively pursued by C. Dauzdre (3). He studied particularly
the solidificetion of thermoconvective eddies, and its application
to the cellular structure frequently realized in solid bodies.
Using an amorphous material, for instance, white beeswax (pure or
mixed with stearic acid or paraffine), he has shown that the solid
plaque conserved, aftef solidification, the cellular structure.

Each eddy leaves on the free surface a trace in the form of a
circular relief. We reproduce in Fig. 7 (back) the photograph
of the solidified cellules,

| H, Bénard noted fhe great resemblance of the solidified
eddies to lunar circles, and he suggested the idea thst they would
be the result of the solidification of gigantic eddies in the
primitive lava, The mechanism of solidification becomes more
complex when it is a question of erystallizable substances (nitrate
of soda), for the currents of convection are disturbed by the forma-
tion of crystals, For details one should consult seversl notes by
C. Dauzére to the C. R. of the Academy of Sciences and his thesis
on Cellular Solidification (3-hj).

Let us go on to the work of P. Idrac (L4). During his numerous
programs dedicated to the study of_vertical atmospheric currents, he
was led to express the hypothesis that the currents ascending and
descending could be due to vertical instebility, like the cellular

eddies studied by H, Bénard,
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To §Xp]afn in detail the spatial periodicity of the ascending
and descending currents, which manifest a sharply defined organi-
zation in gigentic rolls oriented in the direction of the general
wind, he performed an experiment as simple as it was ingenious
(L-c,e). |

A layer of air, limited by two horizontal ﬁetal plaques
close together and by two lateral sidewalls, is drawn along'by
a ventilaior. The lower plague rests ocn a bed of sand heated
- uniformly by rows .of gas burners. The upper plaque is chilled by
a bath of water. The injection of light smoke in the air in longi-
tudinal movement makes visible the convective currents, which
appear under the quite novel form of bands, with almost square
section, stretched in the direction of the general current. The
trajectories are a sort of screw. The direction of rotation in
the interior of two adjacent bands is alternatively to right and
to left. Consequently, if one traverses at right angles across
the eddies in bands, one passes periodically through banks with
currents ascending and descending. The mechanism of these éddies
can, hence, account for the phenomehon observed in the atmosphere.

Several years after the fine experiment of P, Idrac, the
Japanese physicists undertook'the‘research of thermoconvective
eddies. Certain experiments have been very original., T. Terada
and his students (5) have produced in liquids eddies in bands
having the same form as the eddies of Idrac in air. For their
experiments they used pure alcohol, mixtures of alcohol and

lycerine in various proportions, ether and water. In volatile
gLy ’
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liguids, theé verticsl instabilities'were provoked by the chilling
of the surface of the layer slipping along a plaque slightly in-
clined., With liquids where the effect of evaporation did not

- suffice to prodﬁce vertical instability, the layer was heated
from below,

Let us remember right now that experiments where one used
a liquid lgyer in motion are not without precedent. In fact,

H. Bénard (1-z) had observed a species of eddies intermediary
between the polygonal cellules and the longitudinal bands: these
are the eddies in chains, He obtained them by rocking lightly
the rectangular vat containing melted spermaceti where the poly-
gonal eddies formed themselves previously. The polygonal cellules
take rectangular shape and align themselves in chains directéd
aleng the direction of the slope. (Fig., 8 - back).

A year after the experiments on eddies in bands in liquids,
T, Terada and M., Tamano, undertook an analogous work with a layer
of air (6), Their memorandum is very interesting, as it contains
the description of the method of operation, a description neglected
entirely by P, Idrac.

The exploration of thermoconvective eddies and the different
phenomena that can be explained by their mechanism passed next to
English meteorologists, physicists and mathematicians.

" A. R, Low and D, Brunt in 1925 published an article (7) on
the instebility of the movements of viscous fluids. The first

declares the hypothesis that the polygonai networks formed by rocks,



- 22 -

- a phenomerion widely distributed in northern regions, would be of
convective origin. The author offers very sound reasons that could
affirm the theory of cellular eddies for structural soils.

D. Brunt, for his part, evokes the special interest of
Pénard for meteorology. The instabilities, analogous to those
realized in a liquid layer less dense in its lower part, are
frequently produced in the terrestrial atmosphere and can occa-
sion the formaticn of little Clouds, of a form comperable to that
of the eddies of RBénard.

Low and Erunt completed their first communication by several
afticles (8, 15) in which, by reasoning and without recourse to
personal experiment, the two authors have contributed largely to
affirm the eddy theory in certain atmospheric phenomena.

Mr, S, Mal in 1930 published an importent work upon seg-
mented clouds (9). 1In comparing certain cloudy formations with
the similar forms of thermoconvective eddies, the cbserver is
tempted to suppose tﬁat the two phenomena have the same origin,

In view of confirming this idea, &. M2l repeated the experiments
of Penard and Terada in liquids. He found some intefmediate forms
between the polygonal cellules and the longitudinal bands. They
‘resemble tiles and rectangles, structures equally observable in
clouds., S. Mal next gave the analysis of the direct measures of
the temperature, of the pressure end of the humidity, obtained by
the aid of sounding-balloons and in the course of several airplane
ascents at the moment when the clouds in question were present.

‘We leave the examination of these results for the end of our

ot



- memorandum {Chep. XII: Application to Meteorology).

Sir G. T. Walker in collaboratioh with A, C. Phillips con-
timied the inveétigations (10). His work had as its object to
show that the clouds in bands perpendicular to the wind-direction
could be also of thermoconvective origin, a cloud-formation ex-
rleined up to that time as Helmholtz's Atmospheric Waves. The
two authors fe—undertook the experiments of 5., Mel, using a
paraffine solution ir auvtomobile cil in equal proportions. They
rediscovered the forms alresdy known. All attempts to produce
transversal bends having remeined vein, they proceeded to experi-
ments with air, in an apparetus similer to that of P.‘Idrac. The
maximum thickness of the layer of air was fixed at 6 mm. Attempts
with tobacco smoke having given negative results, tetracloride
of titanium was selected as indicator of the convective currents.
The results were conclusive. One obtained eddies in transversal
bands together with all the other usual forms in liquids. Sir
G. T. Walker draws from it the conclusion that the clouds in
transversal bands can as well be of thefmal convective origin as
can the clouds in longitudinal bands. Hence, the theory of atmos-
pheric waves can not be applied without precéutions. Cne must
examine each case in particular to know to what category it belongs.,

Sir G. T. Walker points out at the end of the memorandum
that the conditions réalized in the experiments have not been
identical with those realized in free air., The sidewalls of the
experimental chember being fixed, the current of air is reined in

by the two horizontal plaques, in such fashion that the distribution



of horizortel speeds along the verticsl is parabolic (it is the
problem of the flow of viscous fluids between two paraliel plagues
in clese proximity to each other). On the contrafy, in free atmos-
phere {as well as in the experiments done in liquids whose surface
nay remain free) it is a question of a single surface of contact

" which divides the layer of air from the cloud layer. The distribu-
tion of speeds 2long the vertical would Be approximately linear.
This author has hence suggested to A. Graham (11) to undertake
experiments in a layer of air where the distribution of speeds along
the ﬁertical line would be linear, To realize this essential condi-
tion, A, Graham constructed an experimental chamber of which the
upper wall, consisting of a long glass'plaque, was movable, He
reproduced 211 the forms that Waiker and Phillips had obtained in

a chamber with fixed walls.

Sir G. I, Walker (12) has resumed end analyzed over and again
all the analogous work carried out by the researchers belonging to
the English school, adding also the needed supplements,

The works that we have just enumerated above pertain, of
course, to two categories, 1In the first are laboratory experiments
studying the phenomenon from a purely physical viewpoint, in the
second are the works seeking to explain the different natural phe—
nomina by the mechanism of cellular eddies. Amongst these last the
works that interest meteorology are the most numerous,

The present memo being in the first place a contribution to
-the question of vertical instabilities in the atmosphere, we have

not shown the numerous works relating to crystallography and
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metallography, to geology, oceanography and astrophysics.

Together with the experimental researches there exist the
mathematical studies of Lord Rayleigh (13), of H, Jeffries (1k), of
A. R, Low (15), and of P, Vernotte (16), For the moment, we omit
their analyses because we shall discuss the principles of the theory
in Chapter VI.

‘ In France, since 1935, a great activity reigns to try to
elucidate the origin of the different atmosbheric'phendmena. For
the sake of actively pushing tﬁe study of these problems, a special
commission entitled Cormission of Atmospheric Turbulence wés created
at the Air Ministry under the presidency of Mr, Ph. Wehrlé, Director
of the National Meteorological Office. In the vast general program,
elaboratediby this Commission, figure in particular the.researches
on organized convective currenté, the direction of which had been
confided to Mr, H., Bénard, Director of the Leboratory of Fluid
Mechanics of the U, of Paris, a savant renowned for his works on
cellular eddies of thermoconvective origin.,. Mr. Bénard was godd _
enough to do us the honor of charging ué with the execution of part
of the laboratory researches on thermoconvective eddies in a layer
of air heated from below.
| Before beginning the expos@ of our.results, we think we should
point out that during the period when we carried out the present work,
several of our colleagues at the Laboratory of Fluid Mechanics have
either completed or are still pursuing very interesting works per-

taining to the domain of convection currents.

Let us mention first the work of Mr. V, Volkovisky (17-b,c,d)
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on thermoconvective eddies in liquids. In the theoretical part,
the author studies convection in a viscous fluid by thebaid of
Boussinesq equations., In particular, he develops the case of
steady movement in two dimensions and treats the problem of verti-
cal trajectories by giving a formula for the speed for the whole
length of such a jet. The author insists that the method employed
by Lord Rayleigh, H. Jeffries, and A. R. Low in the study of fluid
1ayer subjected to a reVeré;d gradient of temperature has a too
speciélized character, and he gives a generalization of the notion
of the criterion of stability. In the experimental paft, Volkovisky
communicates a great number of quantitative dafa on the secondary
ﬁhenomena,of cohvectién, accdmbanying the formation of eddies in
bands in liquids. His study on the influence of the viscosity and
speed of the iiquid layer on the ratio A/h is carefully developed._
As for the other interesting questions, we can do no better than

to diréct thé reader to the original work of Mr. Volkovisky.

Mr. G, Sartory (18) is now at work on the thermoconvective
currents that produce themselves above a region uniformly heated
by radiation; These experiments interest particularly the meteor-
ologist, for on one hand, heating by radiation reproduces faith-
fully what happens in the free air, and, on the other hand, the
phenomenon is studied on a very large scale. (The experimental
chamber is one meter high,) | |

Mr. V. Romanovsky (19), on his part, is busy upon thermo-
convective eddies in muds. This experimental work is 2 development

of the experiments initiated in 1933 by the Japanese physicist
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Y. Hudino (1) and German geclogist K. Gripp. Its object would be
to buttress solidly the thermoconvective theory of structural
soils, quite common in northern regions and in alpine sites, a
theory first advahced by A R. Low and D, Brunt (7).

- Finally, along with these principal works, we must point
out two isolated experiments, one, that of V, Volkovisky (17-a)
on eddies in festoons in liquids, the other.that‘of'Mr; Luntz (20)

on alternating thermoconvective eddies in a thin liquid layer,
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Chapter I1

Vertical Instabilities in Fluid Layers:
Y

Onset of QOrganized Motions
1. Fluid layers of different densities superposed one over the other.

Vertical Instability. - The simplest example of vertical instability
is furnished by a system of two fluid layers the denser of which is
placed above the other. To fix our ideas, let us consider a layer
of water of thickness hl’ superposed on a layer of oil of thickness
'h2. This system, which we will designate by I, is found to be in
unstable equilibrium, for the density of the water fl is greater than
that of the oil P 5 But since the resultant of external forces
acting upon the volume of the lighter liquid is nulle, the system I
could contihue indefinitely if exterior perturbations could be avoided,

One determines immediately that the lower layer is not sub-
mitted to a vertical force., Let us define the resultant of the sur-
face and volume forces that acts upon a cylindrical volume cut in
the'layer of oil, the circular section of which is equal to unity
and of which the height is h2. The horizontal components X and Y,
which result uniquely from the surface forces, afe nulle, Conse-
quently, the resultant of thé forces to which the considered volume is
submitted is identical to the vertical component Z.

In designating by 1 the pressure at the sufface of sepafation
of the two fluid lasyers and by 1 the pressure on the bottom, this

resultant is expressed by:

R = 2 = py-p -8pN,



where
Pp = Pyt PNy

and in consequence:

R = 0, q.e.d,

One demonstrates equally that system I is in unstable equil-
ibrium. The potential energy accumulated in the vertical column
having a height h1 + h2 and whose section is equal to unity, and

calculated in relation to the bottom of the container, is equal to:

2
T= g pi G ) +depohy = gy’ + i, + 3pn0).

If the two liquids interchange their places, the potential

energy of the new system II becomes:

Tr= e pohy” + iy + 3 o112,

The density f’l is by definition greater than f’z’ hence the
difference: _
"331"05‘?1? gh h(py - py) >0

and: ’
AN

System II is in stable equilibrium, for the potential energy
Lg is minimun. A1l the others, and in particular system I where
T is maximum, are in unstable equilibrium.

The onset of the motion - A perturbation of some sort is needed
if the two liquids of system I are to change their positions, But, it
is impossible to foresee the kinematic mechanisﬁ by which a movement
once released comes to rest at its steadiest state of équiiibrium. We
had recourse to an experiment the initial conditions of whidh are the.

simplest.



A fl1at container whose sidewalls are composed of two sheets of
glass 15 mm apart, contains in equal proportions water and oil called
Spidol€ine B.R. These two 1iquids'are cleanly separated and are found
in stable equilibrium, The container being sealed hermetically, one can
revolve it brusquely on its longitudinal axis: the oil takes its place
on top of the water. Fig. 9,

This system which we have designated by I, persists in unstable
equilibrium for a few instants, Soon after, the surface of separation:
of the two liquids becomes lightly undulated Fig. 9-b., The amplitude
of undulation increases rapidly, and the two liquids bury themselves
progreséively the one into the other Fig. 9-c. There comes a moment
when the tops of the waves of the layer of oil touch the ceiling: the
mass of water is cut into isolated compartments, which take the form
of large drops Fig. 9-d. Once they reach the bottom of the container
they flatten themselves and push up the threads of o0il towards the
top,‘ Fig. 9-e. ‘Finally, all the mass of the o0il has passed into the
upper level and the system of superposed layers has become stable,
Fig, 9-f, One will notice that in general the volume occupied by the
water is not superposable upon the volume occupied by the oil at the
same instant,

This example gives a preliminary idea of the orgznization of
the motions released in the fluids as a consequence of vertical insta-
bility. One understands, of course, that the movement halts as soon
as the layers have changed their positions.

A more detailed study would be very interesting. It would be
fitting to try different liquids that do not mix, for it is certain

that the form of the surface of discontinuity depends essentially on
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the viscosity and surface tension of the liquids employed. In
fact, if one could find two liquids of equal viscosity and of
different densities, it would not be impossible that at any instant
the volume occupied by the water is exactiy superposable upon the
volume occupied by the oil. Next, one could envisage the same
experiments with the liquids in different proportions, and above

all, experiments in extended horizontal layers.

2. Fluid layer the density of which varies continually in the
vertical, |

This is the case of a horizontal fluid layer whose limiting
surfaces are maintained at two constant temperatures, the higher
temperature béing beneath, Let us suppose that the temperature
diminishes linearly with the depth of the layer. The corresponding
distribution of densities, hénce, is inverse: the denser layers are
overlain upon thelless dense ones, If the isotherms coincide with
the equipotential surfaces, the system finds itself in unstable
equilibrium, The demonstration that the vertical force is nulle,
is the same as in the preceding case for two liguid layers of
unequal densities. |

Let us calculate the difference of energies of £he two systems
I and II, accumulated in the vertical fluid column thé height of which
h is equal to the thickness of the layer and of which the section is
unity.

The elementary energy in the system I is written:

dﬂll = gzdm = gzp,dz,
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where: Fl = f(z) = f)2 +

by integration one obtains the total energy:

-F
Tl = gfz(‘oz + Flh 2 z)dz = gh2( %Fl + %—,92).

If one changes the indices, one finds the potential energy of the

stable regime, calculated relative to the bottom:

Tr= en’( %fz + 2P,

The difference:

-

V4

T=T-%T; = 2af(p, -pp>0,

is hence the usable energy: it can te transformed partially’iﬁ%o
kinetic energy. In fact, an accidental disturbance releases motions
impossible to predict in advance and which assure the éxchange of
places tetween the warm and the cold masses.

If the sidewalls were not conductors, these motions would
die away after the less dense layers were on top. On the contrary,
the motion does not stop if the bottom is a good conductor and
uniformly heated, for the descending cold mass reheats itaelf and
the ascending Wwarm mass rechiils itself continually, Hence, it is
the source of heat that furnishes the energy necessary to the main-
tenance of the motions.

The forms of the thermoconvective currents, whose appearance
is evident, can not be estaﬁlished except experimentally. We shall
see that they are very various and that they depend essentizlly on

the conditions at the boundaries.



Let us commence by the casze of two-dimensional eddies which

iz the basis for all the others (21-e).

3. Thermoconvective currents of two dimensions in a layer of air.

(] @ @ (=} @ )
T T TTT T T
hot plate

Fig., 10 Narvow tank for spontaneous production of cellular eddies

of two dimensions. -

A flat container (Fig. 10) (320x83x15 mm) in a vertical position,
consists of a metal framé C in fhe shape of a U, and two sidewalls
V of glass, 15 mm apart. One pours to the bottom of the centainer
a layer of water. Another thin layer of oil prevents the evapora-
| tion of the water., The level of this layer fixes the height h of
the ﬁpper air iayer. The container is sealed hermetically by the
céiling P and placed on a uﬁifcrmly heated plaque.
| Next, one introduces bty the tube T, which traverses the lid

and comes down almost to the level c

by

the leyer of oil, a small
amount of tobacco smoke. It fills th= bottom and remains seversl
meoments cleanly separated from the layer of pure air ebove it

Fig. 1la (back)., 4 little later one observes slight dapressicns
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on the surface of the layer of smoke. That indicates that the
thermoconvective currents are developing in the midst of the layer
of air, These currents accumilate the smoke in erests with sharp
points that coincide with the centers of ascension Fig. 11-b (back),
This smoke is drawn by the eddy-movement, The filament of smoke
makes visible the currents that are particularly organized, The
ascending currents, distributed at the moment of their birth some-
what haphazardly, bump themselves against the ceiling of the con-
tainer where they bifurcate and redescend., One obtains in this way
permanent organized currents in fictitious compartments called
ce;lules. Each cellule carries an eddy-core whose axis is per-
pendicular to the sidewalls of the container, The.direction of
rotation of the eddies is alternatively to left and to right.

The ascending currents oscillate and seek a more stable
position. The Figure ll-c, taken a few instants after Figure -11-b,
represents a more stable phase, Thé smoke diffpses itself progress-
ively in the cellules, On the Figure 11-d, one sees only a few
traces of concentrated smoke, which soon disappeaf entirely, This
final phase is reproduced in Figure 1ll-e. The cellules are completely
rectangulér. The six celluler eddies at the center are almost
equal; thé two lateral ones are wider by reason of special condi-
tions occasioned by the sidewalls.

Knowledge of thermoconvective eddies in two dimensions will
facilitate the description of othef forms that are produced in a

horizontal sheet of air.
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L. Experiments in humid air,

- We have also undertaken a series of experiments on thermo-
convective eddies the conditions of which more closely approach
those frequently realized in free air: instead of operating in dry
air, we have had recourse to air saturated with water vapor (21-g).

These experiments were done with the flat container which
served for the experiments in dry air. But the surface of the-
layer of water was left free so that evaporation could come ;bout.
After closing the cover of the container hermetically, we put it
on a heating surface.

In a2 few moments little foggy smudges, regularly spaced,
appeared on the glass. The first photogriph, Fig, 12-a, taken
during an experiment when the height of the layer of air was 62 mm,
represents such a formation, One sees there three lenticular
smuages, disposed on the upper half of the container along a hori-
zontal line. The island in the centre is prolonged towards the
base by a transparent trace, the origin of which we will presently
show.

If the hest is moderate, the smudgés reach a size-limit that
can maintain itself for hours. On the contrary, with more active
heat, they grow progressively larger and finish by uniting them-
selves in a single}opaque‘band.

The second photograph, Fig. 12-b, taken: 30 minutes after the
first, gives the final phase. One still sees the three lenticular
elements. (Fig. 12 in back).

The explanation of this phenomenon is as follows: In the
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layer of air there form cellular eddies of two dimensions the
description of which has been already given. The ascending cur-
rents carry off the water vapor whi;h comes by evaporation from
the surface of the liquid. The upper portion of the chamber being
colder, the water vapor condenses in fine droplets, Those whioh
circulate close to the walls of the container cling to them and
form opaque smudges (see Fig, 12-a), Thanks to the continual
eddy-movement, the deposits of condensed vapor accumulate. The
droplets grow larger by coalescence., The strongest condensation
is produced at the places that coincide with the ascending currents,
where the air in eddy-movement is the wettest. It becomes dry pro-
gressively in the course of its circulation, When it returns to
the surface of the water, it recharges itself with vapor.

Figure 12-b shows that the largest drops are formed in the
midst of the central smudge. As soon as the drops are heavy enough,
they slip towards the base. (The two lateral smudges have a special
character, due to the presence of metal sidewalls left and right,

We have drawn on the same photograph the eddy—celiules and
shown the direction of circulation, The two cellules at the center
are perfectly square ( X/h = 2),

Two series of photographs reproduce the development of the
foggy smudges, The first series corresponds to an exéeriment where
the thickness h of the layer of air was 49 mm and the difference of
the two extreme temperatures l.6°C (Tl = 38.2°C; T, = 33.6°C), and
the second (corresponds) to an experiment where h was fixed at 41 mm

and the difference of the temperatures at 11.9°C (Ti=h8.5°C;T2=36.6°C).
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(Figs. 13 and 1k in back).

First experiment with Moderate Heat, (Fig, 13)
First phase (2 minutes after setting the experiment in opera-
tion): Four smudges slightly foggy appear. The two at the centre have

the form of a mushroom, and the two at the sides the form of a lentil,

Second phase (8 minutes after the first phase): The lateral

lentils and the mushrooms in the middle have developed considerably.

Third‘phase (20 minufes after the second phase): The contours
of vapor con<‘iensa'bion have become very neat and thé caps of the mush-
rooms have attained the size of the lateral lentils. Also, the struc-
ture has changed: one sees the appearance of droplets resulting from

the incessant condensation of the vapor.

Fourth phase (25 mimutes after the third phase): The shape and
size of the condensations have not changed, but the droplets have grown
bigger, eSpecially in the regions forming the nodes of these condensa- - L

tions,

e e L e

Fifth phase (1 hour and ten minutes after the fourth phase):
The condensations of vapor have visibly reached the limit of their

development. The drops are heavy and they slide towards the base.

One remarks on the three last photographs that the surfaces
wetted by the condensed vapor are superposablé to the surface that
remained dry (with the exception of a part at the left and right,

influenced by the edges of the container).
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Second Experiment with stronger heating (Fig. 1k).

First phase (1 mimute after setting the experiment in operation):
Two small foggy smudges appear in the central region, There are

also scarcely visible traces of tﬁo-lateral smudges.

Second phase (10 mimtes after the first phase): The four lenti-
cular smudges occupying the upper half of the container are much
larger. The two central lentils have reached out towafds the

base by less foggy traces.

Third phase (15 mimtes after the second phase): The opague
- smudges have become 1érger and more defined. One sees that the
two central smudges take successively the form of a rmushroom,

a shape, by the way, that was neater in the preceding e xperiment,

Fourth phase (20 minutes after the third phase): The lentils have
reached out. They are separated one from the other by very narrow
spaces. The structure of the droplets reappears, especially at

the places that coincide with ascending currents.

Fifth phase (20 minutes after the fourth phase): The individual
smudges have run together iﬁ a single opaque band occupying the
upper half of the container. However, one can still detect the
eddy-elements. The ascending curfents are marked by vertical

regions, rich in thick drops of condensed vapor.

One hour afterward, the form has in nowise changed, The

fifth phase constitutes the final phase,
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The method of visualization by condensation of water vapor
allows one to establish the centers of the ascending currents (con-
centration of drops) and descending (currents) (spaces separating
the individual foggy smudges). It gives hence the number and the
transversal dimensions of cellules.

Moreover, the results that arise from these experiments
clarify certain essential facts in the phenamenon of compartmented
clouds. But this method and the conclusioné derived from it are
recounted at the end of this memo, where we will speak of the appli-

cations of the theory of convective currents to meteorology.
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Chapter III

Description of Apparatus used in Production of Thermoconvective
Eddies in a Horizontal Layer of Air., Method of Operation,

1. Preliminary Remarks

The greater part of the experiments on convection currents
in air had been carried out by meteorologists. Their work had for
its unique object, to show the geometric similitude of thermocon-
vective eddies obtained in laboratory experiments, with certain
cloud formations, and to conclude from them that compartmented
clouds are of the same physical origin as cellular eddies. 1In
these conditions, a vast domain of investigations remained still
open to physicists and meteorologists.

One might first complete the observations and the qualitative
results by varying the thickness of the layer of air by the largest
interval possible and by going on to quamtitative measures, which,
it seems, have been completely neglected.

A1l the experimenters ndted’thét the regular forms ceased
to appear as soon as they attempted to give the layer of air a
thickness exceeding 1 cm. But in a layer of too smali a thick-
ﬁess, the distribution df temperature becomes hard to determine,
because the introduction of an instrument, however small, risks
disturbing or even destroying the regular internal movements of
the cellular eddies,

It is principally for this reason that from the start we
determined to produce thermoconvective eddies in a layer of air
having a thickness of several centimeters - an attempt that proved

quite successful (21-a).
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It first was necessary to determine the causes potentially
able to prevent the production of large cellular eddies in thick
layers,

According to the general theory on thermoconvective cur-
rents in a horizontal fluid layer, a theory we shall set forth
further on, the difference of extreme temperatures needed for
the release and maintenance of the eddy-currents varies'inversely
with the third power (cube) of the thickness h. In other words,
when the fluid layer becomes thick, a very slight difference of
extreme densities (which is to say, a very slight difference of
temperatures) suffices to maintain the system of cellular eddies.

A quite uniform heating and chilling of the two limiting
éurfaces is the essential condition if the cellules are to be
regular. It is very hard to bring about this uniformity when we
deal with a thick layer, because the slightest local excess of
temperatﬁre can provoke considerable irregularities. Production
of big eddies, then; depends on the precision of the construction
of the apparatus, It is needful, hence, to assure there, (in the
apparatus) the uniformity of temperatures of the two limiting
plaques and the uniformilty of the general movement of the fluid

sheet,

2. Description of apparatus used in production of thermoconvective
eddies in air,
The greatest care was exercised in constructihg the apparatus

for producing thermoconvective eddies in a horizontal layer of air,
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Two principal cuts (longitudinal and transversal) and a plane
view shown in Figs., 15, 16, and 17, represent a construction
offering notable improvements upon the invention of A, Graham(11).
A steel plate A (length 130 cm; width 50 cm; thickness 1 cm)
constitutes the lower heating surface of theexperimental chamber.
This plate rests on a frame of wood CB that surroﬁnds the electric
heater E. The inside of this frame is sheathed with asbestos

and one of its sides is removabie, éo as to give easy access to
the heater. The entire thing is placed on a framework of wood B,
x-framed and of plywood.

At.each end of the steel plate, two rollers Rl andsz, Af
a diameter of 20 cm and a length of 50 cm, are mounted on the four

bolted arborbearing plates K. The common tangent of the two cylinders
which are coated with soft rubber touches exactly the surface of the
rsteel plate, Tge rollers R1 and 32 serve for the transmission of

a metal band BM, which then slides very exactly over the steelzplate.
This band, with a thickness 0.2 mm, in duraluminum, is actuaily
hooked into an endless metal ribbon 3,8 m long. To keep the tension
up on this ribbon, there is a third roller of 50 kg, RB’ the axle

of which is guided by two vertical slides CV.

A metal frame, self-soldered (welded) is fixed by bolts to
the upper part of thé wood framework, It is provided to receive the
four arborbearing plates. Fig. 16. The method of fastening the
arborplates allows an adjustment of the rollers Rl and R2’ so as to

obtain both parallelism of their axes and their horizontality.
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Fig. 17 Transverse cﬁt of apparatus producing thermoconvective

eddies in gasses,

The ceiling of the experiment-chamber is made of a plate
of glass V of dimensions equal to those of the steel plate. By
displacing the ceiling V by means of six supports S ialaced at |
each side of the experiment chamber, one can create various fhic_:k—
ness for the layer of air from 3 to 180 mm, The -sidewalls of the
canal are made of two baﬁds of wood L. Two long rubber tubes
engaged between these sidebands and the ceiiing assure hermetic

closure. By pumping up the tubes as desired the system adapts
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jtself to all thicknesses, and slso permits ome to vary the width
of the capal. The tubes alone (empty) were utilized for thickness
less than 2 cm. Tq assure in the canal the régularity of the general
movement, and to avoid perturbations at the moment of injection of
the smoke, destined to make visible the eddy-movements, the experi-
mental chamber is p‘rolonged fore and aft by the canals Dl and D2 s
built of plywood. Their extremities can easily Be accomodated to
‘t‘he séction of the experimen‘bal chamber, The canal D2 is turned
up. A window fitted in the elbow of canal D,, permits illuminating -
the experimental chamber in the direction of its longitudinal axis.

The general drawing-along'of the layer cﬁ‘ air is assured .
whether by the metal band BM in motion, or by the aspirator at the
mouth of canal D2. The aspirating arrangement is made of a collector
DB, mounted in a vertical position. Its end,‘ near the mouth of the
canal, has a width of 50 cm which diminishes towards the top. A
flexible tube T adapts itself to the square section of the collector
‘E:y means of a suitably fitted metal piece. The other rubber tube
Tl’ ending inside tube T, brings compressed air, One obtains a uni-
~ form and adjustable flow of the air in the canal by simple throttle
adjustment of the coinpressed air, or by adjusting:the position of
the collector D3.

A direct-current motor whose speed is reduced by a speed
reducer RV and a combination of friction drive pulleys G, and
rubber-covered wheels RC, gssures the movement of the metal band

BM. To make this band keep its direction wit'hou'b' getting out of

line laterally, it is necessary to put all wheels in perfect parallel,
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For this reason, the rollers Ri, R2 and R3 have been tired with
soft rubber 1 am thick which smoothes 211 troublesome inequalities.
Different combinations of interchangeable friction drive wheels,
'men#ioned above, allow us to vary'in a cascading series of changes
in the speed of the ﬁand. >By varying the motor speed we create a
continuous variation of the speed between the cascades. And so, we
can produce every épeed of movement comprised between 1;5 mm/s and
250 mm/s in two opposite directions.

The 1lighting is made in the direction of the longitudinal
axis of the canal. A 1500 watt lamp with straight filsment ("Linea")
type, is placed beside the exit end. »It is protected by a tin box
having a horizontal slot that can be regulated and a brilliant
c¢ylindrical parabolic reflector. |

Above the experimental chamber a photo apparatus PH is
mounted on a special support guided in the horizontal plane by
two trackways GL. This allows the camera to be brought instantly
over the place where the phenomena most favorable to be photographed
appear.

The électric heating arrangement, E, suspended below the
steel plate at a regulatable distance, is formed by a network of
50 steel wires (d = 0,2 mm). A metal frame provides the needed
rigidity. The maximum power of 3 kw corresponding to heat required
to turn the wires red, can be reduced to 60 watts by a big rheostat.
The wires béing subject to considerable increase in length when
they are so heated, tension on them is kept up by a system of

coll springs.
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To avoid annoying reflections on the glass plate covering
the experimental ch'amber, the whole eddy-producing apparatus is

protected by black curtains,

3.A Metho&'bf'Operaﬁion

ViSualizatibn of eddy motions., Eddy motions produced in the
-layer of pure air are not visible except by artificial means. After
.. numerous éttempts, we have come in most caseé.to rely on tobacco
smoke as an indicator of thermoconvective currents.

For the production of tobacco smoke we made a little generator

of brass, very convenient, Fig, 18, -

Fig. 18 Generator of tobacco smoke.

Tt comprises: 1lst, a tube t filled with out ‘cigarette

tobacco; 2nd, a hollow piéton ) whiéh compresses the tobaceo and
'brings £hé air needed for comBuStion; 3rd; a cover c screwed to the
end of the tube o guide the piston; Lth, a piece r serewed o the
6£hér"end of the tube and pierced with a conical hole to give"off
the tobacco smoke. A disk of screen wire m seized between the piece
r and the tube, maintains the chopped tobacco in place. A length-
wise slot in thé tube permits the iighting.

| One governs the production of smoke by varying the floW—of”"H

‘air, derived from the compressed air lines in the laboratory. The




little generator can be disconnected instantly to be filled or
cleaned,

The introduction of the smoke into the experimental chémber
is by way of holes provided in the ceiling of the canal Dl; The
shock of the smoke that escapes from the mouth of the generator
dies away against the bottam. The smoke fills the floor of the
canal and then penetrates to the experiment chamber, drawn along
by the air current., This procedure is particularly convenient
for producing eddies in longitudinal bands. For producing cellular
eddies it is better to introduce the smoke directly into the
chamber by means of a long tube.

The tobacco smoke stays white and dense several minutes
after combustion, Although a bit heavier than pure air, it is
drawn along by the thermoconvective eddies as soon as these have
established themselves in the pure air, and it then renders visible
the internal movements.

Repose and translation of the layer of éir. - The experiments
on thermoconvective currents are divided in two groups: (a) Experi-
ments on a layer of air in repose (speed of translation null);

(b) Experiments on a layer of air in movement, of translation.

a) Layer of air in repose: To avoid external perturbations, we
close Carefully the inlet and outlet of the canal, for instance,
with two plugs of cotton. The smoke can still be let in to the
chamber by a long tube passed through the plug in the entrance end.,
Once the tube has been withdrawn, calm is reestablished in the

gaseous layer.
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b) Layer of air in translational motion: It is necessary to dis-
tinguish two possible cases; in the first, the layer of air is sub-
mitted to a bilg}efal rubbing or frictional drag and in the second
case,lto a unilatefal frictional drag.

. In the firéf case the two horizontal walls (the heating plaqﬁe
and the chiiling plaque) are fixed, and the movement.of translation
of the fluid ;ayep is provoked by the aspiration of the compressed
airrsystem deséribed above. The speed of translation V can be easily
fegulated by the amount of compressed air and by the position of the
collector D3, as we have said before., For slow speeds, the simple
natural aspiration produced by the warm air that rises above the
'velectric'iamp placed at the outlet of the canal suffices entirely
(6ne obtains speeds up to 2 to 6 cm/s). To furthefndiminish the
Sbeed, it is necesSary to reduce the éection.of the canal aﬁ'the
inle£ and'outlét,

The distribﬁtion of speeds in the.vertical between the two
iﬁmobile sidewalls is approximately pgrabolic, Fig, 19. »The speed
is mll in contact with the imiting §1éques and maximum in the
mé&ian plane; The vertical gradient Qf spee@, undergoes, hence, an
in#ersion in consequence of the bi-laferal'fQictional drag.,

Let us‘go'oﬁ to the éééond caSg, that where the general move-
ment is communicated to the gaseous léyer bylthe translation of one
of the two horizontal walls of the experiﬁent-ehamber.

In.Our apparatus, it is the meiai band constituting the iower
surface of the caﬁal that communiéates its speed to the.gaseous sheet

contained between it and the glass plate above. The layer adhering
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plafond fixe 4 Z
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Fig. 19 Vertical distribution of speeds of translation in a
rectangular canal with two fixed indefinite sidewalls., "Plafond"

is ceiling, fond = floor, h = hauteur, height, V + vitesse, speed.

to the moving band has the speed of this band, while the speed of
the superposéd layers decreases with height and becomes null at’
contact with the ﬁpéer plate. The veftical distribution of speeds
corresponds approximately to the diagram of Fig, 20, By varying
the speed of the electric motor M and the combinations of friction
drive wheels and wheels that put the metal band in motion, one
obtains different values for the average gradient of the function
= v(Z).

Tt is this distribubion of speeds resulting from the uni-
lateral friction that corresponds more exactly to conditions real-
ized in the free atmosphere. For, as Sir G. T. Walker had remarked,
there also, there is only one single surface of.friction situated
in the plane of discontinuity between the cloudy layer and the clear

air,
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Fig. 20 Vertical distribution of speeds of translation in a
rectangular canal whose ceiling is fixed and bottom

in uniform movement.

Cerbéin sumary experiments have shown us that all the
pfincipal forms of thermoconvective eddies appéar in a layer
submitted to the bilateral friction as well as in a layer sub-:
mitted to the unilateral friction, and,that; they present no essen-
tial morphological difference. In these circumstances, we have
carried out experiments systematically only in a layer of air
contained between immobile walls, for the maneuver by aspiration

is much more convenient than by the employment of the endless
1 - '

metal band.

—

1However, the circulating band apparatus seems to be immediately
usable in cases where it is necessary to drag by friction the lower
layer of gas, for example in the study of waves at the surface of
separation between the layer of dense smoke and of pure air, We
propose to continue this study later on.)
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Héating. - We have already described the electric heating
apparatus and its control. For an experiment one starts with an
intense heating, When the bottom of the canal reaches a tempera-
ture convenient to the given thickness of the layer of air to be
studied, one reduces the electric current to the value that suffices
to keep this temperatu:e'constant}

A certain number of experiments have likewise been done
with the temperature at first increasing and then decreasing.

The heat source being closed within heat-proof ihsulation,
one can trust that thé heat produced is transmitted in large part
to the steel plate and next to the layer air where the eddy move-

ments occur,

Eighting. - One obtains best results with a lighting in
the horizontal plane of the fluid layer under experiment, The
pencil of light is directed and diaphragmmed in such fashion
that the black bottom of the experiment chamber remains in the
shadow and only the smoke-filled layer is lighted up. The tobagco
smoke being white and the bottom of the canal black, one obtains
some very intense luminous contrasts.' This mode of lighting is
applicable when the density of-smoke.is not great. It is par--
ticularly easy to photograph the eddies in longitudinal baﬁds.
If the smoke is dense this lighting is not penetrating enough;
then, it is better to illuminate obliqaely fhe surface of the

layer charged with tobacco smoke.
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Photography. - The photographic apparatus is mounted on a
support with trackways which allow it to be moved in the horizontal
plahe parallel to the layer of air under experiment, One can- easily
explore, eithér the whole of the field on which the phenomena appear,
| or only a part of it. A gfaduated rule in fixed union with the ecamera
apparatus, moves along the whole length of the plate of glass .and can
be photogl;aphed in conjunction with the phenomena observed, which

facilitates all geometric measurements below.

Chapter IV

Thermoconvective Eddies in a Motionless Layer of Air or One in

Movement of Translation
Principal Forms and Mechanism of their Development

In fhis chapter we study the mechanism of the appearance and
of the devevlopment of thermoconvective eddies in a horizontal layer
of air whose thickness is small compared to its transversal dimen-
" sions. These experiments have been carried out with the apparatus
described in the precéding chapter,

Thé mechanism is the same in principle for the three princi-
pal forms of thermoconvective eddies, i.e. polygonal celluiar eddies,
eddies in transversal bands and eddies in longitudinal bands.

We obtain polygonal cellules when ﬁhe fluid layer stands in
absolute repose; transversal ba.nds if the layer of air is s'uh;ii-’cted
to a general small movement and if other supplementéry conditions

are realized; longitudinal bands always appear if the speed of
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translation is great enough.
In any case,’ these eddies have certain specific characteris-

tics which require that each case be examined separately.

l. - Polygonal cellular eddies.

Eddies in worm-shaped bands,

Polygonal cellular eddies appear spontaneously in a layer
at rest, uniformly heated_ from below. These eddies, produced in
a liquid sheet, have been known since the classic labors of H,
Bénard (1). We have already noted in the historical’ summary in
Chap., 1, the essential characteristics of this species of eddies.

. If the surface of the liquid sheet is free, it camnot stay
perfectlj smooth in the presence of movements in the interior of
the cellﬁles. In fact, the centers of the cellules are concave
umbilici, and the edges are summits; the lines that join two
neighbéring sumits are. crests slightlfy prominent.

These differences of level, extreinely small, moreover (of
the order of 1 micron for cellules of 1 mm size), have been used
to advantage by H, Bénard for the optical recording of the poly-
gonal network. The photograph chosen from the collectibn of Mr,
H., Bénard already reproduced Fig. 3, is évidénce of the admirable
precision of this method. |

| Figure 21 also borrowed from Mr. BEnard, gives the vertical
section of éerbain polyg;mal cellules where surface irregularities
are shown on an exaggerated scale,

H, Benard also suggested for the study of cellular eddies in

.

a liquid sheet, an apparatus with two metal plaques which could assure
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Flg. 21 Dislevelments at the free surface of a sheet of liquid, the
seat of Bénard's cellular eddies.

the good conductivity of the two limiting sidewalls., Direct observa-
tion in these conditions béing impossible, the author has not deweloped
this class of'experiment.

C. Dauzdre (3-c) has signalized an intermediate case, realized
in his experiments on.iSOlated eddies, Using colored stearic acid,
the whole surface of the melted sheet covers itself with a thin
superflcial skin formed by the tiny grains of the coloring material,
Hence one has not a "free" surface in the éapillary sense, but.a
VEritable crust that exercises a consideraﬁle influence on the form
of cellular eddies; The polygonal cellules are replaced by“very_ =
elongated eddies that we call "eddies in'wormshaped bénds". Fig, 22
from a photograph by Mr. C. Dauzdre, shows that the wormshaped bands
result from fhé énchaiﬁment of succesSive polygonal cellules,

Cellular eddies in Gas. ; When one makes researches in a layer
of gas, the layer must be limited by two horizontal plaques. The
plagques being flat, no relief can produce itself on the surfaces ofr
the fluid sheet. This fact is full of consequences rel.étive to the
form of the éellules, which has already been demonstrated in fluids
by C. Dauzére. | |

Oﬁé intfoduces tobaccb smoke iﬁto the éxperimental chamber,

whose metal bottom has been evenly heated., Immediately thereafter
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Fig. 22 Spontaneous eddies in vermiculated bands in

a layer of melted wax heated from below,

one seals hermetically all the sides of the chamber. The smoke,

- thick and white, having a density greater than air, spfeads»out upon
the bottom., The lower layer of smoke is neatly separated from the
upper layer of air,

A few instants later, slight depressions in the form of concave
umbilici are seen in the layer of smoke, Fig. 23-a. These depressions
apparently arise without any governing law. They mbve gbout and seek-.
the stablest position. This displacement and enlargement of thercOn-
cave umbilici cease as soon as the whole surface is occupied by them.
The cavities bump one another and their edges bgcome polygonal (Fig.
23-6). The depressions grow deeper: the smoke is pushed from the
center towards the edges. The black bottom of the canal appears in
the central shoals disengaged from the smoke., One Sees in the same
figure fhe quincuncial assemblage of'black‘holes surrounded by crests
of white smoke, The crests in their turn, constitute a network of

polygons (both Fig, 23-a and Fig. 23-b in back).



59

This network is the exact image of'the cellular eddies that
are formed spontaneously in the layer of pure air; And so it is
under the action of these organized thermoconvective currents that
the cavities at the surface of the smoke layer produced themselves.
The same currents have cleaned the central shoals, and accumulated
the smoke in sharp crests., These indicate infallibly the éirection
of circulation inside the polygonal eddies: the descent is pro-
duced in”the central part and the ascent folloﬁing the vertical
sidewallé of the prismatic compartmentations, In consequence, the
direction of circulation in gas is the inverse of what one observes
in the greater part of liquids.

The continued eddy movement entraiﬁs, by friction, the accu-
mulated smoke into crests. The cellules clothe themselves with a
thin sheath of smoke which shows up the internal movement whose
direction of circulation is that just now indicated. The reserves
of smoke are soon drawn off: they pass entirely into the éellules
which then become opaque. One will find in the four, drawn, verti-
cal cuts, Fig. 2L, the most distinguishable phases in the develop-
ment of cellular eddies,

From the moment when all smoke has diffused in the polygonal
cellules, these undergo a profound tranéformation not seen in liquids
with free surface., One knows that in this last casé‘the semi-regular
cellular system (the surfaces of the cellules are more or less équal,
but the form of the polygons still varies) is followed by the final
system where all the cellules equalize themselves and tend to the

form of regular hexagons.
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Fig. 2l Schematic development of cellular eddies in a layer of air

(made visible by tobacco smoke)

However - with a gaséous layer limited by fwo rigid, plane-
surfaced sidewalls,/there constitute themselves, in a second phase,
polygonal cellules that in general are very-unequal; These cel-
lules align themselves then the one after the other, The separa-
ting sidewalls vanish: the chain of céllules transforms itself
into two wormshaped bands., All trajectories are brought into the
planes perpendicular to the axes of these bands. The direction
of rotation of two adjacent folls is necessaril& inverse: .the
current arises following exterior walls, and descends along the

wall that separates each pair of twin bands. The zigzag form of
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their external convolutions, arising from the sidewalls of poly-
gonal cellules, stretches and smoothes itself out.

The final aspects of eddies in wormshaped bands are very
various, for the order of enchaimment of the ceilules is alto-
gether accidental. One very often sees, among these formations,
polygonel cellules enrolled by spiral bands. (Fig.26, and Fig.
27, back).

The transformation of the polygonal network into a vermi-
cular, or wormshaped'network is schematically represented by
Fig., 25. Elsewhere, in Figures 26, 27, 28, photographsrof a

rnumber of characteristic aspects are reproduced,

Conclusion - The polygonal cellules that in the permanent. régime
tend towards regular hexagonal prismé can develop only in a fluid
sheet one of the two horizontal faces of which is free, or at
least‘easily deformable, (Fig. 28 and Fig. 29 back).

It is in this way thatlpolygonal eddies are produced in
a liquid sheet whose surface may.remain free, and aléo in a layer
of air lying upon a layer of heavier smoke, because its surface
adapts itself very readily to the eddy-movements in the upper
layer of air., On the contrary, if thevfluid sheet is comprised
between two rigid, flat sideﬁalls, the stablest formation is con-
stituted by the eddies in worm-shaped bands. (Fig.30 and Fig, 31
back). |

In the above experiments the little quantity of tobacco
smoke plays the same role as do the solid particles denser than

the 1liquid in the essays of H., Bénard. Being given that the
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direction of circulation in the two cases is inverse, the
deposits of solid particles fonh'themselves.in the centers
of the liquid cellules, whereas the tobacco smoke is drawn
by the centrifugal currents towards the_polygonal contour,
Hence, the little powdery heapings from a quincunx, Fig. 29,
while the concentrated smoke forms é network reticulated witﬁ
lacunae. (Fig. 23-b, 26; etc.) |

A special case is presented if one introduces into the
chamber a quantity of smoke sufficient to £ill the entire space
right from the start, Thermoconvective eddies then produce
themselves in the midst of the smokey mass. Each cellule has
within it an opaque nodule surrounded by an envelope of puri-
fied air. Figufeé 30 and 31 give the impression of floating
blisters. The opacity of the nodules disappears progressively
and the mass constituting the celluies becomes more homogeneous.
From then on, one observes the same transformation of the poly-

gonal cellules in worm-shaped bands which we have already described.

2. - Eddies in Transversal Bands in the Air.
~ One calls "eddies in iransversal bands"™ the thermoconvective
currents spontaneously organized in rolls that are equidistant and
perpendicular to the general current of the f£luid layer. This forma-
tion is not very.frequent because, for the appearance of the trans-
versal rolls, several conditions must be realized at the same time,
Figure 32 represents several eddies in transversal bands,

drawn in perspective, The section of the equidistant rolls is
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approximately square. The whole ensemble of rolls turning alter-
natively to left and right, moves itself along the canal with a

relatifely small speed of translation (in general jt is less than

2 cm/s).

Fig, 32 Schema of eddies in transversal bands, seen in

perspective,

This form was obbained for the first time by A, C. Philipps
and Sir G, T. Walker (10) for a layer of air 6 mm thick. Because of
the small thickness, the two authors were not able to give aisure
explanation of the origin of the tfans%ersal bands.

Our experiments (21-f) effectuated on a larger scale, permitted |
us to observe that these eddies resulted from the superposition of
the two following phenomena:

Iste. Spontaneous formation of transversal waves at the surface
of separation between the lower layer of smoke and the upper layer of .
air, being'animétéd in different speeds;

2nd. Development of transversal rolls of thermoconvective origin,
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lith phase

Fig. 33. Schematic development of eddies in transversal bands in a
layer of air, Dense smoke shown black, diffused smoke is
dotted.

each pair of rolls being placed in the hollow formed by the crests
of two successive waves.

The four designed cuts (Fig. 33) reproduce the priﬁcipal
phases of the development of eddies in transversal bands, just as
our experiments have revealed it (this development) to us.

First phase: One introduces into the canal some tobacco smoke.

Two separate layers establish themselves: the lower layer of smoke

and the upper layer of air, fﬂgvoutlet of the canal, whose bottom
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has first been heated is merely half-open, to assure a small speed'
of translation. At once one perceives that the sufface of the
smoke lqyer becomes 1igﬁt1y undulated. The wave-length is marked
by lambda, X , and the arrow shows the direction of the generalv

current (Fig. 3L, back).

Second phase: In the hollow between two crests of successive
waves, appear the thermoconvective currents having the form of twd
rolls tﬁrning in opposite directions, The smoke, pushed towards
the periphery‘bf the eddies in a state of growth; accumulates in

crests that point out the centers of rising cufrents.

Third phase: The crests of smoke then lean over in the
direction of the current and envelép the rolls immediately in fromt

of them .

Fourth phase: The smoke is entirely absorbed by the system
of transversal rolls rolling downstream in the canal, whereas the -
complimentary systeﬁ of rolls has to remain transparent for lack
of smoke.

The origin of the two systems of rolls, the one opagque, the
other transparent, is thus explained in a simple fashion.

The production of eddies in transversal bands is eitremely
. delicate., It is especially the friection of the sidewalls of the
canal that prevents their production oﬁ a vaster surface., Here
are two photos, taken on; after,the other of transversal rolls

formed in a layer of 12 mm thickness and 260 mm width. One Sees
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on the first (Fig. 3L) the appe#rance of waves that do not stay
rectilinear."Being given that the fluid is braked by the side-
walls, the mass in the centre of the canal flows with greater
speed, which occasions the more. and more pronounced defonnation
of the transversal ua%es. The second photo (Fig. 35) shows a
more advanced phaée: twelve rolls, (six of white smoke and sixvof
~ pure air) are well developed. They occupy only the upper part
(near the inlet) of the canal, whereas the rest is occupied by

the worm-shaped bands, (Fig. 35, back).

3., Eddies in Longitudinal Bands

The handsomest results are associated with the formation of
eddies in longitudinal bands, that is to say, with‘axesbparallel to
ﬁhe general direction of flow. We obtaiﬁédRSOme with thicknesses
varying from 1 to 8 em (21-a). It is a very stable formation, that
one can prodﬁce'éasily whether in liquids (as has been shown in
experiments of Japanese physiéists and English meteoroloéists) -
or in gasses.

For reasons set forth in Chapter V, we consider a whirl in
longittdinal bands as constituted by a pair of'contiguoﬁs symmetri-
cal rolis orieﬁted in the direction of the general current. Figure
36 gives the scheme of this type ofveddies. The section of the indi-
vidual rolls is, in the first approximation,‘sduare. Each roll turns
around its axis: the first to the right, the second to the left, and
so forth., The vertical plaﬁes separating the rolls coincide alter-

natively with the centers of the ascending and deScending currents,
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Fig., 36 Schema of eddies in longitudinal bands seen in perspective v'

(two rolls, twins, forming one eddy in longitudinal bands). \

Thé whole ensemble of the fluid moves élong the canai with a speed

‘of translation that in general is more than 2 em/s., The trajectories,
that reSﬁit from the translation and the rotaﬁion inside the rolls,
constitute a sort of helix, We will give the details in Ghaﬁter X
devoted to speeds and to trajectories bf ﬁhermoconvective eddies,

In the diagrams we have designated by A thé width of two twin rolls
and by h their height which is that of the fluid layer under experi;
ment. (Fig. 37, back).

To produce eddies in longitudinal bands in a layer of air, we
establish by aspiraﬁion the genefal current in the experiment cham-
ber whose metal bottom is suitably heated., One introduces tobacco
smoke by the hole in the prolonged canal Dl. The smoke, carried by
the current, penetrates the experiment chamber in the form of a2 thin
layer with a rectilinear front. Fig. 37a, which in a few instants
becames regularly indented (Fig. 37-b,c). The indented front develops

finally into eddy or whirl-rolls (Fig. 37-d).

s at L FO LYSELS
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Fig. 38 Schematic development of eddies in longitudinal bands
in a layer of air. Dense smoke in black; diffused in

dottings,

Let us follow on Figure 38 the four successive phases in the
development of longitudinal bands when the layer of smoke covers the
entire boﬁtam»of the chamber, the plane of observation teing placed
in the transversal section of the canal, (Figs. 39, 4O, L1, 42, back).

 First phase: One notices that the surface of the layer of
smoke (drawn in tﬂack) becomes slightly wavy. Thése éepressions
oriented in the direction of the general current, iﬁdicate that the
eddies in bands form themselves spontaneously in the midst of the layer

of pure air,
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Second phase: The depressions grow deeper. The dense smoke
is pushed towards the edges of the growing eddies. It accumulates
in sharp crests which indicate the centers of riéing currents. The
smoke concentrated thus in elongated crests, is drawn along by the
eddy-movement, The rolls clothe themselves in a tﬁin sheath of

smoke.,

' Third phase: The reserves of smoke are used up, It has
passed entirely to the interior of the rolls which become regu-

1ar1y opéque;

Fourth phase: The central mass of the rolls flows off more
rapidly than the peripheral mass, for this last is braked by the
enclosing walls., The centres_purify themselves little by little
and the rolls become transparent. |

We show likewise four photographs that. correspond to the
princiéal phases, described and represented schematically»aboVé;

Fig. 39: The layer of dense smoke divides itself under
action of the eddie-whorls coming to life in the midst of the
layer of air into parallel bands elongated in the direction of
éhe general current.

Fig., LO: One or two minutes afterwards, the greatest part
of the smoke has p35sed off, What remains is accumulated in sﬁarp
crests., These last are sure indicators of ascending currents.
Two longitudinal rolls are then placed between two successive ‘
crests, The smoke which has been drawn along by the movement of

rotation, envelopes the rolls, The thin sheath of diffused smoke,
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seen in projection, indicates by a fine,line the-central plane of
_ descending currents,

F&g.vhlz The reserves of smoke are used up., One can no
longer discern on the photographs the ascending aﬁd_descending
currents: all the plans of separation between the rolls present
theméelves in projection under the same aspect of fine lines,

Fig. L2: The visibility of the rolls vanishes in proportion
as the smoke passes off, but the eddy-whorls in longitudinal bands
still persist in the pure air. They are perfectly rectilinear and
regular,

A new injection of smoke, operated with the necessary pre-
cautions, permits us to re-materialize the eddies. This operation
is reproduced in Fig. L3. The white smoke penetrétes exactly in
the preceding rolls.- The number of tendrils is then that of the
preceding rolls in pure air., One also notices the helicoid character
of the internal movement.

This method, which one might c2ll the "method of visualiza-
tion by incdrporation", is profoundly different.from the preceding
one where the smoke, forming a particular layer, has been progressively
drawn along by the eddy movement, (Figs. 43, LL, back).

Figure Ll shows a system of eddies ih opaque bands enveloped
by sheathes of pure air (through the spaces separating the neighbor-
ing rolls, one sees the floor of the canal in the form of black lines),

If we check the feeding of the smoke, the centers of the rolls
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purify themselves and the rells take again the aspect already
known, by Fig. L2.

Besides the three principal forms of thermoconvective eddies,
there exist other intermediate ones., We will speak of them in
Chapter V, where we study the mutual transformations and inter-

mediary forms of cellular eddies,

Chapter V.
Transformations between the Principal Forms and Intermediary Forms

of Thermoconvective Eddies

1. Polygonal cellules transforming themselves into vermicular bands.
It has been shown by experiment1that the deygonalrcellules

tending towards the hexagonal form, develop and remain stable only

in a fluid layer whose surface is free‘(liquidS) or at least easil}

deformable (gas with a layer below of aense smoke). By contrast,

between two plane and rigid surfacés, the cellules, polygohél at

first, align themselves bit by bit in chains and at last transform

themselves into vermicular (worm-shaped).bands.

| For details of this transformation, see the preceding
Chapter (paragraph 1: Polygonal cellular eddies.. Eddies in vermi-

cular bands.)

2., Polygonal cellules at first at rest transforming themselves into
- longitudinal bands.
First, one lets the polygonal cellules develop in the layer

of air at rest superposed upon the layer of smoke below also atﬁrest.
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Then, without waiting for the second phése where the cellules would
arrange theﬁselves as we know, in vermicular bands, we open the
outlet of the experiment chamber: the ensemble puts itself pro-
gressively in & movement of translation, “The cellules enchain
each other then, The alignment finishes itself effectively in the
- sense and direction of the speed of translation. The compartment-
walls of the aligned cellules vanish: the cells are replaced by
eddies in longitudinal bands., Their characteristic is exactly the
same as that we gave for eddies in bands producing themselves in a

layer of air subjected from the start to the movement of translation.

Fig. U5, Schematic transformation of hexagonal cellules
into longitudinal bands.

Figure L5 gives the scheme of this transformation. The inner
walls like zigzags, reculting from theipolygonal contour of the origifn
nal cellules, stretch out and straighten out, One finds on the photo,
Figure L6 all the characters of the preceding schema, (Fig.L6, L7, back)

Another photograph (Fig. L7) taken at the moment when the reserves

of smoke are not yet exhausted, reproduces also the trajectories inside
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Fig. 48 Geometric relation of the transversal ‘dimensions of hex-
agonal cellules and longltudlnal bands.

the rolls, One sees there also that each.pair of rolls derives
from one polygonal cellule, Hence, it'ié legitimate to consider a
pair of bands as an inseparable unity, constituting an eddy in
bands, or'nbw, a whorl in bands. Being given that the eddies in
bands derive from the hexagonal cellules, the total width of the
two twin bands )‘b is directly bound to the distance .Zc of the
centers of the preceding cellules. One sees on Figure L8, where
one has designed on one hand the hexagonal céllules and_on the
other the longitudinal bands, that:

Ay="2 1 =o.865,
a result to which we will return in Chapter VIII on Dimensions of

Eddies.

3. Polygonal cellules in translation and their transfommation into -
longitudinal bands.

In the foregoing experiments, the eddies in longitudinal
bands appear rapidly if the gaseous layer is animated by a signifi-
cant speed. If; on the contrary, the translation speed of the gaseoﬁs
layer is very small, the polygonal Eellules produée themselves there

still, but their form is more or less modified,



Fig. L9 Schema of cellular eddies in very slow movement of trans-
lation; the crests of smoke slope forward under action of

the general current.,

Figure L9 gives the longitudinal cut of the canal, The
smoke-creéts (drawn in black) that indicate the centers of rising
currents, are sloped zhead undef the action of the general curreht;
hence the 1inesnof £he current inside the cellular eddies must
adapt themselves to the form of the inclined partitions; the sharp
angles of the polygonal pfiéﬁs‘round themselves off, as seen in
Figure 50, But there is a case of an intermediary from not very
durable, In general it transforms itSelf quickly enough into
longitudinal bands. Figure 51 reproduces this transition. (Figs.

50, 51, 52, back).

L. Accidental transformation of the polygonal cellules into trans-.
versal bands.

Tt sometimes happéns, that by'chance, the cellules are aligned
perpendicularly to the general current. Then they lose progreséively,
under the thrust of the current, their individuality, and melt into
two transversal bands, each one‘turning ihﬁsrsely (see Chap.-IV).-

Two photographs (Fig. 52 and Fig. 53), the one ¢orresponding
to the thickness (h = 20 mm) and the other (h = 25 m), give the
aspects of eddieé in transversal.tnnds jﬁst on the point of forming

themselves, The bands, slightly oblique, occupy only a small part
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of the field of observation. The character of the individual cel-

lules is not yet effaced.

5. Coexistence of eddies of different forms.

The critéria of transition from one to the other typebof‘
eddies studied up to this point, have not been determined perfectly.
And so one observes from time to time the appearance simultaneously
of two or three forms, Such formations do not perSist indefinitely.
The less stable make place finally for the more stable, In a layer
brought to rest, the worm-shaped bands represent the‘final régime:
but on the contrary, the longitudinal bands prevail almost always
in the layer in movement of translation,,even for speeds that are
véry slow, |

The coexistence of eddies both cellular and in longitudinal
bands seems to be the most frequent state. Simply consider the
preceding figures, 46, L7, and 51, where the system of longitu-

" dinal bands is followed by a layer of thick smoke, the seat of
the cellular eddies.

The formation of a few transversal bands in presence of the
vcellules is sometimes seen. Such a2 formation is reproduced in Figé."
52 and 53. (Figs. 53 and 54 back). Finally, as an exception cne
sees the coexistence of longitudinal bands with trénsversal bands,
or; more exactly, with obliqﬁe bands, These last arise from the
perfectly perpendicular bands that transform themselves by oblique
positions into longitudinal rolls., A fine example is given in

Fig. Sh.
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Let us point out finally a disposition of fransversal and
longitudinal rolls according to the pattern of Fig. 55, which we

have also observed but not photographed.

<
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Fig. 55 Coexistence of longitudinal bands and transversal bands,

Schematic figure from an effective observation.

6.‘Eddies in undulated longitudinal bands. ‘

Eddies in longitudinal bands are generally perfectly recti-
linear; but thefe are cases where the partition walls separating
the contiguous rolls take on an undulated form (21-d).

Several distinct causes can contribﬁte to provoke this
undul ation:

a) Slowing up of the movement of translation of the ensemble

of eddies in bands with rectilinear sidewalls;
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b) Intercalation of supplementary rolls provoked by accidental
perturbation or some artifice;

¢) Considerable increase of the difference of extreme tempera-
tures on the two limiting walls (this case will be separately examined

in Paragraph 7 of this same Chapter).

a) Undulation of the bands caused by a slowing up of the speed
of translation.- When we slow up the movement of translation of the
eddies in rectilinear bands (by reducing theaspirétion or the section
at the outlet of the canal), we observe that their sidewalls take
very various unaulated forms, Two of the most-characteristic are
represented by the Figures 56 and 57. (Figs. 56 and 57, back).

On the first photograph (number of rolls n = 8; width of
canal L = 350 mm; and thickness h = LO mm), the partitions 1, 3,

5, 7, 9 stay straight: these are the partitions of ascending currents,
As for the partitions of descending currents (2, L, 6, 8) they show
an undulation that dies away towards the head (upstream).

The second photograph (n = 10; L = 300 mm; h = 30 mm) repre-
sents a variant where the sinusoidal bands having a constant breadth
(4 and 7) intercalate themselves between the rolls of the preceding
case,

‘Nb forwarning can be offered as to which of these two forma-
tions will be able to appear: it is all subject to hazard.

The undulated bands persist only a short time after the slow-
up. In fabﬁ, when the speed of translation re-established itself,

the rolls become once more rectilinear, beihg understood that the
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new speed V remains greater than the cfitical value necessary for
the maintenance of eddies in 1ongitudinal bands.

One recognises easily in Fig. 56 that the undulated bands
tend to transform themselves into hexagonal cellules, That would
come about if the current of air were entirely cut off, and if
this form could persist between two plane, rigid sidewalls. This
transformation is the inverse of that one where the hexagonal
cellules changed themselves into longitudinal bands., Consequently,
knowing the breadth of two twin rolls 119 one may calculate the

periodicity of the resulting hexagonal cellules.

2 .
10 =ﬁlb = 1.1521).

b) Eddies in undulated bands following accidental or értifi-
cial perturbations. - One very frequently observes the eddies in
undulated bands for quite a long time of duration in experiments
where the characteristic ‘a/hnis less than 2, That comes about
above @ll when one imposes a number of rolls greater than that
which would produce itself in normal conditions. (c.f. Chap. IX,
Parag. I).

Here is an example of this last case., At the time of an
experiment wifh h=30m and L = 280 mm, the number of rolls most
frequent was 8 (hence, A/h = 2.3L4). One thén put at the entry of
the canal a distributor (guide vane apparatus) with five cellules,
to bring the number of rolls to 10 and reduce the ratio A/h to 1.87.

The ten rolls forseen were not slow to appear, but their partitions
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were particularly wavy. One sees in the photo, Fig. 58, the alter-
native succession of two typé; of rolls: the first is constituted
of simusoidal bands of equal width, and the second of the bands
which consist of an alternated suite of distended regions and

restricted regions. (Figs. 58, 59 back).

@
C

Fig, 60 1In the wake of an obstacle with profile like a wing,
two rolls with undulated partitions take shape, Schematic

figure from an effective observation.

Theéé undulated bands do not persist, either: little by
little, they rectify themselves and reoccupy the entire space.
This form, hence, is only transitory. Here, moreover, are two
experiments proving that the eddies in undulated bands are the
exterior manifestation of perturbations in the normal equilibrium,

We divided the layer of air, of a total width L = 40O mm
and of a thickness h = 30 mm, in eight sections, of which four had
a width, each one,f},1 = )0 mm, and the others )\2 = 60 mm, One
sees on the photo, Fig., 59, sixteen rolls entirely developed. In
view of the feeble ratio of the rolls proceeding from the narrow
trenches or cuts (,Rl/h = 1.35), they cannot find final equili-
brium except through the intermediary of oscillations of their

sidewalls. On the contrary, the second group of rolls (A2/h.= 2)
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Fig, 61 Special toroidal eddies with undulated partitions, in a

iayer of 1liquid contained between two coaxial cylinders turning

with different angular speeds.

is constituted of eight rectilinear rolls, which pfoves their
perfect equilibruim.

Here is the second experiment. We placed in the center of
the canal (h = 30 mm, L = 200 mm) an obstacle with the profile of
a wing, occupying ail the height h, as we have drawn it in Fig._60.
Upstream of the obstadle, six rectilinear rolls (A/h = 2.22)
formed themselves. But downstreém, iﬁﬂthe-waké of the obstacle,
two new rolls with undulated edges suddenly appeared. The form of
thé neighﬁoring bands was likewise modified in proportion. 'What;
ever it was that was causing it, the two néw rolls could not develop.
They were annihilated, and the preceding systém'of 5ix rolls wés re-
established entirely in the lower part of the canal.

Remark - There is an evident similitude between these undu-

lated forms and the toroidal eddies that G,I. Taylor (22) observed
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in his experiments with a 1iquid comprised between two coaxial
cylinders turning opposite to each other. The sketch of undulated
torbidal eddies, reproduced from the memoir of G.I. Taylor in

Fig. 61, is witness of this.

7. Influence exercised on thermoconvective currents by:the dif-
ference of extreme temperatures between the limiting surfaées.

We have described in the preceding chapters the mechanism
of thermoconvective eddies., It has been demonstrated that their
forms ‘depend especially upon the speed of translation to which the
fluid layer is submitted.

Another factor just as important as the speed of translation,
to modify the geometric fofms of the thermoconvective eddies, is
the difference of extreme teﬁpérétures.

The eddies in longitudinal bands furnish an excellent example,
One sees there three characteristic phases. |

a) When the general movement of the layer of air is uniform and

the difference of extreme temperatures moderate, the eddies in longi-
tudinal bands are perfectly rectilinear (cf. Fig., 42, 70, 71, 72,etc.)

The interval of temperatures considered as moderate has as a
lower limit the critical value AsTc (appearapce of the first‘therﬁo-
convective currents) for which we have reserved all of Chap. VII, and
for upper limit, another value, which comes close to being an inte-

gral multiple of ATC. Writing:
ATcé AT < mAT,,

we have discovered that the multiple m was in the order of 5.
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b) If one raises the heat still higher, the internal movement
(speed of rotation) becomes more lively. It brings on an undula-
tion of the vertical partitions of the rolls,

| Fig, 62 shows a fine fommation of six rolls regﬁlaﬁLy undu-
lated obtained in the canal with 30 mm thickness and 300 mm width.
The contours of the undulated paftitions are effectively parallel.
One ascertains likewise that the trajectbries of'internal.motion
adapt‘themselves to the exterior form of uhdulated bands (more
exactly, it is the internal movement that requires the undulated

form), (Fig. 62 back)

Fig. 63 Design of eddies in twisted columns. Wave-length
Ro and amplitude A of the undulated bands.,

The wavelength.lo (Fig. 63) depends upon the speed of trans-
lation, whereas the anplitude of undulation A is a function of the
difference of extreme temperatures AT. It is evident that 'lo
stretches itself out if the speed of translation keeps on in-
creasing, and that A increases with the increase of AT,

- The temperature interval AT where one sees the eddies in

regular undulated bands, extends from the greater preceding value
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mATc, to a value nATc s where the multiple n is considerably

greater than m (it is in the order of 10 to 15):

nAT < AT.. < nAT,
c _ c

II

( Figs. 6L, 65, back).

Another photograph (Fﬁg. 6L) reproduces eight rolls
(h =3 mm; L = 330 mn) with the partitions slightly undulated,
The picture was taken at the mqment when the smokevhéd been
greatly exhausted,

The third photograph (Fig., 65) made under similar conditions,
relates t§ an experiment with h = 35 mm, when the'translation speed
was small and the heat more active than in the preceding case, Con-
sequently, the oscillations have a very short wavelength and an

amplitude relatively great.

¢) The amplitude of the oscillations sugments with the dif-
ference of extreme temperatures, One can ﬁake it increase to the
point where the particles of the fluid do not follow regular
traﬁectories any longer, They pass, without apparent law, from
one compartment to anothef: ﬁhe brganized régime of cellular eddies

is destroyed in favor of disorganized turbulence.

Chapter VI
Review of the Theory of Thermoconvective Eddies
The theory of thermoconvective eddies has revealed certain

interesting facts that had escaped hitherto the attention of experi-
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mentors., In these conditions, we proposed to verify them[expéri-
mentally, This vérification holds particular reference.tpz

a) the value of the Rayleigh—Béﬁard criterion; |

E) the distribution of temperature with deptﬁ in the fluid layer;

c) the thermal field following the rectangular sections of the

eddies and longitudinal bands;
d) the dimensions of the cellular eddies;
e) the lines of flow inside cellular eddies.
It is, hence, indispensable to give a brief outline of the

classic, theoretical works that served as a basis for our experi-

mental labors.,

1, - Historical outline of theoretical works.,

The first mathematical study of Benard's éellular eddies was
presented in 1916 bty Lord Rayleigh (13). 'Thevproblem appears very
complicated because the density f that figures in the Eﬁler equations,
and which is intimately bouhd to the variation of temperature, is no
longer a constant, Thanks to Boussinesq's analytical method, (23),
which replaces the effect of the variatién'of'temperature by q little
force proportional to the temperature‘T, one is led to the.equations
of motion where the density f is considered as constant; and conse-
quently, the equation of continuity becomes once more that of an
incompressible fluid. It is necessary to add to these equations, the

equation of thermal conductivity established, likewise, by Boussinesq:

2o (2. 22 2
De & oy 92/’
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where -%E designates the Stokes operator:
0 2 J 0
-aT-I- u.ax + Vry + Wﬁ,

and % the coefficient of thermal diffusion, ‘See definition of %
in Chapter VII, page 116.

To simplify the problem, Lord Rayleigh takes the boundary
conditions that are not the same as those realized in Bénard's
experiments. He assumes that the two faces of the fluid sheet
are free, and good heat conductors.

In the first part of his memoir the author examines the
conditions of the instabilities in a fluid layer the bottom of
which is less dense than the upper part., The principal result
of this analysis is as follows:

If the fluid is hypothetically perfect, - non viscous -
the least perturbation mnst;provoke-thermoconvective movements;
if, on the contrary, the fluid is real, it is possible that the
fluid sheet can remain in stable equilibrium even if the denser
layers (cold) are sbove the lighter layers (hot).

Hence, according to quleigh, ﬁhere is a stable precon-
vective régime tpat precedes the régime of the thermmoconvective
currents. The two régimes are separated by the criterioni:

1= P2 < 277 xv
€2 Lgh’

s

*The mmerical value of this criterion relates solely to the case

where the boundary conditions are those superposed by Rayleigh,
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where (’1 is thé density of the fluid at the upper surface,

e 5 that at the lower surface, v the kinematic viscosity, x the
coefficient of thermic diffusion, h the thickness of the fluid
sheet, and g the acceleration of gravity.

If the left hand member of this inequality is smaller than
the right hand one, the little accidental perturbations die away:
hence the fluid remains in stable ‘equilibrium.b In the contrafy
case, these perturbations keep on increasing with time, and the
thermoconvective currents release themselves into action.

In the second part, less developed than the first, Lord
Rayleigh gives several partial solutions which satisfy the dif-
ferential equations. The simplest case of the eddies with three
dimensions is represented by the fractionation of the fluid layer
into square cellules, The cases of the '.ti'iangular and hexagonal
cellules have not been resolved analytically. However, the author
gives an approximate solution for hexagonal cellules, in consider-
ing them as circular cellules. |

The case of the two-dimensional cellular eddies , analytically
still simpler, has been treated likewise. This form présents for
us a.'particular’interes.t, for it can bg considered as the trans-
versal séction of eddies in bands.

. In 1926 H. Jeffreys (1l;-a) published a new mathematical
study on the stability of a fluid layer heated from beneath. This
ﬁork is an extension of the Lord Rayleigh ﬁheory to éertain cases
where the bou.ndary conditions approicimate more'nearly thos‘e realized

in the experiments - that is:

e
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««) The fluid layer is contained between two rigid partitions
that are gobd conductors, Jeffries finds the same value for the
criterion as Lord Rayleigh;

F) The fluid sheet is limited beneath by a rigid partitipn
that conducts well, whereas the surface stays free and non-con-
ductive (conditions found in most experiments in liquids);

v) The fluid layer is contained between two rigid partitions
that are non-conductors;

§) Fdr the problem of a fluid sheet with two surfaces free and
good cohductors , deffries f-inds the same value for the criterion
as Lord Rayleigh.

To abridge, we will now set forth the following desigﬁation:

Problems of Jeffreys I and 1I, the cases é) and 7);
Problem of Bénard, case IB);‘
Problem of Rayleigh, case & ).

A. R, Low (7) showed in 1925 the analogy between the insta-
bility of a fluid 1ayéf heated from beneath and that of a fluid layer
between two coaxizal cylinders turning in opposite d-irections, a
problem studied mathematically and experimentally in 1923 by G. I,
Taylor (22). ! |

The conditions of Jeffreys! problem I are analogous to those |
of the problem of G. I. Taylor. In spite of this perfect analogy,
the value of the criterion of instability found by H. Jeffreys in
1926, was no more than two thirds the value indicated by Taylor.

To clear up this disagreement, A. R, Low (15-2) undertook in 1929

a work suggested by G. I. Taylor, He examined notably the problems
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of Rayleigh, Jeffreys and Bénard. He found for the problem of
Jeffreys a new value that agrees peffectly with that of Taylor.

H, Jeffreys(ll-b) had moreover indicated in 1928 an inex-
actitude of his criterion given in 1926, and had indicatéd the
new value which conforms to the result found by Low, and conse-
quently to the criterion of the problem of G, I. Taylor., In
1930, A. R. Low (15-b) completed his work of 1929 by researches
on the multiple modes of instability, from which it results that
one can look at the formation of cellular eddies in superposed
layers. We have shown that the same result can be obtained start-
ing from the theory of Jeffreys., Also, we submitted this theoreti-
cal result to experimental verification that has not proved entirely
conclusive,

The most recent theorétical work is due to P, Vernotte (16).
This author makes severai objections of prineciple to the Rayleigh
theory, and in particular to the numerical value of the criterion;
the order of magnitude of this critérion would be one hundred times
smaller than that calculated by Rayleigh. The part relating to
dimensions of cellular eddies anﬁ to eddies in bands is very developed
and offers some particularly interesting results. In fact, P. Ver-
notte demonstrated that the size of the eddies can take different
values for a given thickness, and that all these possible systems
are quite stable. Our own researches have confirmed incontestably
the exactitude of this theoreticsl result.

Finally we must point out the work of C. Woronetz (2L) on

perturbations in the motion of a fluid submitted to variations of
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_ temperature, The author gives é generalization of the theory of
Boussinesqg and applies‘it to some cases where not only gravity
intervenes, but also the forces of inertia, He next studies two
particular problems of instability: lst the one in a fluid layer
betﬁeen two coaxial cylinders that turn at different angular

speeds (problem of G. I, Taylor) and which are maintained each

at a different constant temperature from the other; the other in

the case of two concentric spheres. Woronetz doés not treat cellular
eddies specially, but one finds in his memoir some elements that may
concern this problem,

What follows is an exposé, in parﬁ personsl, of the principles
of the theory of thermmoconvective eddies, We complete the results of
H. Jeffreys, in showing that they likewise contain the multiple
solutions obtained by A, R. Low following another method, We then
carry out the formal solution of the problem into numerical results
for the purpose'of confronting them with the results obtained by

experiment.

2, Development of the theory of H. Jeffreys,

The formulation of the general equations. - Let us designate -
by x, ¥, 2 the coordinates of a viscous, fluid element, the axes x
and y being placed in the horizontal plane, and the axis’'z vertical.
Let u, v, w be its components of‘speeds; P and v the pressure,
density and kinematic viscosity respectively, and g be the accelera-
tion of gravity.

The general equations of motion of viscous fluids are written:



PR -+ vert
| 2
0
(1) f)__gg = -T§ + \)va

Dw ) 2
e = _5-123 t Vpvw - gp ,
where V2 is the La Placien (N.B. As we have taken A to designate
the finite differences, wWe have d.esignated by exception the La
Placian by v2):
T ap T
and where ?];T represents the Stokes operat.or': and the equation of

continuity

Su, dv, 2
@ B - -e(350®)

Let us add the equation of heat:

(3 - E = x v,

where x is the coefficient of thermal diffusion, and the character-

istic equation that comnects the denmsity p t6 the temperature T:
(b) S P= -,

where p, is the density at temperature zero and « the coefficient
of thermal expansion.
Let P bé the static pressure of the system at rest. The equa-

tions (1) reduce themselves in this case to:
0 3
(5) -ps=0-ps=0-aps-g =0
ox ? oy 4 0z Ps y
Let us write in the case of a movement:
p=ps'+‘Ap, 'p= (>S+Ae, T=TS+AT,

# loc eil
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where Ap, Ae and AT are the perturbétiéns occurring to Py
es and Ts following the movement.

Let us substitute these expressions in the equations (1),
let us take account of the expressions (5) and let us omit all the

- squares of the small quantities proceeding from the perturbation,

In these conditions, the operator g—%- reduces itself to 5%- s and
the equations (1) become, consequently:
' ou _ 0Ap 2
Ps 38 = = Fx * VBV
ov _ P YAY2) 2
s 98 = = By T VY

Ps éﬁ% = - a—%} + ﬂfsvzw -glp,
or, again, in abbreviated notation:
@ pa(F 0T e F s ousp).
In a steady regime, we can readiiy eliminate all the functions,
“_excep’o temperature T, in the following mamner. If we form tlﬁe diver-
gence of the left and right part of (6) s We can replace Ps vy (%

without committing any appreciable error, for P, is multiplied by a

very small quantity. That leads to:

(N (’o(a%""v?@%*'% *%%): -Far-e Rt

The differentiation of the equation characteristic (L) with
respect to time gives with (3):

Dp _ DT _ 2
D_% = -(JOVOCEE = ‘FoOFX,V T.

Being given that T = Ts + AT, one demonstrates the identity:

v2r = QPAT.
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Let us utilize these last relations and let us suppose that the.
difference of the extreme densities be small, in such fashion that
the ratio Po /‘o should be sensibly equal to 1. Then the equation
of continuity (2) becomes:

ou ov , ow _ 2
(8) 3x Ty * 55 SOXAVAL

Let us substitute the expression (8) into equation (7) by

expressing Ae in function of AT:

(9) dx(;at— -\!V'Z)V?AT: -—-(%o- VZAP+¢3 ang .

Let us do the operation

DT . DTS'+ DAT _ a-Ts+ uaTs +,va‘T5+w aTs + DAT
Dt Dt Dt = ot ~ T ox dy dz Dt
where
oT 2T oT
= s s

S = =
® T = T o %
and where the gradient of temperature following the vertical is a

constant:

. . e . QAT
Being given that the derivative % reduces itself to 5%

we obtain:

DT _ 2 _ DAT

0 = XY AT = éW-l- 5%
or again: .

0 2 -
(10) 5T - xV) (A1) +gw = 0.

In expressing w by (10), the vertical equation of motion (6), where
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we repl_ac-e {OS by {00 , becomes:
(11) (3?1? -xv)(—--vv)(AT) _E_ ‘TE gepaT

Let us eliminate &p between (9) and (11). bLet us apply
; first the operator V2 to (11): >

(—3—-:c\72 vv)(v AT)= —ﬁ-vz(%) 94BVAT,

and let us take the derivative with respect to z of equation (9):

d*“é‘i(at vv’)(v aT)= “‘B—(VAI’)"'fi“ BAT .
In view of the identity '

aaz zAP> vz (QTE&)’

we find:
0 o3 G ne) [ iy -l + 52T

The product o(x is very small, which allows us to neglect
the term X '5; . If the régime is steady the partial derivatlve

-5%-_ does not appear either, and (12) reduces itself to:

(13) VAT = -__fi(,bAT_ + 22 T)

Particular Integral - Let us now essay the solution of the
type: :
(1) AT = AT  sinlx sin my Z,
where Z is a function of direction z only.

Let us take the second derivetive of AT with respect to

X, ¥y and z and let us substitute them in equation (13). We obtain:

. . 3
15) [g_; - (4w | (6T)=LL (Fvm?) o T



- 95 -

In putting:
(16) z = hé.
where h is the thickness of the fluid layer under experiment,
(17) (12 + n?)n? = a2,
and L
(18) BXAR - .p,

the equation (15) is finally written:

In this differential equation of the sixth order, there enters
solely the partial derivative of AT according to & ; one can see,
moreover, 2t once that with the form (14) for particular integral,

the equation (19) comes to: /
_ v 2 3 _
(20) {7[’%,_ —aﬂ] (;):—A¢2Z;_(*).

#For the sake of docﬁmentai:j interest, this fundamental equation
is written in developed notation:

d& -3a* ‘ié +30-" ;(;"Z‘ ‘Z-—-—-Aa."Z

Solution of the differential equation (20). Lef us pass from

‘the variable & to the variable &  such that

(21) &:wl,:w—i—,
and let us wrife
(22) 7“';;— = b oend A =Mx*

The differential equation (20) then becomes:

2 2 3
(23) (E-5)(2)+ Mpz =0,
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Guided by the presence of the sixth derivative in (23), let us
try an integral Z satisfying the following relationship:
6,.

(2h) %Eé = rz-lA sin ré=

The integration of (2}) gives the function:

’ B 2 B 3
_ L I 3(x
Z—BO+B1(§-€)+2—£-(§-&) +-3-!-(§-.E_.)
B w A _
+l]?_?<g _) +§%G§r -&5 r%' sin:_-&,
where Bo""'BS and Ar (r being all the integers) are arbitrary constants.

If we designate the polynomial in (25) by P, the equation (23)

takes the form:.

oa 3
(26) [r + b2 - 2_] T sin r é [(—Eg-? - b2 + Mb2:]P = 0.
a

Let us pu‘b: <1£- _ &):‘r‘,

' 2 2\° ' '
(27) (I‘ +b%—Mb A = A

-

and.;

let us develop the 6peration:

(G- - =)

and let us substitute the result in (26). We get:
, B B
glArSln ré— 3b (BLI. + BST, ) - 3b (B2 + BBT] + = 2' n + -3-7

B2, B, B 5)0

(28
+6° - 10%) (B + gfm® + 30’ + g+ 3‘*\
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To determine Ar’ let us multiply the two members of (28) by

sin r &€ and let us integrate them from O to 7 :
v Vi '
(29) S [gﬁ,snn Tﬁ]sm rédé = L Qsinrédéf.
o Lrs |

‘The integral of the sum z réduces itself to _the.iﬁtegral of a single

member, whose value is known, to wit;

S A, sin rE,aLE.-—/L, >
' for all the others are identically zero. (29) then beccmes:
_ _ .
(29 bis) >N = f Qsinvrétdé
= 0 o

In arranglng in (28) the polynomlal Q accordlng to the powers

of M , (29 again) takes the form: |
= [3 v, - 3 b_th +(® - Mpz)Bo]jo;in rédt
+ [3 %8, - 3 v%B, +(° - sz)sjjjby?si_n rf af
ok - 06wt 2] (T e ot
0 '

(30) 5
- [3b = - (b Y ) B—?pryfsm r§ak
+ (b6 - m2) B“,‘ fﬂ n sinrfd
)

\ +(b6 Mb)gs-‘s 'q‘sinrf,d&.

When the power p of 7) , going from O to 5, and r are simul-

- taneously equal or unequal, (even or odd), the integral

L
S YW sin r€dE= O,
0
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On the contrary, when one of the two numbers p and r is even and the

other odd, and vice versa, one has in the two cases:

_f‘nP sin vé d€ =
(31) % (—g)r[ i p—‘;ﬂ (1% )2+ p(p-1) iﬁ-z)(p_3) <$‘c )h

- BeLE2ENE0ES) (2 -

r

If p is even and r.uneven, the relation (30) becomes with‘(Bl):

Fed, = [3b23h - 3t + (10 - 15°)B, ]

(32) _ [Bbh ;_)-l_ _ (b6 - M'bz)‘szj[l - .2—- E (-271.)2
} ‘ B b
+ (0 - m?) [l 12 (-}f (2 7% (9 )

In the contrary case, where r is even and p odd, we obtain:

ey = 3% - sv'ey 4 0 - mdim] §

RN ~[b?‘;- (x° - 'Mb)‘é'][l‘ %)2]@3
sz][:z(w‘z) %%(n) Tﬁg(?)

The coefficients Ar of the trigonometric series of the equa-

5

tion (25), comnected to ./\.r by the relation (27), are determined as
functions of the constafbs Bp and the differential equation (23) is
formally resolved by (2‘5).

From the fact that A diminishes like r 1, the members of the

trlgonometrlc series of the solutlon (25) d:unlnlsh like r 7. The
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series converges very rapidly, and as a consequence, the solution
(25) has a practical value.
The numerical determination of the coefficients Bp depends

on the boundary conditions to which the fluid is submitted.

Boundary Conditions - The general integral of the problem contains
six arbitrary constants which we are going to be able to determine
by six boundary conditions (three for each one of the two surfaces).
These conditions are naturally different in the case of each phyéi-
cal problem of thermoconvection that one will have to consider.

a) Fixity of the temperatures on the two extreme surfaces -
Oﬁe supposes that the temperatures T1 and T2 of the two surfaces of
the fluid sheet are maintained constant. Hence, the thermal per-

turbation in these localities:

AT =0

or again by virtue of (1l):
() - z=0
b) Planeity of the two extreme surfaces - If the two limit-
ing surfaces are plane, then the vertical component ofbspeed in con-
tact with the partitions is null: |
w= 0,

Being given that the equation (10) reduces itself in a steady state to:

(35) w = —%— V"AT,»

it results therefrom that also:

(36) - 9 T=0.
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Let us carry out the operation P A T . The condition of the hori-
zontality of the two surfaces then presents itself under the form:

%z 2 2
-—2- - (1 +m )Z = 0_,
dz"

or again with the variable & and by virtue of (16) and (17):

(37) d“z 2

'The condition (37) combined with the condition (3L), reduces
itéelf on the two extreme surfaces~to;'

(38) 7t = Q

¢) Surfaces with friction. - If the walls exercise a rubbing
on the fluid, which is always the case when they are solid, the two
other components u and v, are also equal to zero. It follows there-

~ from that the divergence:

du v _
a‘fx‘" + a‘? b O.

Let us take then equation (8), which yields with (36):

(39) : '%vzf. =xXVAT=0

»The partial derivative of w with respeet to z, hence is pro-
portional to V2AT , and by the intemedia:t;y of (35), to w also,

If one carries out the operation g%; w being defined by (35),
and if one considers the expression (39), then the condition sought

acquires the form:
3 5 s
FZ 242 4

=O,
d23 dz
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and with the variable & :

) i Y
dC? a &, o.

d) Frge surfaces without friction. - If we consider the other
case where the surfaces remain free, the two speeds u and v have
surely finite values. But, the vélue’of w is very sﬁall, relatively,
and such that one may suppoée still that:

w =0,

We can hence treat a free surface as a surface limited by a
solid, plane, wall - considered always as without any friction, In
consequence, condition (36) still obtaiﬁsQ

To find the new condition due to the absence of friction, let
us differentiate (8) with respect to z: .

du ,
5;5-5+ y'1+
. . 2

. A
Again, the derivatives -3?35‘5—— and a—i—gﬁ; are null; from that:

2
gwg = %X %VZAT.

2

2

W - % 2
_ o=? e PR RE .
oL and ¢ being both very small, we commit a negligible error if

we put: . | % =0
oz*

In carrying out this double differentiation, we obtain by (35) and

(14) the condition that the wall does not exert any friction, in the

fofm:
' 2
th 2 2y d°2
SE - f+n) S = 0
z2 ’

dz d

or with the variable & :
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L 42
d"z 242 _
().l.l) d_QE - a E = 0,

In presence of the condition (38), the expression (L1)
reduces itself to:

(L2) zv = o

In all cases, one supposes on the one hand that the t empera-
ture of both surfaces are fixed, and on the othér hand that these
two same surfaces are perfectly plané _ which gives the first four
conditions, -As to the fifth and sixth conditions, they may be,
according to the case, either identical - (for example: the fluid
sheet is limited by two rough-surfaced walls, or the two surfaces
are free and without any friction) -, or, they may be different -

(for example: one of the two surfaces is free and without any friction,
and the other is limited by a.partition that ;s‘rough and creates
friction).

In the following chapters, we take up only two cases, The
first case approximates the conditions realized in our laboratory
experiments (fluid sheet contained betweeh two plaﬁe—surfaced walls,
with friction and good conductors of heat - a case we have designated
Problem I of Jeffreys). The second cgse corresponds;fEther to certain
facts of the free atmosphere, for one can conSidef a layer of humid
air limited by layers of dry air as a fluid sheet whosé surfaces are
almost free (fluid sheet with two surfaces free without friction -

a case previously designated as Problem of Rayleigh),
Being'given that in our problems studied the boundary conditions

are the same for the two surfaces, the constants BO, B2, Bh and Bl’ B3,
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B5 come in separately. That is as much as to say that there are
two solutions in Z possible: the one sjmmetric and the other anti-

symmetric about the one median plane (z = h/2),

Chapter VII

Determination in Certain Particular Cases of the Rayleigh-Rénard
Criterion, :
A. - Theoretical Section
Lord Rayleigh (13) has demonstrated that if thermoconvective
“currents are to be able tovappear in a viscous fluid sheet, the dif-
ference of the extreme densities must attain a sufficient value.
| In a problem that he had studied (fluid sheet with two free
surfaces that are good conductors of heat), he found a characteristic
iﬁequality: _
g’ S 2 4
which decides between the stable preconvective'régimg, and the con-
vective régime.

If we put this inequality into the form:

a3) =gkt g 27xt
XV - 4

we recognize there the character of equation (18) of the preceding
chapter. In considering that in the equation (18) the vertical gra-
dients of temperature f? is, by definition, negative, we find that

the characteristic number (dimensionless) is:

A= T = ess

We shall see by what follows that A has a more general significance.
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Its valué depends upon the boundary conditions, amongst which
élso is found the particular problem of Lord Rayleigh.
Be it as itlmay, from now on we will call the mumber A
the criterion of Rayleigh-Bénard; to memorialize the fact that
Lord Rayleigh was the first to indicate the existence of the.stable
preconvective régime in the phenomenon of the cellular eddies sf
Bénard. |
After haviné set forth in tﬁe previous chapter the principles
of the Jeffreys theory (1L), we can pass on to the numerical deter;
mination of the criterion /A in certain interesting cases. In his
theoretical memorandum, Jeffreys unhappily confined himself to the
simple solution of the problem, His method, hoﬁever, is more power-
ful: we have shown, in effect, that it contains the multiple solu-
tions which A.R, Low (15) signalized>in his analogous work, and for
which solutions we give further on a generalization of the calcula-

tion of the corresponding As.

l. - Fluid sheet with two free surfaces that are good heat-conductors
(Lord Rayleigh Problem).

In this problem, the conditions are the same for the two sur-
faces. Each surfaée being a good conductor, plane and without fric-

tion, the boundary conditions are expressed by (3L), (38) and (42):

(Lk) z=0, =0, ZV =o0,

Symmetric solution.- p being even and r odd, one obtains

forE =0or £ = T :
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o * 2 I (2
-p 4 (¥
2t =By + (23’
1\
z B,

BleB =B,=0

But, by (32), all N, simultaneously vanish, The sole sclution
different from zero is this one when the mmerator of (27) vanishes:

2. .2 2
(r° + v°)° - Wm° = o,

whence, with (22) that connects M to A :

«F+ ) = w? = 44
or again: L
: I 2, b2)3‘rc
(L5) A= 222 .

Let us study the variation of A as a function of the constant

b. TFor:
: . r
(L5*) b = =
N attains its relative minimum: |
(L6) A=A 2_71f_h_ ,
and for r = 1, its absolute minimum:
27

(462) Amin = 25— = 657.5
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The value obtained is exactly the same that Lord Rayleigh
also found,

Asymmetric solution. - r is even and p, odd. One obtains,
as before, in the symmetric soiution:

By = By = B = o.

The relative minimum of /\r is represented also in the form
of (46). This relation, hence, has a general validity, for r even
and odd.

We shall later see that the criteria (46) correspond to the
eddies in superposed 1ayers,'r being the number of modes contained in

the total thickness h of the fluid layer.

2, Fluid sheet contained between two rigid walls that are good heat
conductors (Problem of H, Jeffreys).

This is the case that interests us first, as it approximates
conditions realized during our experiments in a layer of air,

Let us suppose that the conditions are the same for the two
surfaces. If the walls are good conductors of heat, plane and rough
(with friction), one expresses these conditions by (34), (38) and (LO).
In choosing.the variable £L<iefined by (21), the group of the three
conditions presents itself by:

(L7) Z=0, Zv=0, 2" . b2zt = O,

Symmetric solution for any number of modes piled up.- r odd

and p even. The conditions (h?) give us for é =0 or T
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F 2, 2 2\ o o - |
R : b :lI 1 2 1 r (r + b )

i1+ ==+ Db -E-—

g( ) % r2 % T Z 2 2

where n signifies the number of modes piied up.

If we write:

we obtain: o
SL.p¥y  $1 281 ";‘1 SN
%—z-‘fb% )_4_ - ';’i'"’b % rq, o} +b IZ- 3

where:

With that, the third condition of (L8) takes the form:

_e r2s b 1
S S =+‘°5—-0*

2 ;
or again, if we replace b° by 2 and M by Z\E :
Con
v e ad) 1 a> 1 .
(h9) Z(Tﬁ%!%:—; [Z_';‘:T'l"::a ;—;3:,-0.

Let us now consider the sum:

ri!—

(50) S = (,.n..r-;_'_a_a)a. = ZW g.z(,, rad)Z

Being given that:
. 0o
5 de— =t5h &>
1 Fat+a® 2

it is easy to show that:

i
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P 22 Ce i
TN = 1/1 d a_ 1 a 1 2 a_
(51) 2> P+ a2)2‘8(a+“da) teh 5 = gg teh 3 *yg sech =K.

Let us subtract the expression (50) from (L9). We get, after

reduction:
2)_,2 2/\
(52) e - +H = 0,
[(1"21]2 + a )3 azj(r2172 + a2)2
where:

- n-2
- oy 4 ,a r ).
(53) H=k- g(y—‘~q=+a.)‘ EL 2t 2 % Y‘J
Let us extract from (52) the first term., Then (52) is written:

niriai
[(r* 1+ &)~ Aa2](n*n + 02) 2

(5k)
' +$ °‘ r2p2az/\

w2 [(rry*+ad)~Aed] (rid+

One determines the value of A\ by successive approximation,

a3)% +tH=0

By neglecting the;Sum gz » one obtains the first approximation,

which gives, after a few transformations:

_(*r*2q)
2A :' o+ -nz-"-
(55) 1 H(h‘hw;_f.a_t)'b

What interests us the most is ‘th-e minimum of A in funetion
of a. We obtain it very easily if we choose for a several values and
we calculate vthe corresponding As. We carry thls f:Lrst approximation
for A in the sum of 'bhe equation (Sh) We repeat the same operation
enough times until the value of A approacheé a limit,

When the number of modes n is very large, and above all when it
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becomes infinite, equation (53) tends towards a limit:

1 a2
H = 8+%’

which, moreover, is infinite because a is infinite. In fact, for

n= 00 , the term as denominator of (55)

n>g> =0
H(n*n*+a2)> ’
and the equation (55) reduces itself to:
For: 5
' a=n —2—
Y2
/\ becomes minimum:
./\. ___—n-4 27)24_
P

This result is interesting, for we find thus the same expression
of A minimum, as in the problem of Rayleigh treating piled-up eddies
(see equation (L6)). This proves that the influence of the walls dis-
appears when the number of piled-up modes is sufficiently great, and
that then we can treat this case like the problem éf Lord Rayleigh,

Solution for a single vertical mode of eddies., - The most im-
portant case, of them all, is that one where the mmber of vertical
modes of eddies reduces itself to one alone: a problem . already calcu—
lated by H. Jeffreys, and, by a different approach, by A, R. Low.

In placing ih our previous equations n = 1, we discover at once
the equations that figure in the memorandum of H, Jeffreys. 1In fact,

the equation (53) reduces itself to identity:
H = K,

and the equation (5l) to:
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1*e2A
[+ 2P — Aa?] (n*+a?)>

(56)

?. Y27‘(’a.°/\ + K = 0
T § [(r’-q’-f—a.’)a——A o?] (r®u* + a? - ’

and in like fashion, the equation (55) reduces itself to:

> " . 3
_ 'a%/l__ .(”-.+3}2
(57) /— K(—,T2+ a_z)z

In utilizing (56) and (57), we have found, by a first and
second approximation, (a third would be useless), the results con-

tained in the following table:

2.1 | 2.6] 3 3.1 | 3.2 | 3.7 | L

a

role

lst approx. | 2910 {1880 {1790 | 1718.L [ 171L.9 |1716.7 | 179L |1890
2nd approx. | 2890 {1870 {1780 | 1711 1707.5 [1709.3 | 1785 |1880

A takes the minimm value for a = 3,13 it is equal to 1707.5. These
- values differ slightly from those given by Jeffreys (A= 1709.5;
a = 3.17), and they more nearly approach those of A.R. Low (A =170h.k3

a = 3.09).

Asymmetric solution for any number of piled-up modes., - Here,
r is even and p odd. The conditions (L7) applied to the equation (25)

and to it5s derivatives, give for &= 0 or T :

B,, \2 B L
3(n ) -
B + %‘(E) T 130 (2) =0

B 2
5(m\y .
=8)f B3+ 2 (%) = o,
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where n is an even number of modes piled up.,

By putting:
o9 [- s
£-5-%
] n 2 2
one obtains
oo 282 0 aa’ "n 2“'2
1 1 =S L5, 2,
£r2+b%r4 %‘rz-"b;)"‘ z‘rz+b;r‘*
where:
=0 2 oo 4
1 _T 1 -7
Z9.:1*2"2 and T r4 " 1440 °

the third condition of (58) reduces itself to:

N T

It becomes, by replacing b2 by
2, 2f2, 12 n=2 oa
i+ a Z 1 Z -

TN ( + ) __1___ [ > = +g— > Tr_; =0

n (Y17T2+Q2)3_Aa.l
By carrying out the same operations as in the symmetric

problem, we £ind an expression analogous to (5L)

_ ;n 2a® A\
e d [( D) —-/\az](n‘w +a_)
"'./\. ;
-+ 0»
T [(wr T +a?) —Aa](r 11’+a.) H=

3

MR

where:

(60) W= S rtiap =% P T (S hri S k)

. By utilizing the identity:

= L+ 5 0,

ctghi—
2 & vz py° 4 g
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we obtain:

= o2 otgh 2 - Ll cosécant? 2= ki,
Ba 2 1% z

20
If we omit in (59) the sum . nze-;z , we obtain a formula

analogous to (55):
(n>n* +a2)®
. Qﬁ4.== . h?ﬁtl
(61) 1= e ra

It is evident that (6l) leads to the same result as (55) when
the number of modes piled up, n, is large. In fact, for:
W
= N ——
. ﬁ- s
/A becomes minimum and takes the form:
2 L]
A - n4 ZW_.

We have likewise obtained this result in the problem of Lord

a

Rayleigh.

Solution for two stages of eddies. - The smallest mumber of the

B s T

vertical mode in the antisymmetric solution is equal to 2, The erquation
(60) reduces itself to:
H| = Kl >

and the formula (61) becomes for n = 2:

(4r*+ a2y
1- 47Tz "
K'(4n2+a2)*

(62) PN =

By choosing different values for a, one obtains from (62) the

corresponding values for /1 , as here:
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a L L.8 5.1 5.5 | 5.5 6.1 | 6.5

A | 19,900 |18,135 |17,805 | 17,809 [17,812 |18,235 [18,775

The minimum value of /A is, in first approximation, equal to
17,805 for a = 5.4. The second approximation, which suffices entirely,

gives:

A = 17,650 for a= 5.l

B. - Experimental Section

In 193L, ﬁhen our experhneﬁts began, the existence of a stable,
preconvective régime in a fluid layer heated from beneath had nof
been as yet confirmea by experiment. In these circumstances, the
e;perimental proof of the criterion A constituted, in the views of

- Mr. H. Bénard, an essential part of the labors in view. However, in
the course of our own researches, R, J. Schmidt and S. W, Milverton
(31), made similar experiments in a layer of water contained between
two metal plaques (good conductors), and from L to 5.5 mm thick, The
two authors found that the value of /| that H, Jeffreys had taken
for such boundary conditions, naﬁely N = 1,709.5, was well confirmed
under test. |

In these conditions, we have tried to approach solely the
case of a layer of air limited by two»rigid walls, In 1936, we pub-
lished in the Camptes Rendus de 1'Académie des Sciences (21-b) the
first results confirming the existence qf a stable précanvective |
régime., We will give hereafter the description of the method employed

in our researches on the Rayleigh-Bénard criterion and the results
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that we have obtained. Let us point out again that » during this
time a similar work has been executed by K. Chandra (25). His
results, published in 1938 in the "Proceedings of the Royal Society",
are in full agreement with our own in the interval where comparison

is possible,

1. Some supplementary remarks relative to the Rayleigh-Bénard criterion.
If we replace in the charactéfistic inequality of Lord Rayleigh

(43) the numerical term 2_7_1_:_1'&_ by /\ , the value of which depends,

as we have seen, on boundary conditions, we obtain the generalized

inequality:

xB ht =
(63) SEEA— = A

For the experimental verification of this ihéquality, it is
necessary to produce either extreme density or temperature differences.
On the one hand the vertical gradient of temperature is expressed
bz: o T2 _ Tl
and on the other hand, it is easy to find for the coefficient of

thermal expansion:#

- _Pi=l
“ AT

?

(), and ‘02 being the densities of the fluid at the upper surface and

¥By definition:

Lo TAP=Fo (1 "'%f‘): Pa(l—orAT)5

then:
PP _  p-ps

X2 T - Pll-T)
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on-the.bottcm,‘and Tl and T2 the corresponding temperatures. By

carrying (6l4) and (65) in the inequality (63)'tﬁis‘1ast becomes:

-. ' | il N L4
(66) o 2SN

If the fluid is a gas it is fitting to introduce in (66) the

extreme temperatures T, and Ty

1
The éharacteristic’equation for perfect gasses is written:

pv = R(273 + T)

In our problem, we can suppose that the preSsﬁre p is constant,
and that the ﬁhdle of specific volume v depends on the temperature T;
in these conditions:

Z}' _ Eg; 273 + T1 .
'01 273 + T2 )

A2

N

in fine, the inequality of Rayleigh presents itself under the;fprm:

(66 bis) To- T ol 2
T1 + 273 xv > 4

which lends itself readily to intefprétafion.

A being a constant without dimensions, defined entireljﬂin
~ each individual problem, it hence results that the difference of temper-
atures,Tz»- [ necéssary'to release the thermoconvective currents,
mqst be highe: in proportion as the temperature Tl and the coefficients
6f kiﬁematié viséosityvv and heat diffusion X are the greater, but it
(the difference of temperatures) must diminish in inverse ratio to the

third power of the thickness h of the fluid layer,
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2, Numerical eveluations. Delimitation of the interval of the
thicknesses where /\ might be experimentally defined.
Gertein numerical evalustions are needed for the execution

of the experiments. Let us first examine what is the order of megni-

'E\ide ef the criticel difference of 'temperatures as a function of the
average temperature of the fluid, To fix the ideas, lef us take a
layer of air with thickness 1 cm, and celculate (T, - Ty) critical
for the problems of Rayleigh and Jeffreys, when A is equal to
657,5 and 1, 707. .5 respectively.

h being equal to 1 cm, one obtains from the inequeiity (66 bis)

the critical difference of temp_eratﬁres':

m|> ‘

(67) T,=T; = Zg\- xv (‘1‘1 +213) = 85y (T, + 273), |

\
3

where x end y are two functions of the average temperature

By definition: |
r & ol
v -‘%— an . -é?
where we deeignate by p the'viscesify,‘ by A the thermal conducti-
~ bility, and by Cr the specific heet at atmospheric pressure.

These four quantities have':t‘er respective expressions as &

The temperature differencee needed to release the convective currents
- are very amall when the thickness of bhe gaseous layer is 1arger than

1 cmy 8o, it is ressonsble to consider X anmd v  as two functions of

the initial temperat.u.re Tl, or even to replace T in the second member
: Of (67) by T n® ' '

T atry L L EENN
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function of the'average temperature:
M= 0,000,182k - 0,000,000,493(23° - T),

L
- 1.,2927 . 10 T
£ = T50.003%7 ) §;3 s

= ' cal
A= 0.0000368(1 + 0,0026 T, ) — 2,

B} cal
»Cp = 0,2405 + 0,0000095 Tm ar

In choosing for T 0°, 20° and 50°C, we obtain for X and

the following values{

Tm 0° 20° . 50°
0.1826 0.2060 0.2Lh6
14 0,1323 0,1525 0,1792

If we carry these values in the expression (67) we find the table

that we give below:

T (T, - T;) critical (°C)
(°c) A = 657,5 A = 1707.5
(Rayleigh) (Jeffreys)
0 © o hoh2 11,5
20 6.16 - 16.1
50 9.5 2l.7

We see that the average temperature exercises a considerable
influence on the value of the critiéal difference of temperatures.

The results of the preéeding table have been transferred onto
Figure 66, where we have carried as abscissa the average temperature

Tm and as ordinate the critical difference of the temperatures.
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Fig. 66 Critical difference of stability of extreme temperatures
as a function of the average temperature of the air,
for h=1 cm. '

The interval of thickness in which the experimental verifi-
cation of /\ has meaning is very restricted. The lower limit is
imposed by the fact that the study theoretically supposes weak thé
difference of the two extreme densities, and by consequence, the‘
two temperatures. In fact, the disagreement becomes very important
as soon as the thickness of the layer‘of air is less than 1 cm. As
for the upper limit, it depends on the precision of measuring in-
struments and the producing apparatus of the éddies. In supposing
it possible to meésure the temperature to 1/20°C, about, (T2-T1 = 0,05),
one can calculate the maximum thickness from the formula' drawn from

the inequality (66 bis):
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One finds, with average temperature 20°C and for
A =1,707.5 (problem of Jeffreys), hoo = 6.8 cm.

In realitj, thé experiment showed that results were uncertain -
starting at a thickness of 6 ecm. In these conditions, the interval of

thickness explored has been contained between 1 and 6 cm,

3. Execution of experimeﬁts. Results.,

The measures and the observations have been made in a 1éyer
of air in translational motion. This method appears to be more
advantageous than when the gas is at rest; the in-cominguéir actually
retains a very constant tempefature,’and by sweeping continually the
two limiting plaques, it assures a moré uniform distribution of the two
extreme temperatures.

By the aid of a precise mercury thermometer, reading to
1/20°C, we have measured the temperature of the metal bottom T2, the
temperature below the ceiling of glaés plate Tl’ and the temperature
of the air arriving in-the experiment chamber T,. This last can be
identified with the average temperature T = %’-(T1 + T,).

The operative manual goes as follows: One heats progressively
the la&ervof éir, and-one watches the appearance of the first ascending
currents, rendered visible by successive:ihjections of smoke.

It is easy to show qualitatively that a fluid 1ayér can stay
stable, even if the denser.(001d) 1ayers.are above the less dense
(hot) layers. But, the precise determinstion of the critical moment

when one passes from the stable preconvéctive regime to the thermo-~
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convective régime is more difficult.

One begins by determining a sufficiently small interval of
temperatures comprising the critical value of the difference of the
two extreme temperatures. For instance, in a layer of air 15 mm
thick, a temperature difference of 1.5°C occasions no ascending move-
ment, whereas - the eddies in longitudinal bands develop themselves
entirely when this difference of temperatures is equal to 3°C, To
find the exaet ecritieal wvalue of (T2 - Tl),‘we e#amine only the
restricted interval,

It is evident that this class of experiments depends somewhat
too much on the judgment of the experimenter, Onlj a great number
of trials, carried out by a number of operators could erase the sub-
jective character.

To give more certitude to our experimental results, we re-
peated the experiments several times fo; éach thickness. The obser-

i

vations were taken in two senses, to wit: 1 Observation of appearance
, of asqgnding currents during the period of progressive heating; 2
Observation of the disappearance of these currents during the period
when the metal bottom was being allowed to cool slowly.

| We have determined the criterion for thicknesses of 11, 22,
30, 4O and 63 nm, The results are shown in the following table,
Page 121,

To facilitate the interpretation, let us write the inequality
"(66 bis) under the form:

T2 - Tl A =

(T, + 273)XV § 3

(68)

*See note on page 116,
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Fig, 67. Criteria of Rayleigh and Jeffreys and the experiment in air.

The first member of this inequality contains the terms to be
determined experimentally (X and v are functions of the average

temperature Tm), while t-h_e second member is calculable if the bouhdary

conditions are determin_edl‘f\

We have calculated the second member of (68) for A = 657.5,

\

and for A = 1707.5 (problems of Rayleigh and of Jeffreys) as a func-

tion of the thickness h. (ne finds these values in the columns (9)

and (10) of the table. Column (8) contains the éxperimental values,

calculated according to the first member of (68). One can see that
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these last place themselves for h = 11, 22, and 63 mm; between the
cases /l = 657.5 and A = 1707.5 while for h = 30 and LO mm, they
pléce themselves below the case A = 657.5,

The diagram, Figure 67, represents these experimental results,
and compares them to the theoretical results. In this diagram we
have carried as the abscissa the thickness h, and as the ordinate,
on a logarithmic scale, the function, on the one hand, 315 , for
two theoretical criteria, 657,5 and 1,707.5, and on the ggher hand,

(T, - T,) |

S A2 T 1e . .
the values of Tm T 573 ? obtained experimentally,

. - Conclusions

We have.confirmed experimentally that the regime of thermo-
convective currents is actually preceded by a stable preconvective
régﬁne. This fundamental result, found in the particular problem
of a layer of air, is applicable to all the other problems that one
could imagine.

The experimentsiwere done in a range of thicknesses going
from 11 to 63 mm, We have shown that the thickness of 6 em would
be, in the case of gasses, the upper limit where one can practically
establish the existence of any stable, preconvective régime. This
1imit depends on the precision of measurement of temperature and of
function of the apparatus producing the thermoconvective eddies,
When the thickness of the air layer exceéds the value of 6 cm, the
thermoconvective currents there reiease themselves spontaneously in

presence of the slightest difference of temperatures.
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Being given that the boundary conditions realized in our experi-
ments are not exactly the same as one supposes in the problem of Jef-
freys (the glass plate forming the ceiling is not a godd heat-conductor),
the criterion /\ differs greatly from the theoretical value 1705.5. On
the other hand,./\ varies in our experiments from 345 to 1,373 (cf.
column 11 of the table), for, just as we have stated, the determination
of the moment when the first ascending currents manifest themselves,

depends entirely upon the judgmeht of the-experimente;.

Chapter VIII Part 1.

Dimensions of thermoconvective eddies.

A. Theoretical Section

1. - Definitions.,

The relation 6f the transversal dimensions and of the thickness
"h of the cellular eddies is an esSential characteristic of their geometric
properties. |

In the case of two-dimensional cellular eddies and of eddies in
bands, either longitudinal or transversal, one takes by pfeference for
transversal dimension the distance A between two eddy centers having
the same direction of rotation (Fig.'68-a). At the same time, ‘Av is
the total width of two rectangular cellules (eddies with two dimensions)
.or of two twin rolls (iongitudinal or transverse), constitutiﬁg by
definition an eddy unit.

When it is a question of regular polygonal eddies, it is fitting

to take for A the shortest distance between the vertical axes of two
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Fig,68. Transversal dimensions of the principal forms of cellular eddies.

adjacent eddies. If the cellules are square or‘hexagqnal in form, the
distance A expresses equally their widths (Fig. 68 - b,c). |

Finally, if the cellules have the elongated form, one shoul/c{
indicate two relationships, }7h, the one for A mlm_mum, and the

other for A maximum (Fig., 68-d).

2, Theoretical values of the relationship A/h in a few simple cases.
The theory of thermoconvective eddies (cf. Chaps, VI and VII)

supposes that all the perturbations that enter this problem (pressure,

velocity, temperature) are proportional to sine Ix sine my Z [cf.(lh)] s

where: -
(1% + i)B? = 82 (e£.(17)).

The constant a depends upon boundary conditions., This applies
equally well to the problem of a layer with two free surfaces and for
a single stage of eddies (cf. relations (22) and (45') where r = 1)

where the constant:

(69a) a='r(b=/\/-% =2,22 ,

In the problem of two walls with friction (cf. Chap.VII, Peragraph 2,

Solution for a single stage of eddies):
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(69b) _ a=7b= 3.1

Eddies of two dimensions and eddies in bands,- m being
equal to zero, the relation (17) simplifies to
(70) 1212 = 42

which gives the wave length following the x-axis: -

27
(71) /laT’ .

In utilizing the values of a (69a) and (69b), one finds for

the relationships A/h respectively:

and |
A =
(72b) 7 = 2,03

Then, in the problem of Lord Rayleigh, the width of the
cellules (demi—eddies) is greater by LO% than their height h, while
in the problem of Jeffreys the céllulés are almost square.

Thése results apply entirely to eddies in'bands, whose trans-
versal section is identical to that of two;dimensional cellules.

Polygonal cellular eddies..- Among regular equilateral polygons,
the triangles, the squares, and the hexagons are theVOnly ones that
can fill up all the surface without gaps amywhere between them.

The square cellules are, moreover, the only form that are
analytically éimple. In that case, the wave lengths A and J follow-
ing the two coordinate axes are equal. The relation (17) then gives:

2.2 2

2 1%% = 2 v’n? = 4 ,
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or again

(73) A= p = 2-——75-‘/3 ho .

'It is easy to demonstrate that the wave length so defined
is not the shortest distance between the vertical axes of two con-
tiguous eddies,

To fix the ideas, let us consider the cellular eddies in a
gaseous layer where the ascending currents are found at the verticsl
cell walls and the descent occurs at the axes of the cellules., In
consequence, the square partitioning must coincide with the places
with currents directed essentially towards the top.

To this condition corresponds two families of straight lines,
defined respectively by:

(a) =x-niA ,

(straight lines forming an angle of 45° with the x-axis) and by:

(b) | y=-i+1;2nl

3

(straight lines forming an angle of 135° with the x-axis).

Being given that the vertical component of speed w is pro-
portional to the product sine [x sine my (see Chap., X, equation
(90)), one can verify that it stays positive if conditions (a) and

(b) are realized, ‘In fact, one has the equations:

sine !x sine ly=sine lx sinel(x-nA)=sinelx sine(lx—2n1[)=sine22x20,

and sine [x sine Ly=sine [x sineZ(—x + 1 ; 2n }t)

= sine [ x sine [-Zx + (1 +-2n)7(_]= sine® lx > o0,
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In these conditions, the network of the square cellules presents
itself as it is drawn in Fig., 69. One sees there that A (=p) is the
diagonal of the square, The shortest distance between the centers of

two neighboring cellules is, hence, equai to the side of the square,

which we will designate by A%, With:

oA
)—v?——)

Fig. 69 Network of square cellules and their dimensions.

The characteristic relationship becomes:

A _ 2x

=

h~ &

X T '
In the problem of Rayleigh a= — = 2,22):
the pro ayleigh ( N3 )
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L4

% = 2vV2 = 2.83

and in the problem of Jeffreys (a = 3,1):
Ax
h— - 2003 -

As for the hexagonal cellules, Rayleigh (13) has indicated
an approximate solution, based on Bessel!s functions, in consider-
ing them as cylindrical cellules whose-circular section would be
equal to the surface area of the hexagon., H. Bé;ard,'who finished

the calculation (1-d), found:

min, \‘ N V3

24 being the first positive root of the equétion

2
(& L - 3,

J‘O(z) =0

Chapter VIII Part 2,

B, - Experimental Part

1l. - Analysis of previous works.

H. Bénard (1-a,b,d) made a complete study of the A/h rela-
tionship relative to hexagonal cellules in a sheet of melted spermaceti.

He found that the A /h ratio is constant on first approximation.
Buﬁ precise measurements demonstrated that this ratio varied as a func-
tion of the thickness h and of the average temperature of the liquid -
to wit:

1, At a given average temperature, A/h increases with thickness;

or in other words, the cellules flatten in proportion as the thickness
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is greater;

2. For a pre-determined thickness, he finds between 50° and
100°C a temperature where A/h is a minimum which varied in his
experiments from 3.27 to 3.3L. This value accords fully with Rey-
leigh's theoretical value, 3.29.

Mr, Bénard (1-d,e,f) completed the measurements on hexagonal
cellules by measurements relative to square cellules, with straight-
line bands, and with worm-shaped, vermicular bands, The results of
these measurements which‘the author carried out either on his own
photographs or on the photographs placed at his disposal by C.

Dauzere, are assembled in the following table,

Form Temperature
Liquid of the bve. °0 h mm A/n Author
» Cellules 8e
Melted hexagons 50-100 0.495-1 - [3.21-4.05 |H.Bénard
Spermaceti squares | 50100 0.5-1 |2.95-3.57
White hexagons 128 0.69 3.17
_Bees Wax squares 128 0.69 2.83 H.Bénard
Stearic acid | worm-shaped| 87-119 2.0l [1.95-2,29 and
(impure) bands C.Dauz®re
Development - 18 1 1.96 |H.Bénard
bath
Pure rectilinear
Aloohol bands ambient 0.14-0.35 3.7-5.9
‘ - T.Terada
Water ? L.5-1h 1.5-1,09

On the other hand, Terada (5) and his students carried out an
analogous work on eddies in longitudinal bands in liquids, The first

series of experiments was done with volatile liquids, (pure alcohol,

e e TN
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mixture of alcohol and glycerine in different proportions), flowing
‘down an inclined plane and becoming chilled: at their surface‘by evapora-
tion, and the second series with water heated from beneath,

When we examine their results, we see at once (see table above)
that the A/h ratio varies within very wide limits. Besides, we glimpse
the following facts: |

1. A/h varies with the thickness of the fluid sheet;

2. A/h depends equally on the physical nature of the fluid; for
example, in volatile liquids, A/h increases as a function of h, and in
water, A/h diminishes.

According to the theory we have set forth, A/h would be equal
to 2V 2 for a fluid layer with two free surfaces, and to 2 for a layer
between two rigid walls., It is very likely that one would find, for
the case of a liquid sheet whose surface remains free, a theoretical
value which would fall between 2 and 2V 2. But the experimental results
of the Japanese are very remote from all that. On the other hand, the

A/h ratio (= 1.96) that H. Bénard found in the developing bath (1iquid
contained between two solid plaques) is in excellent agreement with the
theoretical value, It is the séme way with the measurements of vermi-

cular bands in impure stearic acid (see the same»tabulation).

2, Dimensions of thermoconvective eddies in gasses,

No analogous work having been done in gasses, we proposed to
measure the dimensions of thermoconvective eddies in air, Systematlc
experiments have been carried out in a layer of air whose thickness h
varied from 10,5 to 50 mm. Several other individual experiments have

also been done with thicknesses of 63 and 80 mm,
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Eddies in longitudinal bands (21-¢). This formation, in
comparison With all the rest, presents the greatest stability. Also,
measurements relating to longitudinal bands are precise and easy to make,

The results obtained may be summarized as follows:

1. A/h is generally but not aiways greater than 2;

2,There is a tendency toward increase of this ratio when the
thickness h increases: the rolls, that is, flatten themselves out
more and more;

3.The number of rollé varies a little from one experiment to
another, and, in consequence, the ratio A/h likewises

i, The number of rolls in permanent régime is always even; when
there is an odd number, one can observe either the appearing of another
complementary roll, or the disappeafance of a superfluous roll;

5.The number of rolls possible for a given width of the canal
appears to be independent of the difference of extreme temperatures,
on condition that this last remains smaller then that value at which
the eddy-movement commences to affect the exterior form of the rolls
(see Chap. V, Paragraph 7)3

6.The mumber of rolls depends but little upon the speed of trans-
lation,'being understood that it remains larger than a minimum value
necessary for the formation of longitudinal bands; however, one can
.testify that these rolls tend to enlarge themselves when the speeds
are lows ‘

7+ The physical constituehcy of the eddies has a certain influénce
on their dimensions; in particular, the rolls constituted of thick

smoke are wider than the rolls in purified air,
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Let us pass now to the detailed analysis of other particulars
that accompany the problem under studj, in referring to a series of
photographs reproduced either heretofore or hereafter.

Examining these photographic reproductions, one notes that in
all cases the longitudinal rolls are perfectly developed., Their
rectilinear form, and the parallelism of the lateral partitions are
particularly remarkable. ‘

On the other hand, fhe width of the different rolls of a
Single experiment is not always constant. The presence of the lat-
eral partitions plays a big r®le. They modify the conditions of the
translation (via friction) and of the thermic conductivity. One
constantly observes that the rolls that touch the 1ateral partitions
are wider than the ones in the center, Figures 70, 71, 72 and 73 are
typical cases, and notably figure 73 where the two marginal rolls are
extremely developed at the expense of the central bands.

To show the importance of the difference of the individual
widths, we have composed the following table which contains the mumer-
ical values of the average A/h ratios, maximum and minimum taken from

the same snapshots:

R Aaverage Amex Amin
70 20 352 16 2.2 2.5 2
71 30 308 : 10 2,05 2.5 - 1.7h4
72 L0 335 6 2.8 3.85 2.5
73 50 285 L 2.85 3.7 2.2

We have noted that the number of rolls that can form themselves

in the canal of a finite width is, in steady flow, always even, and

B
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that the system progressively becomes even when there is an uneven
number in the first place,
(Figs. 70, 71, 72, 73 in back),

Here is one striking example, taken from an experiment with a
layer of air 15 mm thick and 330 mm wide,
| The first attempt gave twenty-one longitudinal bands (Fig,7h).
One of the two marginal rolls, having a structure significant of
prggressive disappearance, is very narrow., A few minutes later,
it became entirely suppressed, On Fig. 75 one may still distinguish
the last trace of the superfluous roll which in an instant or two is
going to disappear: the system of twenty rolls is going to establish
itself definitely.

On the other hand, a second trial gave nineteen rolls stronély
develéped. Eittle by little, the twentieth roll formed itself (Fig.
76), and later on, the system of twenty rolls was estsblished, In
these conditions, the ratio fh/h relative to the nineteen rolls and
the twenty-one rolls (2.32, and 2.1 respectively) is not stable.

And so it is only the formation of twenty rolls that must be taken
into consideration, and for which A/h = 2,2,

We have likewise observed in a steady régime some systems of
eighteen and 22 rolls. So the ratio A/h varied from 2 to 2.Lk.
But these systems are less frequent than that of n = 20.

We have observed the same variation of the number of rolls
vfor all the other thicknesses. Howéver, we have arrived in each case
at an average value of A/h, by repeating each experiment ten to

thirty times.
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(Figs. 74, 75, 76, in back).
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Fig. 77 Experimental relationship-ratio A/h of the eddies in longi-
tudinal bands in function of their thickness h.

The tébles(in back) reproduce the assembly of average values
of A/h as a function of thg thickness h, It is clarified by the
diagram (Fig. 77) where we have carried as abscissa the thickness h
and as ordinate the ratio A/h., To the side of the average value,
we have marked the extreme values (maxima and minima) énd the inter-
mediate (values). The dispersion of the points is very strong for
thicknesses above U cm, because the number of rolls diminishes
necessarily in ﬁ;esence of fhe width of the canal which can not much
exceed jO cmj in conséquence, the eventual variation of the number of
rolls brings on with it variations in steps of A/h., WNone the 1éss,

“there is a2 number, very small, of experiments where the value of A/h
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is below 2, the theoretical minimum, Also, one notes that the
average value of .z/h tends to increase when h increases.

The problem of the accidental variation of the mumber of
rolls (of the ratio A/h), along with the study of the stability
of these formations will form the subject of Chapter IX,

Eddies in transversal bands., - This formation is less stable
and consequently less frequent than the longitudinal eddies. The
results of measuring their dimensions from certain photos among our
collection, are given in the following table. The ratio A/h is
essentially equal to 2 when the rolls are entirely developed, During
their development, A/h is less than 2. It is to be noted that the
width of fhe rolls containing smoke is less than that of the rolls

- constituted from pure air. To say it in a word, the demi-unit eddy
(one roll) has an almost square section.

Eddies in Transversal Bands

FIGURE h mm L mm n A/h REMARKS
3L 12 160 15 1.78 In development
35 12 120 10 2
52 20 | 160 8 2 | |
53 25 140 6 1.87 In development
5 10.5 105 10 2
- 12 bl 12 2 not regggzzcig én this
report

Polygonal cellular eddies, We have shown (cf. Chap. IV,
Parag. 1) that in presence of two limiting partitions, the polygonal
cellules finally give way to eddies in vermicular bands. The poly-

gonal cellules persist for only a very short time; their duration

!
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is too short for the size and the form of the cellules to equalize
themselves., This is why we can establish only the éverage value
of the ratio A/h. |

We have.emplqyed the following method, The characteristic
transversal dimension A is, in the case of the polygonal cellules,
the shortest distance between their contiguous centers. So we mark
on the photograph the centers of the cellules and we connect them.,
The sum of all these distances, divided by the nﬁmber N of lines of

connection, gives the average value of A

N,

average = N °

In the case of hexagons, granted that each cellule be con-
nected to the group by at least two sides, the number N= (2n-3),
where one designates by n the number of celiules, (of centers,
that is) hence:

2 = 22
average  2n - 3

Be it understéod, for these megsurements we have eliminated
those cellules whose dimensions were visibly aberrant.

The following table shows the results obtained upon a dozen
photographs: (Eddies in polygonal cellules, p.138)

The values of A /h proceeding from these experiments are much .
lower than the theoretical value given by Lord Rgyleigh ( A /h = 3.29).
This.comes about oh one hand by reason of the fact that the final
régime has not been attained, far from it, and on'the“other hand from
the fact that the boundary conditions for a gaseous layer (two rigid

partitions) are essentially different from those governing Rayleights
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Eddies in Polygonal Cellules

FIGURE h mm N S Am | laversge ’la—"%rig—e REMARKS
26 20 L 176 Ll 2.20
27 30 L 31 79.4 2,61
30 20 26 1370 52,8 2,64
31 20 56 2300 L1 2.05 In growing state
16 20 L6 2090 LS. 2,27 '
L7 20 22 1008 L5.8 2.29
50 20 23 988 L3 2,15 |travelling cellules
51 30 8 500 62,5 2,08 |travelling cellules
- 12 16 1417 26,1 2,17 noih;‘;;riguﬁ;d in

this report

problem (two surfaces without friction). Let us also say that

A/h is excessively small when the cellular eddies are just com-

mencing to appear (see Fig. 31).

Their. transversal dimensions also

diminish if the cellules displace themselves like the ensemble,

which has been the case in the experiments reproduced in Figures

50 and 51,

Chapter IX

Variation of the ratio A/h for Eddies in Longitudinal Bands and
Their Stability

1. Production of eddies in bands of predetermined dimensions

We indicated in the previous chapter that the number of longi-

tudinal rolls varied a bit from one experiment to the next, or, in

other words, that their A/h characteristic was not constant.

We have been insistent in seeking an explanation for this varia-

tion in the number of rolls producing themselves in apparently identical
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Fig. 78 Smoke-distributor, set up at the entrance of the~experiment
' chamber,

conditions. ‘It seemed to us that we would need to introduce the

role of initial accidental perturbatiohs. We have demonstrated

experimentally the exactitude of this hypothesis, by artificially
provoking regular perturbations whose amplitude exceeded the little
accidental perturbations. To assure a predetermihed number of rolls,
it was sufficient to put a cardboard distributor at the entry of

the canal, This last (see Fig. 78) is divided by vertical partitions
into little compartments the size of which can be fixed arbitrarily.
The tobacco smoke must traverse this obstaclerbefore entering the
experiment chamber., The smoke-layer is cut by these partitions into
parallel slices,

Each compartment of the distributor determines the origin of
two twin rolls, constituting by definition an eddy in longitudinal
bands. The eddies that it produces are perfectly regular, and their
width A (width of two rolls) is that of the distanc.e of separation
between the partitions., In these conditions, we can>produce a number
.of rolls that can very between very wide limits.

The employment of such a distributor is not necessary to pro-
duce an arbitrary number of rolls. JIf one places at the entry of the

canal very small solid obstacles, having the form of little cylinders



- 10 -

of 1 cm diameter and 1 cm in height, one obtains the same result.
(Fig., 79 in back).

Behind each obstacle there forms a sort of wake or furrow
marked by white crests of tobacco smoke. They propagate themsélves
the full length of the canal and determine the partitions of separa-
tion of two consecutive pairs of rolls. The mechanism of the develop-
ment, (exhaustion of the smoke accumulated in elongated crests) is
such as we described in Chap. IV and drew in Fig. 38,

Here is a concrete example, in which the height h of the canal
was 4O mm and its width L 200 mm. Four rolls took shape immediately
(Fig. 79) when the conditions were normal (no obstacle at the entry of
the canal)., The A/h ratio is hence equal to 2.5.

In order to increase the number of rolls to six, we placed two
cylindrical obstacles at the entry of t‘he canal, that cut the air-layer
into three slices, each having 1/3 of the total width L. The six rolls
produced themselves without any difficulty (Fig. 80). Hence, the X/h
relationship diminished from 2,5 to 1.67; and consequently, the thick-
ness of the rolls is greater than their width, (Figs. 80, 81 in back).

Finally, we tried to produce eight rolls, by putting three
obstacles at the entiy (Fig. 8l). The layer divided itself into four
slices. They are separated by three crests of thick smoke placed in
the wake of fhese obstacles, Each of the two lateral slices gives
rise to two twin rolls, Four other rolls likewise attempt a beginning
in the central space, but their number does not conserve itself, for
the center slices are very much jamméd together to the profit of the

marginal rolls, The two rolls in the center are progressively absorbted
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by their neighbors. One sees by the figure that thé medisn crest
of smoke, indicator of rising currents, is suppressed further down-

strean.

—
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Fig. 82 mSchematic representation of the preceding experiment -

progressive transformation of 8 rolls into 6.

(Fig. 83 in back). That proves that the four rolls that started to
take shape have been replaced by two wider rolls, In sum, the system
of éix rolls reestablishes itself, |

iThe three transversal cuts A, B, and C (Fig. 82), faken at
separate points in the length of the canal, represent séhematically
the mechanism of progressive transformation from eight rolls to six.

Endeavors were undertaken also in the way of reducing the num-
ber of rolls, Without going into detail concerning the artifice
employed, we can state that in the same canal we managed to reduce the
number of rolls to two only, and to attain thereby the ratio A/h =5

(Fig. 83).
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We carried out a great number of experiments of like kind by
making the thickness h vary. The values obtained of the A/h ratio
vary from 1.25 to 5.

It is necessary to remark that the formations corresponding to
the extreme values, and notably to the lower values, are not very
stable, A little, accidental perturbation in the field of observa-
tion can provoke, according to c¢ircumstances, either an increase or

a decrease in the number of rolls.

2. Mechanisms of reduction of the number of rolls.
We have already described one mode of reduction of the number

of rolls, Here is a second mechanism of transition that we have ob-

served very frequently.

8- ' — - VI
Zj . | 1tV
5+ | | ::~x -V
4- : . < +1I
3+ — -
" I

_ Y —

Fig.‘8h Schematic reduction of the number of rolls by splicing.

During an experiment (h = 30 mm, L = 200 mm), where the most
probable number of rolls would be equal to six ( A/h = 2.22), eight
rolls formed themselveé in the upstream region of the canal, Further
downstream they were reduced to six by the mechanism drawn in Fig. 8L.

We designate the initial rolls by 1, 2, ....... 8, the resulting
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rolls by I, II, .......VI, ard by the signs + and - the rotation
from right to left, and conversely.

| Roll 3 and roll 5 twist themselves into one single roll III,
all having the same direction of rotation., Similarly, l and 6 twist
themselves into IV, Rolls L and 5 have to cross each other before

penetrating the resultant rolls ITT and IV.

i

—_— _

~ N jw s oy Jos N3 |

Fig., 85 Schematic suppression of two undulated rolls: the 8 roll
system succeeds the 6 roll system.

Let us pass to the third example. In an egpeQiment, the width
and thickness of the canal were 360 and 36 mm respectively. The eight—
roll system produced itself most frequently ( A/h = 3), Notwithstand-
ing, ten rolls also did appear (A/h = 2.L), but this system did not |
endure: two center rolls were‘Suppressed by the neighbors, One sees
the mechanism of their amihilation in Fig. 85. The two rolls with
undulating partitions were simultaneously "ground in® and pushed towards
the outlet of the canal. The whole field is progressively invaded. by

the stabler system of eight rolls,
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3. Mechanisms of increasing the mmber of rolls
Augmentation of the number of rolls by bifurcation.
We have observed this particular case in the course of an experi-

ment (h = 4O mm, L

335 mm) where we predetermined the production
of six rolls ( A/h = 2.8)., They took perfect shape, Nevertheless,
further downstream a little accidental perturbation provoked the
bifurcation of two crests: two new pairs of rolls were now created
(Fig. 86). The accident was evidently of a transitory nature,
because the system of ten rolls (.l/h = 1,67) was soon after replaced
by the six predetermined rolls.

Augmentation of the number of rolls by interpolation. -
Let us ﬂake as example one of our experiments where h = 30 mm and
L = 308 mm, These conditions have been favorable to the formation
of ten rolls (A /h = 2), By placing at the entry of the canal a
distributor with six compartments, twelve rolls were incited to take
shape (Fig, 87). But for all that, one pair of rolls could not
develop itself at once: it gof squeezed together like a narrow sharp
wedge, It was but very slowly that the two supplementary rolls inter-
polated themselves amongst the others and that the system of twelve
rolls filled up all the space. (Figs. 86 and 87 in back).

Another aspect of penetrating rolls is drgwn on Figure 88, The
undulating partitions recall the analogous formation éited among the

examples of the diminution of the number of rolls,

Conclusion., - Experience shows that a fluid leyer in translation can

divide itself spontaneously into 2 mumber of rolls that varies within
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Fig. 88 Schematic augmentation of the number of rolls by undulated

interpolation of a pair of supplementary rolls. The system
of 10 rolls has succeeded that of 8 rolls,

certain limits., Their interval can be considerably widened if we take
recourse to perturbations artificially provoked. Each one of these
formations, once established, is stable, As for the degree of their
stability, it is evident that it is variable. It is very probable
that the stablest formation will be the most frequent, on condition
that all the perturbations and irregularities be avoided as far és

possible.

e hea 2T

By analogy, one could apply the same conclusion to all other

forms of thermoconvective eddies.

L. Theoretical Considerations.

To terminate this chapter, a short mathematical analysis rela-
tive to eddies in bands, (eddies with two dimensions) with the conditions
of Jeffreys, would be very useful,

According to theory, the dimensions of the eddies are in direct

correlation with the number./\, which is by definition (18) proportional
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to the linear gradient of temperature f&, and to the fourth power

of thickness h.

Ay

1900 1 \ AzlwphA.-1378
1800 + _A=los/. 21793
1700 T ' ;
' L
23 2o .10 3.96 394
7600 [ ) L N B
2 - 25 3 25 4 a

Fig. 89 Jeffreys' criterion as a function of the pure number a,

Being granted that, in the system ofrtwo dimensions, the wave
length A is defined by (71), one finds, according to relation (57)
(which gives N\ as function of a) for each value of /A two values of a,
and thus also two values of A . In the particular case where A passes
through its minimum, a takes a single value, We know (cf., Chap. VII,
Theoretical Part) that at this‘critical moment when the first thermo-
convective currents can release themselves, A = 1707.5, = 3,1 znd
in consequence A/h = 2,03 (cf. (72b)). Let us suppose that these
theoretical values are rigorously exact. It can happen, none the less
in the experimenﬁs that the release of the motions is retarded Ey one
reason or another. When that happens, the value of J\C (the index ¢
should indicete that ch is the actual critical value, }C the corres-

ponding wave length) - is more or less passed by.
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The numerical calculation shows that that is full of conse-

For example, if A is greater than

A _ by only 5%, the ratio A/h diminishes by 20% or augments by
¢ Y ’

25% in relation to the critical value _Ac/h.

A in function of a, constructed according to (57), is gra-

phically represented in Fig, 89, We have marked the four values of

a corresponding to: /A= 1,05 J\c = 1793 and to: A= 1.10 ’Ac = 1878,

Furthermore, we have carried in the table given below the

values of A/h calculated for the samef\'s.

. AT
Y v

(33% above the
critical value)

AN il >L1/"‘- = _%_;[r__ 3'2
1.05 A, = 1793 2,51 2.5 3.76 1.67
(25% above the (20% above the
critical value) critical value)
1.10./\'3 = 1878 2,36 2,66 2,94 1.6

(25% above the
critical value)

This theoretical analysis of the simple case that we have Just

carried out, gives a clear explanatibn of the origin of the variation

of the ratio A/h. It results therefrom likewise that precision in

geometric measures is not useful because the dimensions fluctuate too

much,

&.

1.

Theoretical Section

Chapter X

Streamlines

Stream function in the problem of eddies of two dimensions.

The sﬁudy of the motions in the midst of the convective eddies
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inay be reduced as often as we choose to the study of motions in

two dimensions, which lends itself readily to mathematical analysis,
Let us take in the vertical plane the orthogonal axes x and

%, % being vertical and directed straight upward., We can suppose,

without committing any appreciable error, that the divergence is

null (according to (8) it is equal to o()f _VZA"[‘ ); and so, in

the problem with two dimensions:

du ow  _
(7L) 'a‘i*aT‘O

The equation of continuity (7h) entails the existence of the
stream function ‘l/ such that:

(75)» u = g—i—‘ and W= — 3;

is a function of the coordinates x and z and of the time 4.

Then, the total differential OL Y is written:
)
(76) d‘l’=%{’—dx+§%—d2+g—%dt

If the motion is steady, time does not intervene. In these
circwnstances, and in virtue of (75), the integration of (76) gives

us, except for a constant:

7 = (wdx +fudz

We have found before that the vertical component of velocity
w is equal to (35). On the other hand, re-introducing the relation-
ship (1L), the perturbastion of the thermal field in the two-dimensional
system reduces itself to

AT = ATosin LxZ.
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With this expression, (35) becomes:

; 2
(78) w =% sin L [%,Z-—-z’z]- |

By using the equation of contimuity (7L) and the expression

(78), we obtain:

) A2 2dZ
(79) wskLcosly (42 _pdz].

The two components u and w being determined by (79) and (78),
the stream function (77) becomes, after integration:
» 2
=% 1 A2 _ ’J
qI—Z—B-ZQOSZl['E? lz
Omitting the constant factor, this function is written in the &
system, with (70):
2 /2
| - x[z.x*dZ7
(80) ¢-°°5ah[z QzTE’T]
Before we apply this result to a number of partiéular cases,

§

we must determine the corresponding functions of Z.

2. Determination of the Z function in a number of pétticular cases,
The general solution of the differential equation of the sixth
" order (2li) has been given by the expression (25). It divides itself
iﬁto two independent parts in the problems where the conditions.at the
tﬁo surfaces are identical, There results from this one symmetric
solution and the oﬂher anti-symmetric with respect to the median plane
of the fluid sheet. The symmetric solution ( p are even and r odd) is

written then:

2 4 o2
B, [ Bafm _eY_S A -,
(81) 2:30.,.3%(-12--5 +7r'li(2 E r%—r%sm ré
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and the antisymmetric solution (p are odd and r even):

(82) Z"Ba(';.i‘ ) *+3) ("-Q)-l-—-f - - ) s/n ré,

Problem of Lord Rayleigh, We found in Chapter VII that all
the constants of the two possible solutions vanished, In these con-
ditions, the function Z is null. However, there exists a solution
that is different from zero, That comes when the denominator of the

relationship (cf. (27)):

A

6
rT R+ -Mp?

is equal to zero simultaneocusly with Ar’ We hence can attribute to

A, s

the constant Ar, which figures in the trigonometric series, a finite
value of some sort. If we suppose that:
6

Ar = ar,

we obtain:
(83) : Z = sinrf,
where r is a whole number, even or odd, This function corresponds to
the eddies in layers piled one on the other, whose number is equal
to r.

The function (83) si_mplifiés itself in the case of a single stage
of eddies to

(83a) Z = sin E,.

Problem of Jeffreys. The sjmnetric solution and the antisymmetric
solution differ one from the other, We shall determine the function 2
only for one and two stages of eddies.

a) Symmetric solution (one single stage of eddies). ket us take

again the boundary conditions (L8) that we established for the problem
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of Jeffreys, and the equation (32) that gives /\r as a function of
the constants B, B, and B . By utiliszing the two first conditions
of (48), (32) reduces itself to:

2 6_ 2
@) A=k [3(1e)+ 254 3,
In the particular case of a single stage of eddies (r=1)

(ef. Chap. VII, p.95):

- -a _31 _,
Ay, =1701.5  and  b=Z-=2L=0987

s

With that, the quation (84) gives at once the constant Bh' Bh being
known, B2 and B0 are likewise defined, Einally, one calculates with
- (27) and (84) the constants'Ar.
We have found the following values:
B, = =16k, B, = 160, Bh = -129,6,

& = -18L.7, 4y = -124.6, kg = -88.6.

With these values, (81) becomes:
- v a : T 4
(85) Z = -16} + 80 ("2“ —E,)- 5. (Iz = f.)
 +181.7 sin £+ 0.17 sin 3 & + 0.0057 sin g & + ...

We have calculated only three terms of the trigonometric series, -
because they converge rapidly towards zero. |

The function Z, represented in Fig, 90, is very close to the
sinusoidal curve, which is, as one knows, the function Z of the problem
of Lord Rayleigh, It is understood, of course, thatvthe maxima of tbe two
curves have been made equal.

b) Antisymmetric solution (two stages of eddies). Substituting

the first two conditions of (58), the equation (33), is reduced to:
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r

(86) A=2][3 b’(l .+/5§) + ‘-’i:;/‘;l-f—] B,

i R: Rayieigh‘s problem
X DE Jeffreys'! problem

| N
ZT NN

N

Fig, 90 Function Z in the problems of Rayleigh and Jeffreys for one

single stage of eddies,

This relationship gives the numerical value of B5 if we put
there A __, = 17,650 and b = 1,72, values found in Chapter VIT when
T was equal to 2, The equations (27), (58), (86) furnish all the

other constants, Here they are:

B

-127.2, By = W, : 135 = .1073,

i

The solution (82) takes the form:

i Atz
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s~
+88.3sin2& +o07125sin b & + ...,

which is graphically represented by Fig, 91. We have likewise traced
the simusoidal curve corresponding to the problem of Rayleigh, The |
maxima of the two curves compared do not coincide: those of t};e Jef-
freys problem are pushed towards the interior; this fact is brought

about by the presence of the rigid walls.

=g

I~ [5h

R: Rayleigh's probley .

J: Jeffreys' problem

el =

-1 -0.5 ' 0 o5 1

| Fig. 91 Function Z in the problems of Rayleigh and Jeffreys for two
stages of eddies. -

3. Determination of the stream function in certain particular cases.

Fluid sheet with %wo free surfaces (préblem of Lord Rayleigh).
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The function Z has taken in this problem the form (83), which is a
simple sinusoidal curve. In virtue of (22) and (L5!), the stream
function (80) becomes:
¢ = COS(‘}_;‘%) snn(rrt—*hj),
For each value of ¥ , one finds a closed stream line, It
becomes, for'¢ = 0, a rectangle whose wiath is equal to i%E and

the height to %. It reduces itself to a central point when W’= 1.

The two figures 92 and 93 reproduce the stream lines, corresponding

y PPN

2h >

Fig. 92 Stream lines in the problem of Rayleigh for one single stage

of eddies,

respectively to one and to two stages of eddies (r=1and 2)., The
behaviour pattern of the stream lines_in the two cases is exactly the
same, with this difference that in the first case the rectangle

V2 hxh is engendered by a single cellule, and in the second case by
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'Fig. 93 Stream lines in the problem of Réyleigh for two stages

of eddies.

four cellules (each one occupies a sui‘face ‘[%E x g—) .

Fluid sheeﬁ between two rigid partitions (prdblem of Jef-
freys) - symmetrical solution (one singie stage of eddies). In
this problem, the function Z presents itself under the form (85).

Elsewhere one has had a = 3,1 (cf., p.110). With these values, the

function: »
(88) =z 701_2 fzé = -328.3 + 1h6.5 <g —E) - 5. (%‘ -E,)
368.4 sin& + 1.7 sin 3£ + 0.15 sin S&+ ..,

+
This function, which, in the problem of two free surfaces, was
a simple sinusoidal curve, has become more complex. One sees in
2 '
Figure 94 that the curves (% - é% Z"), corresponding to the two cases
under consideration become COﬁsiderably separated,

When we divide the expression (88) by its maximm value (=38.5),
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'\-\n R:problem of Rayleigh
— P —
\\. ~ J:problem of Je;‘freys

C —] — — ’-_2_%‘2.‘_—
>
0.5 1

0(
. 4. .
Fig. 9L Function 2 -732 Z" in the problems of Rayleigh and Jeffreys

for two stages of eddies.

the function of current (80) becomes:

2 | L
= cos 3.1 ¢ [. 8.53 + 3,81 @ _g) - o.m@_r _g>
+9.67 sin &+ 0,045 sin 3£ + 0,004 sin 5 & + ] .

When ﬂf= 0, the stream line equals a square with sides = h. It reduces
itself to a central point for ¥ = 1. The stream line field (¥ = 0,
0.1, 0.2 .... 0.9 and 1) is represented in Fig., 95.

Fluid sheet between two rigid walls (problem of Jeffreys) -
antisymmetric solution (two stages of eddies)., Let us take up again

the function Z drawn from the antisymmetric solution (87), where the
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I: Losh *'l

Fig. 95 Stream lines in the problem of Jeffreys for a single stage
of eddies.

mumber @ = 5. (cf. p. 113). Using these values, we obtain:
2 3 5
n2dz _ T p T
(89) 1z - F:izg = =277 (g - f,) + 134 (7 -Q) -8.9 <§ - E,)
| + 208 sin 2 & + 4.6 sin L& + ..,

This function is outlined in Fig. 96 beside the analogous
function in the problem of Lord Rayleigh. The separation'of the
curves is very accentuated,

If we divide here again the. function (89) by its maximum

value (=43.4), we obtain for the stream function (80):

¥ = cos 5.4 %c [—6.& (;—T- é) + 3.1 (;—r- &)3 - 0.2 (%T- g)s
+ 4.8 sin2& + 0.1 sin L € + ...j .

In putting Y= 0, the stream lines become rectangular. The
individual rectangles, ranged in two stages, have width 0.58 h and

their height h/2. Elsewhere, when V=1, the stream lines reduce
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Fig. 96 Function (Z = ;—.7:2") in the problems of Rayleigh and Jeffreys
for two stages of eddies,
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Fig., 97 ©Stream lines in the problem of Jeffreys for two stages of eddies.
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themselves to isolated points, separated along two horizontal
lines., Figure 97 reproduces the stream lines of two superposed

cellules, calculated for the values v’= 0, 0.1, 0.2, .... 0.9 and 1.

h. Vertical velocity w in the problem of the square cellules.

Hereafter, in the Experimental Sectioh, we shall heed to
know the distribution of velocities in the median horizontal
plene (z = h/2) of a layer of air divided into square cellules, a
distribution that we shall now proceed to determine,

The medisn plane being the plane of symmetry, (because we
take the same conditions for the two limiting surfaces), it is
evident that the components of velocity u and v vanish, and that
the vertical component w, defined by (35) alone remains.

If we reintroduce the éupposition (1L), the relationship

(35) gives us, after the operation with V2:

W= ? ATO [Z“ - (12 + m2)ZJ sin {x sin my.
In the median plane, the last relationship.can be written under
the form:
(90) W = W, sin lx sin my,

where Wy is é constant which depends only on the boundary conditions
and on the form of the cellules, Tt is to this expression precisely

that we shall return lster on,

B - Experimental Section
1. Two-dimensional cellular eddies.

The two-dimensional cellular eddies, contained in a slender

i e T
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tank with glass walls very close together (cf, Chap, II), are the
' only ones allowing the direct observation and photographing of the
trajectories and of the partitioning in the vertical plane.

One single stage of eddies, - The photographs taken during
the phase where the smoke is still sufficiently concentrated (see
Figs. 11-b and ¢, Chap. IT and Fig. 98), show that the actual
trajectories resemble, on first approximation, those which result
from mathematical analysis. Bear in mind, however, the dimehsions‘
of the cellules do not enter into the discussion,

None the less, when we examine the photos relating to a more
advanced phase in the regularizatibn of the cellules(diffused smoke),
we find out thet the centers of rotation Cr do not coincide with the
geonmetric centers Cg of the rectangular paftitions. For one thing,
they are pushed toward the top, and for another, they dreﬁ nearer
to the‘centers of descending currents (hence, they draw away fram
the centers of ascending currents, as éhown in Figs, 99 and 100,
By'designating e, the horizontal elongatien of the center of rota-
tion from the geometric center'(Fig. lOl), one becomes aware that
the average speed of the descending currents Wd is necessarily greater
than the average speed of the escending currents Wa by reason of the

relationship:

where

. -
bi = 5-1 + 2 e and b2 =

h

N
o
'
N
o
by
s

A being the width of the two twin cells.
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Fig. 98 Experimental eddies of two dimensions in a layer of air;

trajectories made visible by tobacco smoke, Height of layer h =

65 mm,

of air with dif-

Fig., 99 Experimental eddies of tﬁo dimensions in a layer
the cellules do

fused tobacco smoke. The geometric centers Cg of

not coincide with the centers of rotation Cr' h = 65 mm.

Fig. 100 Experimentel eddies of two dimensions in a layer of air with

diffused tobacco smoke. The geometric centers Cg do not coin~
cide with the centers of rotation C. h= 85 mm,
It results likewise from the measurements taken on the photo-
graphs (Fig., 99 snd 100), where we have marked the centers Cr and Cg’

that the vertical displzcement e, is very much greater then the hori-

zontal displacement e; and in consequence, the difference of the average
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Fig, 101 Schematic eccentricity of the geometric centers Cg and
of the centers of rotation Cr of the cellules.
horizontal speeds above and below the 1in§ of the centers of rota-

tion is again moré accentuated.

Two stages of eddies, - The first mathematical analysis of
cellular eddies, given by Lord Rayleigh, revealed the existence of
the stable precohvective regime s @ problem which we have submitted
to eXperimental verification with full success (c¢f, Chap., VII). A
second fact, arising‘likewise from the mathematical analysis, has
been indicated by A,R. Low (15-b). This author resumed the theory
of Rayleigh and Jeffreys and he found ﬁhat besides the simple solu-
tion; admitting one single stage of cellular eddies, there exist mul-
tiple solutidns which correspond to numbers of stages greater than
one. He &lso carried out the qalculations and the drawings of the
stream lines for the casés of convective eddies with one, two, three
and four stages.

Wé have shown, withal, that in starting from the original
theory of Jeffreys one can arrive at the same result. In particular,
we have developed the calculation of the Rayleigh—Bénard criterion
for a given number of piled-up modes, and that equally well for the

conditions of the problem of Rayleigh as for those of the problem of
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Jeffreys (cf. Chap. VII, Theoretical Section).
More especially still, we have treated the antisymmetric
problem with two stages of eddies. We have determined numerically
the criterion quzg’ the function Z and the stream function ¥,
and all that for the two aforementioned problems, For all the
details, the reader should refer directly to the corresponding chapter.
Multiple ﬁodes have never been seen by the experimenters. In
view of confirming or rejecting the prectical value of this theoreti~
cal result we have proceeded to the necessary experiments (21-e) using

the seme slender tenk that served us before in producing cellular

A i
|

b

"

First phase

Third phase

Fig. 102 Schematic development of eddies of two dimensions in two
superposed layers, one formed of dense smoke, the other

of pure air,.
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eddies in two dimensions (cf. Chap I1).

As soon as the thickness h of the gaseous layer is deter-
mined by the level of the layer of water covered byva thin sheet
of 0il, one allows tobacco smoke to flow in sufficient quantity
to £ill up the lower half of the hermetically sealed tank. The
- layer of thick smoke (Fig. 102: First phase) stays horizontal some
time and cleanly separated from the upper layer of pure air.

One readily perceives that in the smokey 1ayer.the thermo-
convective eddies establish themselves (Fig, 102: Second phase).

The interior motion provokes a ve:y'strong undulation of the sur-
face of separatidn.

Soon, a filament of smoke indicates that eddies, superimposed
upon the preceding ones, have likewise formed in the‘upper layer.
(Fig. 102: Third phase),
| After the establishment of currents in two stages, the sur-
face of separation remains in undulatory movement, This proves that
this formation is not very stable, even if it is only a matter of two
stages and despite the fact that the densiﬁies Bf the thick smoke and
pure air differ perceptibly. The bringing about of regular currents
of several stages, would be, then, in the caée of gasses, almost
impossible, even if we could avoid the diffusion of the gasses. On
the contrary, no difficulty presents ibself if one operates with
liquids that are different and do not mix,

The phenoﬁenon of diffusion also intervenes in our experiment
made with two superposed layers. In the upper lgyer, the eddy-motion

progressively atsorbs the tobacco smoke at the expense of the lower layer.
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At last, 21l the smoke diffuses and a single layer of eddies is
established, a form described from the beginning in Chapter II,

Mnalogous experiments in an indefinite horizontal layer
would be very interesting, but as one can see, they would be deli-
cate to realize,

To sum up, if superposed eddy-currents are to come about, it
is needful that the empiled layers be sufficiently heterogeneous,
Moreover, in the case of gasses, the diffusion must be avoided, or
at least slowed up. As a consequence, one can never hope that
motions in two or even several stages can establish themselves prac-
tically in a layer constituted of a hamogeneous fluid. And so, the

result of Mr, A.R, Low has only a mathematical interest for us.

2. Eddies in transversal bands,
The longitudinal section of the ensemble of transversal rolls

gives the exact aspect of cellular eddies of two dimensions. Hence,

—

Fig. 103 Schematic trajectories in form of a shortened cycloid,
described by the particles constituting the eddies in

transversal bands,
the theoretical results relative to the problem in'two dimensions
apply just as well to eddies in transversal bands, In these condi-

tions, the stream lines inside the rolls are rectangles whose angles
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become the more rounded in proportioh as they are nearer to the
center of rotation (see Fig. 33: Fourth phase), These lines afe
curves situated entirely in the vertical planes oriented in the
direction of the general current.

Being given that the ensemble of rolls movesj with a rate of
translation V, it results therefrom that thertrajeétories resemble
shortened cycloids. These pseudo-cycloids appertain to;two different
families, for the ensemble of rolls is compoéed of two groups,. of
which the first turns to the right and the other to the left. The
two types of trajectories can be compared with the shértened cycloids
we have constructed on Figure 103, taking circles of diameter 2/3 h

for the stream lines inside the rolls.

3. Eddies in longitudinal bands,

8,0.6,0.6C
—A—— 3t —

%
e

Fig. 10 Schematic helicoidal trajectories described by the parti-
cles‘forming eddies in longitudinal bands.
The considerations relating to the longitudinal section of
transversal rolls apply integrally to the transversal section of
eddies in longitudinal bands. We can therefor consider them as the

same problem in two dimensions.
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The speed of tran;iation being perpendicular to the plane of
rotation, the trajectories that resuit from it are pseudo-helicoidal
curves, A view from above the longitudinal rolls and their trans-
versal section are sketched in Fig. 10l., The helicoidal trajectories,
seen in projection, have a nearly sinusoidal form,

As regards photographic recording of internal motions, let
us recall first the penetration of the,goncentrated smoke in the
rolls already formed in the midst of the layer of pure air. The
twist-drills (see Fig. 43) reveal very well the heliéoidal character
of the movement inside the 1ongitudinél roils. |

The phase of penetration of the twist-drills is particularly
favorable to the readlization of quantitative measurements concerning

;
the distribution’of the component of axial speed with respect to the
rectangular section of the rolls. ' Here is the prinéiple of the
method: We photograph at two well-determined instants, ty and'tz,
the ensemble of penetrating twist-drills., Their form has elongated
itself following the approximately parabolic distribution of the
translation veloeity in relation to the cross section of the rolls,
‘as this is sChematically represented in Fig. 105. The distance, s
between points 1 and 2, situated on the two contours A and B (the

one registered at instant t., and the other at instant t2) is the

1)
direét measure of the lengthwise speed at the considered point, In

fact, the longitudinal speed, in the permanent régime is éxpressed by:

s
V = ——— = V(x,3).
to -ty

It attains its maximum in the axis of the roll.
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Fig, 105 Schematic distribution of Speeds of translation along the
longitudinal section of a roll, '

Being given that the photographs are made in vertical projec-
tion, only thevdistribution of speeds in the median horizontal plane
(2 = 1/2 n) can be established with exactitude. However, the gyra-
tory character of the rolils allows us, with all neceé.sary reserves,
to apply the distribution of speeds of the median plane to other

azimuthal planes.

Let us go on to the second means of visualization of the inter-

nal motions. It is the method of materializing individual helicoidal
tra,jec‘boriés by means of the filament of smoke, an operation that is
particularly successful when the thickne’és h is in excess of 20 mm,
The first photograph (Fig. 106) reproduces eight longitudinal
rolls (h = 35 mm, L = 345 mm, )L/hrz 2.46). The filament of smoke,
in;'jected in little doses in the individual rolls reproduces exactly
the internal trajectories, These last, seen in projection, have
sinusoidall_form. t[heir wave-length is a function of the speed of
translation and the angular speed. In turn, the speed of translation
depends on the force of aspiration and on the friction of the gaseous
mass in the canal, and the angular speed depends upon the difference
of extreme temperabures and also on the friction. If the aspiration

and the extreme temperatures are constant, the wave-length is only a
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function of the spatial coordinates: it is short near the parti-
tions and longer inside the rolls, The schema (Fig, 107) repro-
duces two twin rolls only. We have drawn for each roll three coaxial
trajectories, The form of the peripheralltrajectories is considerably

influenced by the friction against the limiting plates. On the contrary,

I %@f)\tﬁ’{; I
= = . 1<

Fig, 107 Schematic helicoidal trajectories as a function of their

elongation starting from the axis of longitudinal rollé.

 the central_tréjectoriés reproduce very nicel&iperfect helicés. These
are the more eléngated as they are nearer the central axis of the roll,
The axis itself is a trajectory upon which the speed of translation
attains its maximum value. (Figs. 106, 108, 109 back).

The second photograph (Fig, 108), relating to a layer of air
50 mm thick and 345 mm wide with eight rolls imposed, proves that the
helicoidal trajectories remain always pérfec;t > @ they are in the case
shown by Fig. 106, |

Finally, t he third photograph (Fig. 109) taken l:i:kewise for
"h =50 mm, is interesting by its lateral rolls, where the peripheral |
trajectories are particularly deformed in consequence of the presence
of the lateral walls of the canal.

As the translation and the rotation of the longitudinal rolls

ere rapid, the quantitative measurements would seem to require the use
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of the cinema, The material means actually placed at our disposal
have not permitted the realization of this interesting part, Their

execution had to be adjourned until a later date,

i, Polygonal Cellular Eddies,

Hexagonal cellules., - Let us suppose that the gaseous layer
be divided into hexagonal cellules whose principal dimenéiohs con-
form to the result that one deduces easily from the theory of Lord
Rayleigh (horizontal distance of two centers §f contiguous hexagons
X= 3.29h). The trajectories of the steady circulation are closed
curves situated in the vertical planes passing through the axes of
the cellules.

It is easy to determine approximately the central line of the
eddy around which all the threads of the fluid turn, by supposing
that the average vertical ascending and descending speeds in the
median horizontel plane (Z = h/2) are equal, In these conditionms,
the central portion (face where currents descend) and the periphefal
portion (face where currents ascend) of the hexagon must have the
same surface areas, If we admit that the central eddy line separating
the two faces is a regular hexagon (in reality, its summits are
rounded off) and concentric with the hexagon of the cellule, we
find, according to Figure 110 that its side b, expressed by A and
h, is equal to: | |

b= A 3.29h

- 4—6- = 1.3&- h-

Hence if we make a vertical cut perpendicular to the sides of the



Fig, 110 Hexagonal cellular eddies in gasses: schematic separation
of areas of ascending currents (white) and areas of descend-

ing currents (hatchings).

hexagoﬁs and passing through their axes, we obtain a series of rectangles

each one having a height h and width A/2 = 1.65 h (Fig. 111). The

>

Qxis
axss

——

Fig. 111 Vertical section of hexagonal cellules in gasses with some
trajectories around the line of rotation. The rotation is
the reverse of’ﬁhat observed in 1liquids; ascent along lateral

walls, descent along the axis,
central points about which the circulatioﬁ ocdurS'are defined;éQually.
They are found on the horizontél line z = h/2, symmetrfcglly separated

with reSpect to the vertical axes at the distance ¢ which is egual to:

_ V3, L . ,
c—', b—zm—loléhc )

Guided by the rectangular contour bf the vertical section of a

hexagonal cellule and by the position of the two central points of the



circulation, we have designed upon the samé Figure 111 several inter-
mediary trajectories (see also Fig. 5 relative to eddies in liquids).

| Square cellules. - The reasoning we have just applied to hex-
agonal cellules can be entirely applied to square cellules, it being
understood that the central eddy-line would be here a square with
rounded summits with the side:

= A
b= &,

where A is the distance of the centers of two contiguous cellules (or
again the side of the square cellule),

If we mark in black the regions with descending currents and
leave white the regions with ascending currents, we obtain the char-
acteristic distribution shown in Fig. 112, Let u$s make the same
design using the analytic solution (90) for the component of vertical
velocity w, relative to square cellules, where the wave-lengths A
and M are equal and defined by (73).

It is needed to determine the places with rising currents
(w >0) and descending, (w< 0), It is evident that one must pass
from the places of oﬁe given sign to those of the o'pposite sign by
w = 0, The geometric spot where w = 0 (cf. (90)) is defined by:

Zx = + nx and ?.y = +n7 ,
where n= 0, 1, 2, ...,, which gives two systems of straight lines,
The first (lx =+ n7) is parallel to the y-axis, and the other
(ly=+ nn) to the x-axis.
v’ We can check easily that the quadratic surfaces occupied by

the ascending and descending currents are disposed in a checkerboard,
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Fig. 112 -Schematic square cellular eddies; surface motion and
separation of areas of ascending currents (white) and
places of descending currents (black) as seen in the

experiments,

Fig. 113 Mathematic square cellular eddies: surface motion and
separation of aress of ascending currents (white) and areas
of descending currents (black) as one obtains them in

accordance with the theory.
as that is designed in Fig. 113. In comparihg the two figures 112 and

113 we observe thet they differ entirely. And for this reason, the
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énalytical solution cannot be accepted here without reserve.

Chapter XI
Part I

Distribution of Temperatures in a Fluid Layer containing Cellular
Eddies.

Thermal Field in Certain Particular Cases.

X - Theoretical Section
1. In designating by T1 and T2 the two extreme temperatures of the
fluid layer in which cellular eddies are occurring, the temperature

at any point is defined by:

1”72
(91) T = T+ =g+ AT,
Z A
i A\
I
L _\AT
2y ——— - \ :
b \
| \
) —
T
T T T

Fig, 11 Schematic diagram of the temperature distribution with

depth in a fluid layer, containing thermoconvective eddies.,

T, =T .
where —l—Ef——_ is the linear gradient of temperature following the

vertical axis z (Fig, 11L); T, designating the temperature of the lower
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surface, this graident, which we will designate hy,ﬁ , if, hence,
by definition, negative.

| The two first terms of the second member of (91) represent
the linear distribution of temperatures in an irrotational fluid
layér. This distribution is modified essentially as soon as the
convective currents arise. The perturbation in the linear distri-
bution of the temperatures, occasioned by the convective currents,
is represented by the additiénal tem-AT, which is expressed, in

the theory of thermoconvective eddies by the relationship (1hL).

2. Determination of the amplitude AATO of the thermal perturbation.

It has been possible to determine zﬁTO by the application of
a condition at the limits or boundaries (94), not perceived by the
theorists and which the experiment suggestgd to us.

The function Z, figuring in the expression (1h), has been
defined in certain particular problems (¢f., Chap, X). To determine
numerically the distribution of ﬁemperatures in the space occupied
by the convective currents, it remains to us to find ﬁhe value of
A TO. | |

It is evident that the grestest perturbations of temberature
coincide with the centers of the ascending and descending currents,
These centers are found at the places that satisfy the condition:
(92 ) sin szinmy=il.

Then, the equation (1) simplified itself into:

(93) AT =+ ATj Z.

The‘theory_supposes the constancy of the temperatures of the
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two limiting partitions, (sidewalls), Hence in these places, the
thermal perturbation AT is null, that is to say, that Z = O when

z = 0 or h. Supposing likewise that the heat source be found solely
on the bottom of the canal, the temperature T2 os the lower surface
must>be maximum and the temperature Tl of the upper surface minimum:

L, > TEle.

Thanks to the uniform convective currents , the temperature T decreases
towards the top 1n continuous fashion. If we admit, moreover, that
the heat is transmitted to the fiuid layer without discontinuity in
the thermal field, there results from it the supplementary boundary

condition of which we have spoken:

CON (&)

—-z— ‘= 0.
z=0
Combining (91) and (94) and taking for AT the positive value

of (93), since we are considering the ascending currents, we get:

- B - __F
az’. z=0 2z, 2=0
In the problem of Rayleigh we have found for the function Z
the expression (83a). This last, written in the z system, which is

connected to the & system by (21), becomes:

a
= .

Z = Sinﬁh

That being 50, (95) gives us .then for the amplitude:
= - Bh
ATO — - T( .

In the problem of Jeffreys, the function Z has the form (85).

In péssing from the system &to the system z, the numerical solution
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(85), divided by its maximum value (=18.2), becomes:

.2 N
(96) 2 = —9.00+ 13505 -2) - mg@ -a
+ 10 sinﬂ‘% + 0,01 sin 37 + 0,00033 sin S+ ees

By calculating its derivative in z = 0, we find according to (95):
= .Bh

(97) ATO 7.5
3. Distribution of the temperatures along the vertical,

The equation (91), where AT is defined by the relationship
(1), gives the distribution of the temperatures in the vertical at
any point. Again, it is the centers of the ascending and descend-
ing currents, defined by (92), that interest us in the first place.
The variation of the temperature as a function of z is then given by:

(98) T=T,+f2 + AT

This equation becomes particularly simple at the places that
Satisfy: sin /x sin my = O, that is to say, at the points where the
vertical velocity is mull., (98) reduces itself to:

T=1,+ g z.
&t these places, the linear distribution of the temperatures is not
modified by the thermoconvective currents: it remains as it was at
the time of the stable preconvective régime.

We give two diagrams of the distribution of temperatures fol-
lowing the thickness of the layer of air, the one for the problem of
Rayleigh (Fig. 115), the other for the problem of Jeffreys (Fig. 116). -

The three curves of each diagram correspond respectively to the. centers
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Fig, 115 Theoretical temperature distributions with depth in a layer
of air with two free surfaces in the problem of Rayleigh in
two dimensions,

4: following the vertical with ascending currents;
C: following the vertical with descending currents;
B: following the vertical placed between A and C,
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Fig. 116 Theoretical temperature di_stributionlwith depth in a layer of

air contained between two rigid partitions in the problem of Jeffreys in

two dimensions, &: along the vertical with ascending currents; C along

"~ the vertical with descending currents; B 2long the vertical placed between
A and C. '
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.of the ascending currents (w = WO) and descending currents (w =--wo)
and at the intermediary zone where the speeds are horizontal (w = 0),
We have given to the gradients of temperature £ the critical values
calculated for a layer of air 1 cm thick at an average temperature

of 20°C (cf. Chap. VII, equation (67)).

L. Determination of the thermal field.
Using the relationships (14) and (95), the fundamental equa-

tion (91) is written definitively

T=T2+ﬁz- sin 1x sinnlyiz—'ji—z,
dz =0
or again:
T-T
- 2 _ 2z . . 1
(99) 8= ph = E - Sin LX Sln_ my ;1'('7—2——)-——- Z.
dz 7=0
A '\B c

!

A

Fig. 117 TField of theoretical isotherms of eddies of two dimensions

~and eddies in bands in the problem of Rayleigh. ( X is not
- repreduced on exact scale; in reality it is equal to 2¥2 h.)

The thermal field, defined by (99), is, hence, independent of the

gradient of temperature ,8 and of the thickness h: the behaviour-pattern
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of the isotherms is the same for all values. of p and h,
The equation (99) reduces itself in the two-dimensional system

to:

(100) © = Z_ sinlx 1

h(%%) z=0

which gives for each value of & a line of equal' temperature,

Zy

situated in the plane x, z.
This result applies equally to eddies in bands, whose trans-
versal section is identical with (that of) two-dimensional eddies.
Let us gélculate the thermal fields relative to the eddies in
bands, in the two previouély treated problems.

Problem of Lord Rayleigh. When we introduce into the equation

- (100) the values of Z-,(%g-) and { s corresponding to the problem in
, z=0
question, it becomes
(100 a) e = %" lT"sin %% sin‘rl'kz—1 .

We have calculated, according to (100 a), eleven isotherms,
in giving to © the successive values of ®, 0,1, 0.2, ..., 0,9 and 1,
and drawn on Fig., 117 the thermal field for two rectangular cellules,
whose height is equal to h and the total breadth to A . The two ex-
treme irsotheri-ms, ©=0and 6=1, are hofizontal lines,
Problem of Jeffreys. L is equal, nearly, to unity. Z and
ATO being likewise determined by (96) and (97), the function 8

becomes

. 5 L
(100 1b) 8= % - sin x [—3.6 + 17.4 <]2—' - 1?_1) - 11.5(32'- - IZT)

+ ) sinT™ %+ 0.00k sin 371"%*- ...j .
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Jo

A

Fig., 118 Theoretical field of isotherms of eddies of two dimensions
and eddies in bands in the problem of Jeffreys,

Figure 118 reproduces the thermal field, calcilated according
to (100 b) for eleven values of 6 (0, 0.1, 0.2, ...... 0.9, 1) and
.extended to the section of the two contiguous cellules,

In comparing the two examples éxamined, one sees that the ther-
mal field of the stable preconvective régime (in which the isotherms
are straight lines parallel to the x-axis) undergoes more perturbation

in the problem of Jeffréys than in the problem of Rayleigh.

5. Variation of temperature normal to the axis of eddies in bands. K
We shall show in Chap, XII, consecrated to the application to
meteorology of the theory of thermoconvective eddies, the importance
of recording of temperatures mormal to the axis of a compartmented
cloud system. For this recording, it is fitting to choosé thebhoria
zontal level where the temperature amplitude, following a given direction,
is meximum; this is efidentiy the median plane z = h/2. |
In the case of eddies in bands, the variation of the temperature

is defined by:
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AT = ATO sm lx Zmax

In the particular problem of Lord Rayleigh, it takes the form:
T, -T

- h X _
AT = -%mnﬁ_h =

2 1

. 7TJ_E'
—Sanrh.

For the conditions of Jeffreys, we obtain an analogous expression:

To-1y
AT = 35 sin x,

Chapter XI Part II

B. Experimental Section
1. Equipment., Method of operation.

To choose a method permitting one to measure the temperatures
in a layer of air containing thermoconvective eddies, it is necessary
to specify the inherent characteristics of this phenomenon.,

Order of magnitude of the differences of temperature to be
measured. One undertakes to measure the temperatures of a 1ay¢r of
air whose thickness may come to 6 cm, One knows that a difference of
0.5°C between the extreme temperatures largely suffices for the pro-
duction of thermoconvective eddies when h = 6 em (ef. Chap, ViI).

| The measurement of these temperatures at five equidistant
points along the vertical (z = 0, 0,25h, 0.5h, 0,75h and h) seems to
be necessary and sufficient, Let us suppose, in first approximation,
that the temperature varies linearly: the differences of temperature
will be on the order of 0,1°C,

Stability of the local temperature, The preliminary endeavors

show that the temperature at a given point of the fluid layer oscil-
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lates inceésantly between more or less wide limits,

These oscillations are the immediate consequences of the con-
tinual evolution of the form of the cellular eddies (growth of lit-
tle éellules, breaking up of big cellules, alignment of polygonal
cellules in chains and in bands, etec.). The causes of these trans-
formations are very varied; we have indicated them in Chap. V. But
by reason of this evolution, the measurements must be carried out:

1. Rapidly; that requires that the thermometric instrument have
a small heat inertiag

2, With great precision; thg_readings must be made to better
than one tenth of a degree C;_.r |

3. Without appreciable perturbations of the eddy system; the

themometric instruments, hence, must not be clumsy or encumbering,

Fig. 119. Set-up of thermoelectric couple. L= lamp. E = scale.

L. &t each desired point of the fluid sheet;'the thermometric
instrument must be very easy to move about.
The 'iron-constantan thermocouple posseéses all these properties.

The set-up that we adopted is schematically represented in Fig. 119.
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Two wires, one of iron, the other of constantan, each of a
diameter of i/20 mn, are soldered at point a. The two other extrem-
ities, b’and ¢, are soldered to the copper wires connected in their
turn to a galvanometer with a mirror G. The solderings b and c,
serving as a reference-point and enclosed in a thermos bottle, are
maintaine.d. at a constant tempefature (in our experiments, generally
that of melting ice).. One reads the deviations from a spot on a
scale E, graduated in millimeters.

To bring the soldering a to some or other point of the experi-
ment chamber, we worked out a very simple set-up, Two capillary
tubes, tl and %,, the oné touching the floor, the other the ceiling
of the experimental canal, guide the wires of iron-constantan in the
horizontal planes, distant h m, Two little weights q) and g, hold
the wires constantly taut by means of two pulleys Py and p2..' Thus,
one can bring the soldering a to any point according tb the thick:
ness of the layer of air, by simply raising one weight or the other.
When one wishes to displace the ‘,soldering a in respecﬁ to the width
of the canal, one displaces simultaneously the two capillary tubes
in the Same transversal plaﬁe. Finally, to explore the temperature
following the 1ength of the canal, it is necessary to displace the
entire set-up. A little needle, fixed on t.he wire‘ indicates on a
1little scale the precise location of the solderihg a,

Calibration of the iron-constantan couple.

We have calibrated the couple in the interval of from 5°C to
20°C, The representative curve is rectilinear (Figure 120),

On an average, 1°C equals twenty-two divisions of scale E.



- 185 -

T T T 1 |
204——| _iron + constantan :
] [measure | TOC dwisions . @
T} {1 | 5.6] 90 s
T. > 8,0 | 13 — T
] 3 10,15 189 :
15 | 19.73 Loz /C/h:)
] 1°C'= 22 divisions p
10 - /
1| 4O | '
S /é N
0 " lo0- 200 300 400

Fig. 120 Calibration curve of the iron-constantan thermcelectric
couple,

The luminous pencil, being ﬁer'y_slender, one can read nearly to a
lhalf-division, and by consequence, one can determine the 'tempe‘ra'-'
ture to 1/LL°C, or close to it. |

Remark. - The thickness accessible to measurement with the
 thermoelectric couple is slightly less than the total thiélﬂd'e'ss h
of the fluid layer, because one loses on each s ide é little thick-
ness O occasioned by the introduction of the capillary tubes lead-
ing the thermoélectric wires. We have marked in the f igi_:tre 121 the
five points where we measured the temperatures. They are ﬁniformljr '
separated along the reduced thickness hr =h-290. '(]_Zn our experi-
ments we had 8 = 3,5 mm). In these conditions, a1l the following
diagrams relate to the reduced thicknéss h,. To compare more easily
the results obtained at different thicknesses s we took h . 38 'unitj. )

Hence, we have carried on the axis of the ordinates the values of
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sleel P/d'ﬁ.

Fig. 121 Cable movement of the solder jvoint a of the thermoelectric
coﬁple in the experiment chamber, (h = thickness of air layer; hr
reduced thickness determining the free travel of the solder joint).
2, Distribution of temperatures in the vertical,

Unheated layer of air, At the cdmmencement of each Series of
experiments, we have also measured the distribution of temperatui'es
alohg thé vertical b*efore the layer was sutmitted to the heat. These
measurements were carried out in the layer at rest and in the layer
under translation-movement.

f[he‘experiment's in a layer at rest have shown that the varia-
tion of temperature is sensibly linear for all the values of h. More-
over, the vertical gradient of temperature is always-greater than
zero.. In the course of our labours, we did not find a single case
iwhere 'tﬁe gradient l@ ;vras nﬁll, even though this case can producé it-
self if the conditions in the experiment chamber are favorable.

The ‘ﬁwo diagrams shown, Figs. 122 and 123, of which the first
relates to h = 39 mm and the second to h = 63 mm, give several curves
arising from different experiments in a layer of air at rest.

The results obtained wi‘bh the same thicknesses in a layer of
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Fig.122 Distribution before the principal experiment, of temperatures
along the thickness of a layer of air atrest and not heated (h=39 rm).
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Fig. 123, Distribution, before the pr1n01pal experlment, of temperatures
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along the thickness of a layer of air at rest and not heated. (thlek-

ness h = 63 mm),
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Fig., 12} Distribution, before the principal experiment, 'of temper-
atures along the thickness of an air layer in motion of translation
and not heated, (thickness h = 39 mm,

Speed V=5 cm/s.)
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Fig, 125 Distribution before the principal experiment, of tempera-
tures along the thickness of an air layer in movement of transla-
tion and not heated. (Thickness h = 63 mm, Speed V=<6 cm/s).

air in movement of translation are shown by the diagrams of Figs.12l,

125, 1In the case of thickness h = 39 mm and for a speed of translation
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V==l em/s, the distribution stays essentially linear; it ceases _
visi'bly to be so xv»zhen‘ the thickness is greater. The departure fram
linear distribution becames still more accentuated if the speed of
translation V increases. This comes from the fact that the time of
flowing of the fluid shéet through the canal is tod short and the
tﬁickness h too great for the temperature of the air that arrives
to be able to accommodate itself to the temperatures of th_é limit-
ing walls. | |

Vertical gradient of temperature as a function of the ti;ne_ of
application of the heat., The preceding results show that the vertical
gradient of temperature in an unheat‘ed»layer of ai-rv is positive and
practically constant if thé thickness h and the speed of translationr__v
V are relatively weak,

Now let us sﬁbmit the '1éyer of air to uniform heating, in
supposing that the heaf flux and translation speed are weak., The
vertical gfadient of temperature diminishes progressively with the
time of application of the heating. Af a given moment it becomes
null (the ‘temperature is uniform “through all the thickn_ess) and if
passes then to negative values (the higher temperatures being on the
bottom, the fluid layer becomes unstable). Here, for instance, are“ _
- the results arising f,fom two experiments made in layers of air of
L3 mm and 39 mm thickness. The diagrams (Figs. 126 and 127) put in
evidence the.pfogressj.ve change in the distribution of the tempera-
tures along the vertical as a functio'n of the time from first‘appli-
cation of the heat,

Let us follew at close range the characteristic phases of the



first experiment (h = 43 mm)., The first curve D has been obtained
before the commencement of the heating with a layer of air énimated
by a translation movement of 5 cm/s. The gradient of t.emperature ﬁ is
positive and almost constant in the entire thickness, The tempera-
ture increases continually towards the top and the layer is :Ln perfect
vertical equilibrium. |

After this preliininary measure, we have submitted, at 13 h
36 mn, the layer of air to a uniform heat absorbing Z;h watt/dgci-
meter®, Four mimutes afterwards , we obtained the curve E. Tt is
slightly straightened and shii‘ted toward the right. The average
temperature has increased, but that of the lower layers has iﬁcreased
more than that of the upper layers, To sum up, the gradient 'B has
diminished. In the following four minutes the temperature became |
uniform from the bottom to the top. The curve F is a perfect verti-
cal straight 1:'|.ne. (@ =0). Later on, the temperatures of the bottom
bécarﬁe greater than those above, The curve G stays rectilinear even
thouéh the gradient /3 has passed to néga'bive value, DNonetheless, we
have made certain of a feeble oscillation of temperature at the height
C’r =0,75. It announced, without doubt, the unleashing of the first
thermoconvecti;re currents. Hence, the criterion of Lord Rayleigh is
dlready slightly overpassed. The curves H and I correspond to the
régime {rhere th§ eddies in longitudinal bands have entirely developed.
The local temperatures, excepting the two extreme temperaturés , oscil-
late between rather close limits., The heavily marked curves are-.the

average of the extreme values which are indicated by dotted lines.
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Fig. 126 Experiment’a;l,‘dis’c.ribution of temperatures along the thick-

ness of a layer'of air in motion, submitted to a progressive heatiﬁg.

(h =43 mm; V=5 em/s.)
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Fig. 127 Experimental distribution of temperatures along the thickness

of a layer of air in motion, submitted to progressive heating., (Thick-
ness h = 39 mm; speed V:hvcm/s.)

A i e



- 192 -

Te results of the experiment with h = 39 mm have no need of
being examined separately. One finds in the corresponding diagram
all the necessary numerical data (Fig. 127).

Inversions in the distribution of temperatures along the verti-
cal, - We have seen sometimes, and especially ﬁhen the thickness of
the fluid layer was great (5 or 6 cm), thermoconvective motions per-
sistent even when. the temperature of the upper wall was greater than
that of the canal., This ascertainment is entirely contrary to what
we know of the conditions necessary to the maintenance of convective
currents. But the measurements of the temperatures along the vertical
have shoﬁ that this contradiction was only an appérent one.

The air layer, 63 mm thick was put into movement of transla-
tion (V=6 cm/s). The f:l".rst measurement, in absence of the heat,
gave, as usual, a distribution of temperatures that was almost linear,
The lighter layers being above the denser layers, no convective movement
appeared, Next, we procéeded to the heaﬁing. 750 watts applied to a
surface of 50 dm2 during two mimutes sufficed to provoke the perfect
formation of eddies in longitudinal bands, At> the expiration of this
time, we interrupted the heating, and 10 minutes later, as shown on
the diagram, the temperature at the bottom of the canal had gained
its maximum,

At this critical moment, the temperatures were distributed as

shown in curve J, Fig, 128. The fictitious (mean) gradient of tempera-

T, -7 .
ture —l—ﬁ-——2 is negative. The real gradient 18 is variable., It is

negative up to the height é’r = 0,75, where a slight inversion occurs,

and passing through zero, it becomes positive.
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Fig, 128 Experimental distribution of temperatures following the
thickness of an air layer in motion, abandoned to slow rechilling,
Characteristic diagrams in respécﬁ to the inversion of the tempera-
ture gradients (h=63mm V=56 cm/s.)

The bottom of the canal has been abandoned to slow chilling
" while the ceiling, which itself constituted the bottom of a tenk -
filled with a cooling.iiquid, was maintained at a temperature spprox-
.imately'constanta

Successive measurements gave the curves K, L and M, The curve
K still retains the J character of distribution, As for the curve L,
its fictitious (mean) gradient has become positive (e¢ L<%-r ).

Simultaneous observations have shown that the eddies in bands
still persisted, even if the temperature of the ceiliﬁg was clearly
greater than that of the bottom (Tl:> TZ). In examining the curve L;

one sees there a strong inversion at height C;r = 0,5. Consequently,
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there is a reduced thickness (marked in the diagram by hrL) where
the densest layers remain above the more expanded layers, The
reduced thickness is determined by the point of inversion, Th:'Ls'
layer, hence, remains the focus of thermoconvective movements up to
the time when the inversion of the temperature gradient is effaced,
The curve M carries again a like inversion, but it has des-
cended as far as the level where C’r = 0,25, The thermoconvective
currents recorded are excessively slow.‘.
®e
90

V,
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Fig. 129 Schema of the arfangement for the research or distribution
of temperature along five verticals in the experiment chamber,
(T ) = temperature arriving).

ernally, the two curves N and C give the distribution of temper-
ature when the gradieﬁt F has become positive in the éntire thickness.
The véz*bical equilibrium is perfect and no vertical movement has been
noted, |

 Now, Lord Rayleigh (13‘) says, in substance: "The fohermgcon-
v_ec'l;_iv!‘e currents cease to appear as soon as the difference of extreme
temperatures: is smaller than the critical_ value (T2 - Tl)c separating
the eddy regime from the stable preconvective regime." In fact, this
amouncement needs completing by a supplementary condition: No inver-

sion of the temperature gradient should produce itself along the vertical,
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In the experiments relative to the verification of £he Ray-
leigh-Bénard criterion we have taken account of this fact.

Inversion of the temperature gradient is due to the air that
comes in, because its temperature is higher or lower than the tefipera-
tures of the wallé that limit the layer under experiment,

Here is an example where the a.friving air is warmer than the
bottom of the canal (TA> T, > Ti). We have measured the vertical
distribution of the temperatures in five equidistan‘l;, places I, 11,
I1T, IV, V, of which.'the exact position is marked on Fig. 129, The
curves (Fig.. 130) which represent the vertical distribution of the
témperatures 1n these places, show that the éverage temperature of
the air penetrating the eXper:iJnént chamber adapté itself progressively
to that of the walls. |

Being given that upon enfry TA is greater than T2 s TA dimin-
ishes, In the upper lend of the canal, the influence of TA is consider-
abtle, The temperature of the bbttom T2 is ¢learly lower than the
maximum temperature which occurs &t a level between the floor and the
ceiling., At this same level, the gradient )5’ changes, of cgurée, its
sign (see curves I and I_i). It is ohly starting fram the center of
the canal that the gradient of tempefature /6 ceases to invert itself
and that it remains negative in the entire thickness (see curves III,
v, V). |

If the temperature T A is much superior to I, or inferior to I9s
its influence can propagat‘e‘itself right to tﬁe end of the canal,

One finds in Fig. 131 some curves of this type. The measurements
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Fige 130 Distribution of temperatures along five verticals marked in

Fig. 129 in a layer of air in motion and heated from below when TA>T2¢

(Consequence: inversion of temperature gradient.)
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Fig. 131 Distribution of temperatures along the thickness of a layer
of air in motion and heated from below when T A< T,. Consequence:

inversion of temperature gradient.
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were madé at the outle} of the canal, whose thickness was 63 mm.,
They arise from different experiments where the initial tempera-
ture TA was essentially lower than Tl. The inversions of the
temperature gradient, whose values pass from the negative sign to
the positive sign, afe very accentuated.

To avoid inversions, it is necessary to submit the heating
and chilling walls to a-temperéture such that the first is greater
and the second lower than that of the air entering the chamber, |
One has then:

TE.A: TA < T2.

It is fitting also to carry out measurements in the lower
section of the canal, where the influence of the initial tempera=

ture, TA is less strong.

3¢ - Thermal field of eddies in longitudinal bands.

The determination of the thermal field in the fhermoconvective
eddies presents an interest of the very first order. Unhappily, great
experimental difficulties beset this determination. Before all, the
incessant mobility of the cellules hampers the measurgments. Only
eddies in bands lend themselves to this class of éxploration, be-
cause they keep their place very precisely.

With a yiew to measuring the distribution of temperatures in
the rectangular section of these eddies, we determined the exact em-
placement of a longitudinal roll chosen arbitrarily, Next wé proceeded

to the ﬁeasurement of temperatures along three verticals: the first

in the plane of ascending cufrents, the second in the plane passing
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through the axis of the roll, the third in the plane of descending

currents (see Fig, 132).

Fig. 132 The fifteen points in the rectangular section of an eddy-
roll where one has made measurements of temperature distribution,
Defermination of the temperatures at fifteen ﬁoints (five on
each of the verﬁicals) suffices largely to establish the thermal field.
Since the taking of the fifteen measurements demands a time duration
_of seven to ten minutes, the temperatures can change more or less at
the poihts that have just been meésured. To eliminate this varia-
tion; we had recourse to a method whereby one reducés all the tempera-
tures to the instant of the final measurement, With this in view,
one repeats rapidly the measurements at five peripheral points, near
the partitions (6, 5, 1, 10 and 11). By giving to the extremities
of the curves of the original temperatufe distribubtion the values
obtained from the second measurement, one obtains graphically the
temperatures at intermediary points,

Among the numbers of experiments we have chosen eight examples

el oy gty -
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that represent the most characteristic varieties of the thermal
field as gathered in the rectangular section of the eddies in
longitudinal bands,

In general, diagrams of the thermal field have been constructed
with eleven isotherms, (numbered 0 to 10), the two extreﬁes of which
always reduce themselves to tw§ poiﬁts. We have drawn in dotted
lines on several diagramsbthe intermediary isotherms to underline
the particular character of the case examined., The exploration of
the thermal field has been carried out in the section of one single"
roll, but we have likewise constructed the symmetric isotherms for
the complementary roll, |

‘We have added to each diagram of the thermal field the curves
of temperature distribution along the three prinecipal verticals (A
and C are the verticals placed in the planes of currentsrdescending
and ascending respectively, B is the median vertiqal). Thé correspond-
ing curves A', B!, ct reproduce the original distributioﬁ, while the
curves A”, Bﬁ, CQ giﬁe the reduced values at the moment of the final
temperature - in accordance with the method before stated. From
these curves the thermal field is deduced. In effect, one divides
the intervel of the two extreﬁe temperatures into ten equal parts,
The intersections of the verticals (numbered from O to 10) with the
curves A", B", C" give the points of crossing of the isotherms upon
the three verticals A, B and C. The principal imposed cqnditions
have been noted directly in the respective diagrams, Here are a few

particular remarks,
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Example 1 - (Fig. 133 and 13kL): The measurements were taken
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Fig. 133 Distribution of temperatures along the verticals placed in
the three planes A, B and C. A: plane of ascending currents; B:plane
placed between planes & and C; C: plane of descending currents.
(h=39mm V=25 cm/s). |
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Fig. 134 Field of isotherms constructed from the diagrams of Fig,133

under a uniform heat of 63 watts on SO dm2. Their execution demanded

eight minutes. During this time, the temperatures at the preceding

points have augmented, and the curves A%, B", C* have displaced them- \

selves to the right. The separation, for all that, is regular,
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Fig. 135 Distribution of temperatures along verticals placed in the
three prinecipal planes: A, Band C, (h= 39 mm V=5 cn/s) -
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Fig. 136 Field of isotherms constructed from the diagrams of Fig. 135

Example 2. - (Fig. 135 and 136). We have répeated exactly the same
experiment, bﬁtbwe cut off the,heat, The floor of the canal was aban-
doned to slow chilling., As consequence, the reduced curves A", B, C®
displaced themselvés toward the left., Let us remark that the curve B"
is perfectly‘rectilinear, agreeable to the theoretical result.
Example 3. - (Fig, 137, 138): The thickness was 43 mm, The

apparatus was cooling off, the reduced curves, hencé, shifted to the
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Fig. 137 Distribution of temperatures following verticals placed in
the three principal planes: 4, B, and C. (h= 43 mm V=6 cm/s)

left. The character of the diagram is the same as that of the previous

experiments.
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Fig. 138 Field of isétherms made from the diagrams of Fig. 137

Example L. - (Fig, 139, 1L0): The temperatures having stayed
constant during 7 minutes, no reduction. of the values was necessary,
The curve B" has a slight inversion placed between t"r = 0,25 and

0.50. That translates itself in the thermal field by a region where
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Fig. 139 Distribution of temperatures along verticals placed in the
~ three principal planes: A, Band C, (h= 43 mm V226 cm/s)
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Fig, 140 Field of isotherms made from the diagrams of Fig., 139

the temperature keeps on increasing towards the interior. This region,

encircl‘ed by the isotherm 2,17 » pertains to the eentral part of the roll,
Example 5. - (Fig, 1h1, 1h2):. If the incoming air has a tempera-

ture relatively low, the curves B" and C" cross over each other: there

results from this special fields. In the present éxample, the two curves

have two common points.  B" is tangent to the ordinate 0. The isotherm O,
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Fig. 141 Distribution of temperatures along the verticals placed in
the three principal planes: A, B, and C, (h= 39 m V=6 cn/s)
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Fig. 142 Field of isotherms made from the diagrams of Fig. 1ll

reduced, in general, to a single point, becomes a veritable curve
joining the respective points on the verticals B and C.

Examﬁle 6. - (Fig. 143, 14h): Tt is analogous to the pre-
ceding case, but it distinguishes itself from this last by the fact
that thé temperature in the central region of the roll is much less

than the isotherm O, In fact, the curve B" crosses the ordinate 0
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Fig. 143 Distribution of temperatures along the verticals placed in
the three principal planes: A, B and C. (h = 39 mn,X7==8 en/'s)
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Fig. 1bli Field of isotherms made from the diagrams of Fig., 143

at two points., The minimum on the vertical B is characterized by

the isotherm -} and the height from the datum line é;==63. The

center héving a temperature lower than 'O is merked by érosshatching.
Exsamp’ e 7. - (Fig, 1L5, 1h6): The aspects of the thermal field

take particular forms when the thickness h is large. In the present

case, where the difference of the extreme temperatures hasnbeen weak

(1/5°C at the most between points 1 and 15), the thermal field is
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Fig. 145 Distribution of temperatures along the verticals placed in
the three principal planes: A, B and C, (h =63 mm ; V=9 cm/s)
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Fig. 146 Field of isotherms made from the diagrams of Fig. 145

>
<

LIWWDNT

divided by the isotherm 2.25 into two distinet parts, of which the
upper part is r'elétively_little modified. From this we conclude that
the thermoconvective currents are g;eatly dampened off close to the
ceiling, and that they do not occupy the thickness h totally,

The gaseous mass taken between the ceiling and the isotherm 7,

that i—é,- 95% of the total mass has a temperature inferior to that at

the coldest poirit on the datum line height Qr =1,
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Fig., 147 Distribution of temperatures along the verticals placed in
the five planes A, B, C, D, E, of a marginal roll.(h = 63 mm V=<7 cm/s)
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Fig, 148 Field of isotherms made from the diagrams of Fig, 1L7

The curve joiniﬁg the point isotherm O on the vertical C to the
point of intersection of the isotherms 2.25 on the vertical A, divides
the éddy-ro]l into two regions. The temperaturé gradient of the upper
ficld is directed bowsrd the top, and that of the Lower field toward the
bottom, In consequence, if the two parts were separated by a rigid par-
tition, the convective currents would die off in the upper region and

the isotherms would become horizontal straight lines; contrarily, the
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eirculation would continuelin the lower space. But, in reality,
the currents clear this limit, thanks to their inertia, and
penétrate the zone where the temperature gradient is positive,
Example 8, - (Fig. 147, 148). The thermal field considered
pertains to the iimiting eddy-roll of the sidewall of the canal,
The measurements wefe taken follwoing five verticals, The vertical
A is found in the plane of the sidewall, which is equally the
plane of the risingvcurrents. The presence of the sidewall modi-
fies the thermal field and the field of speeds of the limiting

roll,

i, Distribution of temperatures following the transverse section
of the canal where the eddies in longitudinal bands have déveloped.

When we displace the'thermoelectric couﬁle inia horizontal
plane following the width of the canal where eddies in bands ﬁave
formed, we detect periodib oscillations of.teﬁperature. Thé_ﬁaxima
and minima indicate the locations of fising»ahd déscénaing currents
respectively.

We made many records of temperétures following the breadth
of the canal, mostly in the median'horizontal plane, for theory
and'expériment show that the gfeatest thermal perturbations are _
seated in the central region of the fluid sheet. We measured the
temperatures in (2n + 1) equidistent points, n being the numbter of

rolls observed, Here are a few typieal diagrams;
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Fig. 149. Distribution of temperatures along the width of the canal,
in the horizontal median plane. h = 30 mm., Width 'of canal
L = 330 mm, -

F:Lg. 149: The thickness of .the air 1aye1f was 30 mm arnd the width of
tlge canal 33_(? mm, Eight rolls téok shape ea;ﬁ time, and cénsequently,
we:'“imeasvured the température at 17 points uniformly separated in the
horizontal plane 7= h/2. The curve, traced by ‘the seventeen points,
goes through five maxima and four minima, They coincide respéctively

with the ascending and descending currents.

Fig., 150: mh = )43 m end L = 300.\;mm. We had foreseen the appearance

of six rolls; the bréa(iﬁ,h of the canal, therefore, had beer di-ided
~ into twelve intervals, But the result did not coincide with cur

preconceptions for each curve passes through five maxima ard four

minima, which indicates the presence of ten rolls. The curves V, VI,
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Fig, 150; Distribution of temperatures along the width of the canal,
" in the horizontal median plane., Three experiments:
h= )43 mm Width L = 300 mm.

and XIV belong to three different experiments, but the number of
maxima and minima, as also their spacing (which is irregular, more-
over) remain invariable,

Fig, 151: h = 43 mm and L = 300 mm., The curves II, ITI and
IV show the-distribu‘lﬁion of temperatures at three different heights.
The curve III has been recorded in the median plane z = h/2 s which
explains the strong amplitude of the oscillations, Curve II shows ‘
the distribution of temperaturesﬁmeasured at approximately 3.5 mm
from the heating floor. It conserves “the oscillatory character but

the amplitude is considerably reduced. Finally, Curve IV shows that

the oscillations have all but died out at the height of 3.5 mm below

the ceiling,.

RN e
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Fig. 151_.7 Distribution of temperatures along the width of the canal,
Curve II in the horizontal plane at about 3.5 mm from the bottom of
the canal, Curve III in the horizontal median plane. Curve IV in
the plane at about 3.5 mm from the ceiling of the canal. Thickness
h = L9 mm, Width of canal L = 300 mm.

5. Comparison of theoretical and experimental results.

To terminate this chapter, we will examine at what point the
theory concords with experiment, The problem reduces itself to the
discussion of the practical value of the relationship AT = A To
sine 1x sine myZ, which has been the fundamental hypothesis of the
mathem'aticel solution of the pro‘blem. As our researches on the
distribution of the temperatures refer solely to eddies in longi-
tudinal bands in air, we may limit ourselves to study the ;ela'tion

AT= A T, sine 1xZ with the conditions of Jeffreys.

Substituting for Z and ATO the expressions (96) and (97)

- respectively, the thermal perturbation AT following the vertical
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placed in the center with ascending currents (sine 1lx = 1), or

descending (sine 1x = =1) takes the form:

o > . WU
ar=F £2 2= 2 (1,-1)) {-3.6 N 17.h(1§ - %) - 11.5 (% - %)

+ ,.l. sin‘ﬂ'% +v.‘l..J .

‘This perturbation is null in the vertical plane placed bétween thé
planes where the vascending» and descending currents are maxima _
(Siﬁe ix = 0).7 Fig, 152 giveé AT as a function of z ,fo’rI the fhree
principal planes, A T(sine 1x = 0) is the axis of symmetry between
the two curves A T(sine 1x = 1) and AT(sine 1x = -1). Let us now
compare this theoretical result With our experiments, effectuated

with the view of establishing the thermal field,

AT=F(2)
problem § Jejfreys
affin ene mimcnf‘

Fig., 152. Ecperimeﬁtal and theoretical function AT (= kZ) (called
perturbation of temperature) along the thickness of a fluid layer

containing eddies in longitudinal bands,
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Let us take up Example 2 first, (Fig. 135, 136), where the
distribution of temperatures folléwing the vertical B ié essentially
linear, which is in full agreement with the theory (AT = O when
sinele = 0). We have reconstructed in the following diagram
(Fig, 153) the curves A%, B", and C% of Fig. 135. The restricted
interval has been extended to the entire thickness h, The two =~

p01n§s of intersection Aexp’ B and CeXp define entirely the

exp
difference of extreme temperatures, and conseqﬁently, we can con-
struct the theoretical curves Ath’ Bth and Cth' B is a straight

line that connects the two extreme temperatures. One obtains Ath

and Cth by carrying to left and to right of B,, the theoretical

th
values of AT. We have entered these curves in dotted lines, while
the experimental curves are drawn in heavy lines., The curves Bthf
and Be#p éoncord nicely., It does not come so for A and for C., For
one thing, the maxima of Cexp and Aexp are pushed towards the top
and towards the bottom respectively, and for another thing, the
tangents to the curves AeXp and Cexp when z = h and O are not
vertical., It is evident that this discordance results from the
asymmetric conditions at the limiting walls and from the imperfect
conductivity of the latter. |

Example 3 leads to a more pronounced disagreemert., One sees
(Fig. 154) that the curve Bexp itself is far from representipg the
linea:"distribution Bth' One knows that this supplementary pertur-
bation is due to the initial temperature of the incoming air. BRe

it as it may, overlooking particular conditions of which the siﬁpli—

fied theory takes no account, we can say that the theoretical results
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Fig.v153. Distribution of temperatures along verticals placed in the
three principal planes: A, B and C., Confrontation of experimental
“curves and those of the problem of Jeffreys., (From example 2, Fig. 135)
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Fig. 15h Dlstrlbutlon of temperatures along vertlcals placed in the

three prinecipal planes, A, B and C, Confrontation of experimental

curves and those of the problem of Jeffreys, (From example 3, Fig. 137)

reproduce very well what is essential of the phenamenon of eddies in

longiﬁudinal bands, namely, that the big perturbations of the pre-
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'Fig., 15h. Distribution of temperatures along verticals placed in the

Ve
/

three principal planes, A, B and C. Con.frontation of exper-
' mental curves and those of the problem of JeffreyS. (From 4‘
,example 3, Fig. 137).

convective thermal field coincide with the cemters of ascerding and
-descending currents. The qualitative résernblaﬁce of the theoreticai
thermal i‘i‘eld (cf. Fig. 118) with the fields experimentally obtained
{ct. Fs.g. 136 and 138) is clearly apparent. -

It would be interesting to verify by experiments made in a
canal with two metal walls (good conductors) and longer than ours
(in the view of eliminating the inf'__l_uence_’ of the initial temperature
of the air) whether the hypothesié expressed by the equation AT= ATO

sine 1x7Z leads to results more conforma.ntv to reality.

Chapter XII
Appl:.catlon to Meteorology of the Theory of Thermoconvective Eddles.
1. Review of the work of Mr., P, Idrac.

It will soon be twenty years that meteorology has been desirous
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to extend into the free atmosphere the results obtained by the
theoretical and experimental study of Bénard upon thermoconvective
eddies. |

The first who had the idea of explaining the spatial period-
vicity of ascending and descending currents above a vast plain was
Paul Idrac; a specialist iﬁ the study of vertical éurrents, whether
occasioned by irregularities-of the terrain or by differences éf
temperature; His firét.researches are dated evéh as far back as
1913 (4-a,b), when he observed the planing flight of seagulls near
the cliffs of Dieppe and in the wake of ships, He saw that these
birds using their wings as sail-planes, take advantage of ascend-
ing currents to sustain themselves in the air without need of wing-
strokes. In fact, measurement showed that the ascending currents
in proximity to thé cliffs of Dieppe were in the order of 3 to
i m/s, and, in the rear of stesmers, in the order of L to 6 mn/s,
speeds well in excess of the minimum required to keep seagulls
airborne (Idrac found for this minimum a speed of 1.2 m/s), How-
ever, these vertical currents are acdidenfal and quite restricted
in extent.

After the war, P. Idrac took up again his researches., In
1920 (L-C), he published an important Note, in which he issued for
the.first time the hypothesis attributing to differences of tempera-
ture the ascending and descending currents that one observed fre-
quently in free atmosphere, and then giving to these currents the

same origin as cellular eddies studied by H. Bénard. To confirm
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his idea, Idrac undertook at the laboratory a series of experi-
ments on convection currents in a iayer of moving air, experiments
that gave, as we know, (cf. Chap, I) the eddies in longitudinal
bands (L-c,e).

Idrac thought that the conditions realized in the high atmos-
pheric 1ayérs were favorable to the formation of regular eddies like
those obtained in the laboratory. For insténce, the eirrus, often
disposed in bands regularly spaced, EEEZQ be the upper part'of‘con;
vective eddies rendered visible by the condensation of water-vapor.
To Helmholtz's theory of (26) atmospheric waves, that up to then .
was the thy‘one to explain these forms of clouds, there now came
‘a second theory to associate itself which we will name the "thermo-
convective theory". |

In the course of a sojourn in Senegal in.19Zi (L-d), the same
researcher discovered the spatial periodicity of ascending and des-~
cending currents in the low atmospheric layer in direct contact
with flat ground. He observed the planing flight of large birds,
grouped'in parallel bands distant from each other some 200 or 300
meters, Recording appératus showed that these birds were placing
themselves regularly above the rising airflows that were aligned in
the general direction of the wind.- In‘theée conditions, Idrac was
led to suppose thét,the layer of air sweeping the heated soil became,
'by reason of the verticsl instability, the seat of convective move-
ments in the shape of gigaﬁtic rolls,

At the time of a study carried out at the lighthouse of the

Jument d'Cuessant (L-f), he found that the winds above the ocean had
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a similar structure., However, measurements showed the ascending
speeds to be very small, in the order of 0.25 to 0.5 n/s.

Finally, let us recall that P, Idrac likewise recognised all
the practical interest of the ascending currents for mbtbrless sail-
plane gliders, In a special study he investigated (l-g) the favor-
able conditions of ascendance for glider flight, After the examina-
tion of the ascending currents caused by variation of ‘the ground-
plan; he passed on to that of the currents provoked by tempefature
differences. This last study, carried out in the Sahara in June, -
1923, showed the average speed of ascending currents is the order of
1 m/s; but the ma#ima, which generally'occur from eleven o'clock to
‘half -past twelve, very often attain 2 m/s and even 3 m/s. Let us
note, by the way, that in regions with moderate climate the thermal
currents are more feeble, _Therefore, long evolutions of sailplane
glider flight are impossible.

We have already told in the general historical partlof Chap-~
ter 1 that after Idrac, the study of ordered convective currents was
purSued very activelytby:the English meteorologists, sometimes in
collaboration with physicists. Taking account of their'work, of-
that of P, Idrac, and of the complementary results écquired in the
course of our own experiments, we are now going to undertake a sys-
tematic resum€ of the present state of the theory of convective eddies

in the terrestrial atmosphere.
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2, Equilibrium and instability along the vertical in free atmosphere,
The free atmosphere finds itself in stable vertical equilibrium
if the less dense layers are above the denser ones.

The equation of vertical equilibrium is written:

(201) ® = e

In supposing that the gravitational acceleration g of a geographic
place is a constant and that the two other variables p and f¢(pres-
sure and'density) depend only upon the height above the datum line

z(101) becomes a differential equation:

(102) dp _
dz = ~Fe

Being given that the equation of perfect gasses:

(103) p = RT(° )

applies integrally to atmospheric air (even humid) the integration

of the differential equation (102) gives with (103):
” .

»(10)4-) _1°g%c—> - -R go T H

where po‘is the pressure 2t the gfound.

It concerns us to know the law of variation of the temperature
T with the altitude. Observations show that the temperature decreases
linearly in the tropopause, which‘extends approximately to an altitude
of 11,000 meters. If we designate by To fhe absolute temperature at
the ground and by f3 the linear gradient of temperature, which is about

1°C for each 100 meters elevation, the empirical law, hence, is written:
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(105) T = T -pi.

That being so, we obtain after integration of the equation (10L) the

law of variation of pressure in funcfion of the altitude:

B (1.-po\hs

. - p2\Rp

(106) P = P, (%— = p —°——T£-)
(o) o]

From this, one deduces easily the analogous law relative to the

density of the air:
g

T -R—p-l To -pz lg?'—ﬁ—l
(107) ‘ ,a: (ao(t) = rO—_TO——

The curves (105), (106) and (107) are represented by Fig, 155. We
have carried the variables T, p, and P upon the x axis, and the alti-
tude, going up to 10,000 meters, on the z axis.

In the problem studied the density §nd the pressure deqrease
towards the top in a continuous fas_hion. Hoﬁéver, in the low af.m’oéQ
pheric layers, diécontinuitiés of the temperature and of the density
are not rare. These discontinuities are in direct correlatioﬁ with
the superposition of 1ayer‘s of different densities.

First of all, let us.examine the case where a layer of warm
air reposes upon one more chill: the massves‘_so staged remain in per-
fect equilibrium, Being given that the coﬁducfivity of gasses is
weak, the thermal exchanges between the two mésses are extremely slow,
In consequence, the distributions of temperaﬁure and density are repre-
sented by discontinuous curves (Fig, 156). Only after a certain lapse
of time, the discontinuities grow fainter, giving on the diagram the

short incurved portions in dotted lines. If the layer of warm air has
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Fig, 155 Pressure, density and temperature in free atmosphere as
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Fig. 156 Discontimuity of temperature and density when a layer of hot
air is found above a layer of cold air. (Stable stratification).




a translation speednv,' the turbulent movement produced at t}he -separa-

tion-surface accelerates the effacement of the sharp discontimuities.

unstabfe zone

——

Fig. 157 Discontinuity of temperature and density if a layer of cold
air is found above a 1ayer of hot air (Unstable stratificati'_on).

The inverse case where the density of the upper layer exceeds
the density of the lower layer, is also frequent. Naturally, this
system is not stabile: vertical motions must necessarily show up,
If such a system could remain in equilibrium, the vertiecal distribu~
tion of temperature and density would be represented by the dis-
continuous curves of Fig. 157. But the eddy-motion, occupying the
unétable zone that one can determine graphically (see Fig, 157), assures
continuous transition.

As for the causes that bring on inversions of the temperature
gradient, and consequently of the density gradient, {;hey are very

numerous. Mr. S, Mal (9) mentions two of them, well known to
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meteorologists anyway:

lst. If a cloudy layer rises, limited above by dry air, there
results an instability. This last is produced at the separation
surface, because during the adiabatie elevation the temperature of
the dry air diminishes, The dry air, therefore, will descend to
recover the initial conditions. If the cloud layer is thick, the
eddy motion will occupy only the uppermost portion of the layer, On
the other hand, if the layer is thin, the movement is able to pierce it,
and occupy a certainfthickness of the moist air beneath the clouds..

2nd, Another cause capable of provoking vertical instability is
radiation. The lower atmosphere beneath a cloud layer is heated by
the radiation of the sun, whereas the air above the clouds is chilled
off by radiation towards empty space. The lower mass of air becomes
less dense than the superposed mass: hence, the system is unstable.
Some very interesting works on this subject are presently being done

by G. Sartori (18).

3. Cbnvection currents in the atmosphere provoked by vertical instability,
We have just shown, firétly, that following the vertical, the |

atmosphere is very frequently made up of layers more or less hetero-

geneous, a fact that brings on discontinuities in the distribution of

hunidity and temperature and consequently, in that .of the density,

Then secondly, we have noted that the corresponding vertical gradients

very often undergo strong inversion. This last fact leads to verti-

cal instebilities that resemble those realized in the experiments on

thermoconvective eddies in a fluid horizontal layer, heated from
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beneath or heated from above, And so it is quite logical to sup-
pose that the currents of convection, that must of necessity produce
themselves, manifest the same organization of circulation as the
cellular eddies obtained at the laboratory on a much smaller scale.
We know that P. Idrac, author of the theory of organized

currents in free air, succeeded in demonstrating practically the
existence of such currents. This researcher effectuated the greater
part of his reséarches in moist air. He was not able to observe

any phenomenon of an optical nature such as to permit him to dis-
tinguish the regions of rising or descending currents, He had to
take recourse atigne time to speeial appératus recording the ver-
-tical component éf the wind, the temperature and pressure, and at
another to the observation of birds flying by planing and gliding.
None the less, he expressed the idea that the clouds that presented
themselves in the aspect of regularly-spaced bands could be the upper
part of éddy elements rendered visible by the condensation of water
vapor.

We have confirmed, partially, this original hypothesis by

a series of experiments on thermoconvective eddies in air saturated
with water vapor, experiments we have described at the end of Chap.
II (21~-g). In supposing that the cellular eddies in two dimensions
| are the transversal section of eddies in bands, one can compare the
deposits of éondensed water vapor upon the panes of the vat with the
section of anaibgous clouds. If it is a question of clouds in bands,
they are the result of the condensation of wzter vapor between two

contiguous rolls, turning oppositely. In making reference to the
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same laboratory experiment, we conclude that the cloud rolls should
cover the regions where ascending currents produce themselves, = As
a consequence, the descent should effectuate itself in the spaces

séparating the ploudfbands. As for clouds in balls (or polygonal),

they would be so many hats, capping the cellular eddies: their
centers, then would indicate the columns of rising air, and the
clear spaces the places where descending currents were f ound.

(Figs. 158, 159, 160 in back).

First phase

ra il
7 i

.|l-‘ ) QM

——
S DV e S—
eSS -~ S — ~ — ~
L 2 VA - o 4 Y L h 1 Va4 A y 4 A
r’ 4 7’ A Y #, ¥ r 2 A} A ¥ I A
— — - A '—-—J X — ¢: v.s 1 - * n &
B z X 7 S 7 = 1= ,' = 7
N | =~ | = —

Third phase

Fig., 161 Schematic transformation of a cloud layer fractionated into

one continuous layer.

After Idrac, all the meteorologists who have adopted the princi-
ple of the theory of thermoconvective eddies have adapted the primitive
hypothesis to all the other forms of fragmented clouds, hypothesizing,

(to sum it up) that the clouds in equidistant bands could reveal analo-
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gous eddies. This category of clouds, present, in effect, superb
formations, pqssessing all the geometric charact.erist.ics. of ther-
moconvective eddies., One finds as well among them clouds in balls,
clouds in rectangular cellules, and polygonal cellules, as clouds

in bands longitudinal or transversal,

li. Clouds in balls and in>polygonal cellules.

These clouds must form themselves in consequence of the
vertical instability in a horizontal layer that is in relative rest
in reference to the bounding layers.

The altocumulus translucidus, shown in Fig, 158 (27), is the
typical example of clouds in balls. In conformance with our experi-
ments in humid air, the cloud-balls would bé hats indicating summits
of the eddies in polygonal cellules.

We reproduce again two other photos from our collection (Fig.
159, 160). While in the second photograph the cloud elemenﬁs retain
clearly their individuality (one sees there some of them very strongly
illuminated) they are in the first photograph very pressed together
and form one layer almost unified.

If one refers to the two last series of experiments in humid
air (cf. Chap. II), the one carried out under s moderate heating
(feeble evaporation), and the other under a more forced heat (strong
evaporétion), one is led to apply the mechanism of the growing islets
to the transition of segmented clouds into a continuous layer, If
indeed this is so, the cloud elements will keep their individuality

if the inversions of density (temperature) and their content of water
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vapor be small. On the other hand, in presence of strong inver-
sions, and if the mass of air is abundantly saturated with water
vapor, the cloud elements will grow and confound themselves into
one continuous layer,

Figure 161 represents schematically three successive phases
of this transition. Evidentlj, this mechanism is but an approximate
image of that which produces itself in the atmosphere; for the phy-
sieal conditions change profoundly as soon as the condensation of
water vapor interveneé. And this change cannot be without conse-
quences for the original circulation.

Let us recall even here that the mechanism of this transi-
tion, which applies just as well to clouds in balls as to the clouds
in bands, can produce itself in the inverse sense, the continuous

layer fracturing itself into separate elements.

5. Clouds in bands

Referring to the Atlas Ihférnationale des Nuages (27), one sees
there two principal varieties of clouds‘in bands, the first designated
*undulatus® and the other.“radiatus“.
(Figs. 162, 163 in back).

By definition, the designation ®undulatus® applies to clouds
composed of elongated elements, mutually parallel; resembling waves
of the sea, Figs, 162 and 163 show two altocumulus undulatus.
In the first case, the rolls are very close-pressed and their edges
are tattered out in a direction perpendicular to their axes. On the

other hand, in the second photograph, the big rolls are separated by
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intervals of blue sky, As a result of perspective, only two or
three of these clear bands are visible consecutively.
(Figs. 16k, 165 in back)

For another point, the designation "radiatus® is applied to
clouds composed of parallel bands whidh; by perspective effect, Seem
to convefge towards one point on the horizon. Tig. 16L gives a
typical cirrus radiatus, whose convergent bands are made up of a
very thick mass of cloud, In Fig, 165, which shows an al tocumulus
undulatus radiatus, one sees an anal ogous convergehce. The big con-
verging bands are undulated in the.perpendicular sense, but the
undulation-length of the transversal wéves is sensibly smaller than
that of the principal waves.

We know that two séparate theories attempt to explain tﬁe
origin of these clouds in regular1y~spaced.bands; the first, dating
from 1888, due to H. von Helmholtz '(22-b,c), attributes them to
atmospheric waves, the other dated from 1920, due to P, Idrac, con-
siders them as the:moconvective eddies., fo be able, in each given
case, to decide between the two theories, it is necessary to seﬁ in

relief the essential points that characterize the two possible origins.

Atmospheric waves and clouds in transversal bands., - One cén
demonstrate by the principle of mechanical similitude that the réle of
the viscosity diminishes in proportion as the space occupied by the
fluid is the greater., The numerical example of H, von Helmholtz gives
a good idea of the slowness of propagation of the motion by friection.

Let us suppose, to simplify the problem, an atmosphere of constant
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density, giving by consequence to the temperature 0°C a reduced
height of 8000 m. Next let us admit that this atmospheric layér
moves with a uniform speed of translation V. At the level of ground
contact, the speed is necessarily null. The upper 1ayérs are braked
also, but as much the less so as they are the more distant from the
ground., Helmholtz (26-b) shows that it would require more than
42,000 years for the speed at the upper surface to be reduced to
half its initial value. One would find a still longer duration, if
one took account of the fact that in reality, the density of the
air diminishes with the altitude.

If one studies by analogous processes the propagation of heat
by ordinary conductivity the calculation gives, for the lowering of
fhe temperature, durations of the same order of magnitude (36,000 years).

Let us ngﬁ consider the case of a fluid layer in translationsal
motion and sliding above another fluid layer at rest. H. von Helm- -
holtz has already shown in 1868 (26-a) that such discontinuous motions
may well exist during some moments. But in consequence of the un-
stable equilibrium at the surface of discontinuity, the eddying is
not slow to start. If the two masses are homogeneous, there comes
about an integral wholesale mixture, On the contrary, if the super-
~ posed layer is lighter than the lower mass, the conditions are then
favorable to the formation and propagation of regular waves, as is
proven, to push the matter to the extreme, by the existence of regplar
swells on the free surface of the ocean,

Being granted that in the free atmosphere, stratification in

heterogeneous layers exists, Helmholtz estimated that analogous waves
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must be produced very frequentlyvat the surface of discontinuity
separating two air layers of different denmsities. Evidently, we
cannot observe them directly, unless the lower layer of air is
charged enough w:'Lth water vapor, for then the s}umm:i’c.sl of the waves,
where the pressure has dropped, can become opaque by reason of con-
densation, 1In fhe sky, then, clouds in parallelibands regularly
Spéced would appear, The schema_of their transv;rsal section is

shown in Fig, 166. The spacing of the bands is governed by the

wave length A, which depends upon the relative speed of translation
between the two layers, and upoﬁ the difference of their densities.
As.for the breadth and opacity of the cloud bands, they are in direct
correlation with the humidity andrwith the amplitude and the length of
ﬁave. By the terms of the ca}culation, the wave length between two
layers pf air, respectiyely at 0° and 10°C and of which the'differ-
ence of the speeds:of translation is 10 m/s, is équal to 550 m. But
dne can imagine likewise cases where the atmospheric waves could attain

a wave length of 30 km, as also lengths of some dozens of meters, merely. i !

e

Clouds in bands oriented in the direction of the wind. The
theory of atmospheric waves andhof clouds in bands that one would think
of as resulting from them ié, iﬁcontéstably, very reasonable, . And
yet, withal, it is not always applicable to the clouds in bands., If
one notes the disposition of cloud bands in respect to the general
wind stream, one can discover’that they are not always perpendicular
to tﬁe speed of translation, and, yet it is the principal characteristic
of waves of dynamic origin., How then can we explain tge waves in bands

oriented in the direction of the wind, and whose frequency appears even
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Fig, 166 Condensation at the.summit of waves that arise at the
surface of discontinuity of a 1ayer of humid air and a layer of dry

air in relative motlon.
[

greater than the frequency of transversal bands (L-c,e; 28)7

Idrac showed experimentally that their origin must be attri-
buted to tnermoc0nvective currents, which organize, as we know, in
"rolls, parallel and elongated in the general wind direction. Accord-
ing to him; the direction of the eloud bands in respect to the general
wind would be the dGCldlng criterion between the two theorles- 1f the
bands are parallel to the speed of translation, they would be of
thermoconvectlve origing on the contrany, 1f the bands are perpendlcular
to the w1nd, they proceed from atmospheric waves. .

Clouds in transversal bands of thermoconvective origin., - The
thermoconvective theory has been entlrely approved and actlvely devel-
oped by many other meteorologlsts and phy51c1sts, sometlmes to the |
detriment, even, of the theory of atmospheric waves. ‘

We have already said in the historieal'part that éif G. ‘I
Walker and A. C. Philipps (10) produced thermoconvectlve eddies in
their 1aboratory experlments, in bands dlsposed perpendlculanLy t0

the speed of translation. Walker even estimates that the clouds ef
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Telmholtz would produce themselves very rarely, and consequently,
that the transversal bands would.themselves also be of thermocon-
vective origin,

| A probable conciliation between the theory of the atmos-

pheric waves and the themoconvective theory.

Fig, 167 Orientation of hexagonal cellules and their transformation
into longitudinal bands (a2), and into transversal bands (b).

According to Philipps and Walker, the eddies in transversal
bands are the intermediary form between the polygonal cellules that
produce themselves in a 1ayef-of air at rest, and the square cellules
whose diagonals are difectedrin the directidn'of fhe current of trans-
1atioh. The rate of the speed of translation, comprised between zero
and the value corresponding to the formation of square cellules, would
be the sole factor'deciding their appearance.,

Elsewhere, A, Grsham (11) has found that the production of the
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transversal rolls does not always came off, According to him, the
original arrangement of the hexagonal cellules plays a capital rdle
in the later development. If the hexagons are oriented in such
fashion that their sides are perpendicular to the movement of trans-
1a£ion (Fig, 167-a), they camnot ever arrange themselves in transver-
~sal rolls, but they transform themselves easily into longitudinal
bands. On the other hand, if the diagonals of the hexagons are par-
allel to the general current, (Fig. 167-b), the eddies in transversal
bands may well come about as a result.

The initial orientation of these hexagons being due to hazard,
one could not hope that transversal bands could produce themselves
frequently. But, all the Same, we have shown that it has been possible
to provoke eddies in transversal bands without their being preceded by
hexagonal cellules,

In point of fact, according to our expefiments, eddies in bands
perpendicular to the movement of translation are the result of two super-
posed phenomena -, to.wit:

1. Fbrmatioq of waves at the separation surface between the two
fluid layers ofrdifferent densitiés;

2. The development of the thermoconvective currents which must
adapt themselvesvtO'the valleys and the crests of the successive waves,
By consequence, it is very probable that the elouds in transversal bands
are of the same origin as the eddies in transversal bands: for one thing;
the separation surfaces, so frequent in the atmosphere, are favorsble to
the appearance of the waves, and for another thing, the inversions of

the temperature gradient, which one can almost always detect in those
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places, must give birth to convective currents. 1In these conditions,
the theory of atmospheric waves remains perfectly valid, but completed,

when it is necessary, by the thermoconvective theory,

6. Dimensions of fragmented clouds.,

Quantitative measurements on the dimensions of clouds in bands
and clouds in balls are far from numerous. However, those we know of
show that the horizontal dimensions are generally very much greater
than the vertical dimension. Otherwise said: the ratio A/h is very
large.

For example, S. Mal (9) has observed a cumulus arrangement in
bands that were separated from.each other by L4OOO m and were 600 m
thick, and a stratocumulus whose bands were distant 250 m and only 70 m
thick., And so, the relationships of distance of the two bands and
their thickness were respectively 6.6 and 3.5,

When we consider our theoretical and experimental results on
eddies in longitudinal bands where the ratio - A/h varies in normal con-
ditions between 2 and 3, the high values found in the atmospheric phe-
nomenon appear surprising.

For the sake of elucidating this question, let us reconsider
our experiment with thermoconvective eddies in air saturated with
water vapor, conditions more nearly approximating those realized in
the free atmosphere (21—g). We note, Figs, 12, 13, 1k, that the foggy
smears are very flattened and that they occupy only a portion of the
total height of the layer of air in eddy motion. In these conditions,
one shouid not identify the relationship A/h of the eddy eellules with

the relationship attached to the principal dimensions of the deposits of
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condensed vapor. (Fig. 168 in back),

Here, among others, is a numeriecal example, drawn from Fig.

168: The A/h ratio of two central cellules is equal to 2, which is
exactly the theoretical value, whereas )/hr relative to the foggy
smear of the center goes as high as 1.3,

By analogy with this experiment, oneican say that the cloudy
layer divided into isolated compartments is not necessarily equal to
that occupied by thermoconvective currents: in general, it will be less,
and the relationship of the distance of two neighboring bands and of
their thickness will be able to exceed more or less the ratio A/h

relative to eddy movements.,

7. Criterion of quleigh>and atmospheric thermoconvective currents.

Compartmented clouds attain in their dimensions hundieds of
meters - more than one thousand times the linear dﬁmensions of arti-
ficial eddies, Nature, despite conditions apparently unfavorable to-
her, gives birth to same phenomena the production of which in the lab-
oratory exacts a great many precautions,

D, Brunt (7,8) tried to explain this paradoxical particularity
by a complex viscosity and conductivity in the atmosphere, which (quél—
ities) would be much greater than they were in the calm air in an
experiméhtal chamber. An approximate analysis of the criterion of Lord
Rayleigh will confirm that Brunt's explanation is well founded.,

According to the classic definition, the atmosphere is in ver-
tical equilibrium if thé less dense layers overlie the denser layers,
or at least, if the density along the vertieal remains constaht. How-

ever, it is not rare to find temperature lapse rate sensibly greater
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than ‘the adiabatic decrease (proof, indirectly, that the denser air
remains on t\%ap of the more expanded air), without any destruction of
the vertical\jgl equilibrium. In these conditions, it is logical to sup-
pose that thé%system remains in stable preconvective equilibrium, and
t.o epply Rayjieigh' s criterion to the étmospheric phenomenon,

Let us consider again the inequality (66-bis), that we found
for perfect g?sses and let us suppose the pressure constant, If the
thickness of ﬂhe layer of atmospheric air is not great, this inequality |
can aid us efficaciously in the approximate estimation that we propose
to make, ; | |

Let us 'gsup.pose the boundary conditions .of Rayleigh's problem
and an average§'tempera£ure of 0°C., We have calculated that the dif-
ference of extreme temperatures of a layer of air of 1 dm thickness
should exceed L4,42°C if the stable preconvective equilibrium is to be
broken. But, in virtue of the inequality (66-bis), this critical dif-
ference of extreme temperatures diminishes in inverse relationship to
'bhe'_third power {cube) of the thickness h. In these conditiohs, a
suradiabatic temperature gradient :ps only a very little greater than
the adiabatic gradient pa would suffice to release convective move-
ments in a layer of air 100 meters thick., In fact, the calculation
gives: | _ |

[js = ( pa + L2 x 10-8)60 per 100 meters,
But currently observed gradients in the’ atmosphere are clearly greater

than the above value, If we suppose that the criterion of Lord Ray-

leigh be approximately exact, we must justify the strong superadiabatie
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gradients by the hypothesis that the product XV of the atmospherie
air is much greater than the product of the molecular conducﬁivity
and of the kinematic viscosity in the émail experiments,

If one knoﬁs the teﬁperature gradients fBS and /Qa and the
thickness h of the aif layer in stable preconirective eqﬁilibriwn ét
the mament ﬁhen the convective currents are oﬁ the\poihf of being
released, one can calculate the product XV by the formula:

_.ésgﬁa ghh
T O T+273 A ’

drawn from the inequality (66-bis) where one has put:
Tz'T1=h_(Fs‘(3a) .
In this way one finds values of X and ¥V from lO3 to 10h times

greater than those encountered in the experiments in the laboratory.

8. Directives for researches on thermoconvective eddies in the free
atmosphere,

As yet, researches in flight upon convective currents in the
free atmosphere are few in number, This is why the Commission de la
Turbulence Atmospherique proposes to extend its activity also in this
field;(l) And so it seems to us needful to mark out certain directives
that might guide future explorations in the atmosphere.

Simultaneously recofding motions oécﬁpying the vast space of
the humid atmosphere is practically an impossibility. But on the other
- hand, if the sky is eovered with clouds; and above all, with clouds
having clean-cut contours, one can seize these currents with a single
glance. But it is important, with J. Kampe de Feriet (30), that the
(1)0ne can find the detailed'program of the work envisaged by the Com-

mission on Atmospheric Turbulence in the preface by M,Ph.Wehrlé in the
excellent memoirs of M.Paul Dupont (29).
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presence of clouds disturbs the atmosphere, for the physiecal condi-
tions are considerably changed, and by consequence, the motions are
also., Be it as it may, in the study of ordered convective currents;
clouds‘offer the most‘convenient means of v;sualizatioh, and often,
even, the only means applicable., The photography of these clouds whether
taken from the ground below or from above by airplane, sailplane or
balloon, constitutes the most important document, which will serve
essentially for study of the forms of the elements of clouds and for
measurements of the transversal dimensions of these clouds.

Evidently, the simple geometrical similitude of compartmented
clouds to cellular eddies is not sufficient proof of their thermo-
convective origin, »Ahd, to confirm the hypothesis thet the segmenta-
tion of the cloudy layer is the result of vertical instability, one
has to prove that the conditions in which this phenomenon is produced
are identical with those that one fealizes_in laboratory experiments
upon thermoconvective eddies.

With these poiﬁtsvnow rendered precise, the verifications effect-

T -

nated in the free atmosphere mﬁét bear‘upon the following questions:
1. Do these fragmented clouds ceincide with the places where
strong inversions of the vertical temperature gradient are produced?

. 24 Does the temperature oscillate periodically when one traverses
the stratified clouds, and that in such fashion that the maxima and
minima coincide respectively with the centers of the cloud-elements and
with the localities of clearing?

3. Does the vertical component of speed oscillate with the same

periodicity as the temperature when one traverses the stratified clouds
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in the horizontal plane?
L. Are the forms of compartmented clouds in correlation with
their speed of translation in respect to the bounding layers?

Let us again consider these diverse points,

1. The principal condition for the sppearance in free atmos-
phere of themocénvective currents is the reversal of the adiabatic
temperature gradient in the vertical.

dutomatic recording of the temperature as function of the
altitude is, of course, indispensable. Since the discontinuities of
the vertical temperature distribution and the inversions of the verti-
cal temperature gradient are correlative to the distribution of humidity,
it is necessary to take records also of the specific humidity at the
same time as that of the temperature.

The use of the meteorograph, registering the pressure (altitude) s
the temperature and the humidity, becomes, hence, a necessity. By
scrutinizing the diagrams, one will be able to glean the required data
to reconstitute the altitude and the thickness of the unstable layer,

2, On the other hand, the recording of temperatures and humidity
in a horizontal plane situated in the midst of the cloudy layer is
equally important, because the character of the temperature diagram

will allow us to determine whether the layer of stratified clouds is

in eddy movement or not.

In fazt, the diagram of recorded temperature at the time of a
traverse of clouds in bands will have the same character, if these
clouds are really of themoconvective origin, as that which we found

in our experiments (cf. diagrams of Figs., 1L9, 150, 151), which have
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shown that the temperature oscillates and that its maxima and minima
coincide respectively with ascending and descending currents,

3. According to our experiments on thermoconvective eddies in
humid air, one must seek the maximal ascending speeds in the central
column of clouds in balls, and in the vertical plane of symmetry in
~ the case of clouds in longitudinal bands, Consequently, one should
find the maximal deScending speeds in the-clearingé of the clouds.
However, certain meteorologists said that they had sometimes seen a
circulation in the opposite sense, that is, descent at the centers
of compartmented clouds, and ascent along their partitions. Such cases
are going to require research,

The instruments emplofed in these studies in the horizontal
traverse of elouds in bands will have, of course, to record periodie
oscillations of the vertical component of speed.

But, first one will have to find appropriate measuring procedures,
The kite-flying method connectéd with special recording apparat.us,. used
with full success in the low layers of the atmosphere by P, Idrac (L-c),
seems impracticable for higher altitudes. We will have to take recourse
to the airplane with its inconveniences: it flies too fast - with
vibrations, etc. - or to the glider, with its advantages: slowness,
air-Sensit;[vity, no vibrations, and we will need to be equipped with
recording apparatus, |

i, Experiments show that the principal forms of thermoconvective
eddies depend, in the first place, upon the speed of general trans-
latioh with which the fluid layer moves. Pursuantly, one will inves-

tigate the question as to whether there exists the same correlation
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between compartmented clouds and their speed of translation in
respect to the limiting stable layers.

By the terms of our theory, one should find, first, that
clouds in polygonal cellules do form themselves when the unstable
layer is in relative repose, and, secondly, that the.clouds in bands
appear when they move with greater translation speed than do those of
the limiting layers, |

In view of the fac;-that cloud bands can form, at the general
speed, every angle comprised between 0° (longitudinal bands) and 90°
(perpendicular bands) the observer will determine likewise their
orientation.

The actual taking of measurements of speeds of translation
‘and of orientation of clouds in bands in relation to the ground is
very simple.

But one must carry out, above all, the measurements of rela-
tive speed between the layer of stratified clouds and the stable layers,
a speed which alone is decisive for the form of convective eddies.
Therefore, a satisfactory method will need first to be worked out,

(Figs. 169, 170 in back).

9. Remark on electroconvective eddies, (Fig. 171 in back).

For the sake of obtaining for laboratory experiments conditions
as closely as possible approximating those realized in free atmosphere,
it has seemed to us that the phyéical causes of the formation of clouds
in balls and in bands ought not to be studied exclusively in the thermal
state of the atmosphere, but that one could #lso conjecture analogous

eddy motions of electrical origin. With a view of confirming this
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hypothesis upon a presumed existence of eddies of electric origin,
we undertook with Mr, M, Luntz, in 1936-7, a series of experiments(2).

We have succeeded in producing:

1. In anbinsulating layer of oil, submitted to an intense elec-
tric field, polygonal electroconvective eddies, similar to the thermo-
convective eddies of Bénard (Figs. 169, 170);

2, Electroconvective eddies in longitudinal bands in a layer of
0il in motion; |

3. Electroconvective eddies of two dimensions contained either
between two rectilinear and parallel electrodes, or between two cir-
cular coneentric electrodes., (Figs. 171, 17?).

(Figs. 172, 173 in back).

li. Toroidal electroconvective eddies between two coaxial eylin-
drical electrodes (Fig. 173), that resemble those that G. I. Taylor (18),
obtained between two turning cylinders.

Let us extend our conclusions to the atmosphere; it is probable
that besides the thermoconvective currents, and above all at elevated
altitudes, there exist movements of electroconvective origin, In fact,
ﬁhe ionization of the atmosphere augments rapidly with altitude, where-
as the temperature gradient becomes very uniform and without inversions.
To confirm these predictions, which render still more complex the
exploration of aerological phenomena, the meteorologist will find it
necessary to interest himself still more, and more methodieally, in

the dynamic consequences of the electricity of the atmosphere..
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Conclusion

By reason of the present lack of inclusive expositions
concerning thermoconvective eddiés, it seemed to us that a general
monograph on the subject cbuld, perhaps, render some service. This
conception of the present memorandum has necessitated in the first
place that we should relate certain results already classic in meteor-
ology, but which perhaps are not very widely kn&wn outside of specidl-
ized circles, and, in the second place, that we should incorporate our
own labours with the conclusions obtained by other authors. 4nd so,
we wish to indicate upon just which points we believe we have comtri-
buted personally.

1. To interpret more readily the problem of the convective
movements in an indefined layer of air, we worked out three experi-
ments on organized movements in two dimensions (Chap., II). |

a) By operating with a layer of oil sumounted by a layer of
water, we have given the simplest example of organized ﬁovements.

b) The second experiment with thermoconvective eddies of two
dimensions in dry air permitted us to observe and photograph the
partitioning and the tfajectories in the vertical plane in a flat
tank.

¢) The third experiment has for its object thermoconvective
eddies of two dimensions in humid air. We were able thus to study
the con&ensation of water vapor in relation to the convective cur-
rents and to clear up several questions concerning the study of
compartmented clouds,

2. Contrary to what several authors have stated who had experi-

mented in gasses (Philipps, Walker, Grszham), we have established that
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eddies in longitudinel bands are produced as well in thick as in thin
layers, This experiﬁental result was of capital importance for the
researches we intended, for, the thickness interval being considerably
augmented, we have been able to carry out some very systematic measure-
ments (see in what follows).

3. We have described the characteristic phases of the develop-
ment of eddies in gasses (Chap., IV). In particular, we have demon-
strated that the eddies in bands perpendicular to the genefal current
result, first, from the formation of waves at the surface of the
denser fluid layer (heavy tobacco smoke), and secondly, ffom the
~appearance of conveetion currents that engage themselves in the hollow
of two succeeding waves, This clarifieation modifies the original
hypothesis of Philipps and Walker,

L. We have proven the existence of eddies in longitudinal
bands with undulated partitions, and we have indiecated several of the
causes that can provoke this undulation (Chap. V, Paragraphs 6 and 7).

5. We have observéd and described numerous cases of mutusl trans-
formation of eddies (Chap, V, Paragraphs 1, 2, 3, and L), and proven
the coexistence of eddies of differing forms (Paragraph 5 of the same
chapter).

6. We have demonstrated experimentally that the little aecidental
perturbations, practically unavoidable, cause more or less important
variations of the transversal dimensioﬁ of eddies in bands, We have
eliminated the influence of accidental perturbations by artifieially
provoking regular perturbations, whose amplitude was greater than the
first, and in this fashion we have provoked a predetermined number of

rolls (Chap. IX).
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T. By injecting into eddies in longitudinal bands tobacco
smoke in little doses, we have succeeded in making visible the
helicoidal trajectories, which, in the photographs, present them-
selves as sinusoidal lines, (Chap.X, Experimental Section), This -
method of visualization of the internal movement, completed by the
photography of the trajecteries in the vertical plane of the eddies
in two dimensions, will be able to serve efficaciously in the quan-
titative study of speeds in function of temperature extremes and of
the thickness of the layer of air.

8. We have measured the transversal dimensions of the eddies
as a2 function of the thickness of the layer of air. The results
relating to eddies in longitudinal bands . are partieularly developed.
(Chap.VIII. Experimental Section).

9. We have confirmed experimentally that the régime of ther-
moconvective currents is preceded by a stable preconvective reéime,
a fact foreseen'by Lord Rayleigh's theory (Chap.VII, Experimentzl See.)

10, We have effectuated systematic measurements on the distribu-
tion of temperatures following the thickness and the width of eddies
in longitudinal bands, By making vary the thickness of the air layer,
the intensity of the heat, and the speed of translation, we have estab-
lished several varieties of themmal field (Chap.XI, Experimental Sec,)

11. We have confronted the theoretical results and the results
arising fram our own experiments., Starting with the original theory
of H. Jeffreys, we have worked out the following generalizstions and

calculations:
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a) After having shown that the theory of Jeffreys containS‘asl
many multiple solutions as that given later on by A, R, Low, we have
developed the calculation of the Rayleigh-Bénard criterion for any
mmber of empiled circuits (Chap. VII, Theoretical Part).

b) We calculated the theoretical values of the A/h relationship
- in several simple cases (Chap. VIII, Theoretical Part).

¢) We have determined the Zifunction of perturbation in the pro-
blems of Rayleigh and of Jeffreys, in both cases for one and for two
stages of eddies (Chap. X, Paragraph 2), |

d) The function Z being known, we.have been able to determine
the stream function in the same special problehs {Chap. X, Paragraph 3).

e) We have given a detailed analysis 6f the distribution of tempera-
tureé in the rectangular section of two-dimensional eddies and of eddies
in bands (Chap XI, Theoretical Part).

12, To complete the theory of convective currents organized in
free air, (Chap. XII), we have drawn upon our own results relative to
thermoconvective eddies in air.

a) In applying the mechanism of our eddies in transversal bands,
- we have tried to reconcile the atmospheric waves theory and the thermo-
convective theory.

b) Our experiments upon eddies in air saturated with water wvapor
have allowed us to propose an explanation:

oK) of the mechanism by which compartmented clouds transform them-
selves into an extended cloudy layer and inversely;

p) of the formation of clouds above columns of rising humid air;



- 247 -

Y) of the differences of thickness between the cloudy layer
and that occupied by the convective currents:

c) We have raised the question of orgahized currents of an origin
attributable to atmospheric electricity.

d) We have given finally some directives which might guide future

researches upon convective eddies in the free atmosphere;
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Titles of Illustrations

Fig. 2. Spontaneous cellular eddies in a layer of spermaceti heated
from below. (Bénard's experiment, 1900: method using grgphite
powder in suspension in the liquid; squares drawn = 1 em®.)

Fig. 3. Cellular eddies in a layer of spermmaceti. (Bérnard's experi-
ment, 1900: clear liquid; optical method; diameter of observed
field = 32 mm,)

Fig. 7. Solidifies cellules at the surface of a plate of wax, (Experi-
ment of C, Dauzdre).

Fig. 8. Spontaneous eddies in chains in a layer of spermaceti in a
movement of translation. (Bénard's experiment),

Fig. 11(a,b,c,d,e). Development of eddies of two dimensions in a layer
of air. (Visualisation by tobacco smoke). .

Fig. 12 (a,b) Eddies of two dimensions in a layer of air saturated
with yatervapor. (Visualisation by deposits of condensed water
vapor).

Figs 13. Development of deposits of condensed water vapor under moderate
heating.

Fig. 1. Development of condensed water vapor under more active heating.
(Continuous cloudy layer).

Fig. 23-a. Light depressions at the surface of the layer of smoke.

Fig. 23-b. Tobacco smoke forming a network of polygons., This and the
preceding show the appearance of cellular eddies in gasses.

Fig. 26. Experimental transformation of polygonal eddies into eddies in
vermiculated bands in a layer of air heated from below. {(The
smoke concentrated in crests with sharp edges shows the places
of rising currents.)

Fig, 27. Eddies in vermiculated bands in air. (The smoke concentrated
in sharp crests indicates the places of ascending currents.)

Fig. 28. Eddies in vermicular bands in air. (The smoke is diffused.)

Fig. 29. Spontaneous cellular eddies in a layer of spermaceti heated
fran below. Bénard: method using heavy particles deposed,in

little heaps at the center of each cellule; square = 1 cmz.

Fig. 30, Cellular eddies in a layer of smoke heated from below. Thick-
ness of layer h = 20 mm; width of the pictured area: 320 mm,

Fig, 31l. Cellular eddies in a layer of smoke heated from below. Thick-
ness of layer h = 20 mm. Width of area viewed 410 mm,



Figo 3)4-.

Fig. 35.

Fig. 37.

Fig. 39.

Fig. Lo.

Fig, 1.

Fig. L3.

Figo hho
Fig. l6.

Fig. k7.

Fig. 51.

‘Fig. 52,

Titles of Illustrations (2)

Eddies in transversal bands in the midst of a smoke
layer moving uniformly and heated from beneath, Commence-
ment of their appearing.

The same eddies in transversal bands; more ad#anced
development.

A dense layer of smoke penetrates the experiment chamber,
The front, at first straight, (a) becomes indented (b)
and (c); from each hammock between the teeth a pair of
eddy-rolls derlves (d).

Experlmental development of eddies in 1ongitudinal bands. .
1st phase: lengthwise depressions appear on the surface of
the smoke,

Development of longitudinal eddies, 2nd phase: The smoke
accumulated in sharp crests shows where currents ascend.

Development of longitudinal eddies in bands, 3rd phase:
The smoke has diffused inside the rolls; their aspect
becomes opaque.

Development of longitudinal eddies in bands. Lth phase,
thanks to the progressive dispersion of the smoke the
rolls become transparent,

Eddies in longitudinal bands, Initial phase; an injection.

of smoke makes the internal helicoidal movement again visible;
the number of gimlets penetrating is that of the eddy-rolls in
the layer of pure air,

Eddies in longitudinal bands. Later phase, The smoke fills
the rolls; they are opaque and enveloped in sheaths of pure
air,

Experimental transformation of polygonal cellules into
longitudinal bands, ty the setting in motion of a layer of

~2ir heated from below., Thickness of the layer h = 20 mm,

Experimental transformation of polygonal cellules into longi-
tudinal bands., The trajectories inside the rolls are plainly
visible, Thickness of layer; h = 20 mm,

Cellular eddies in very slow translatlon. Thickness of the
layer h = 20 mm,

Unstable cellular eddies in slow translation. Dcwnstream one
sees the cellules transforming into longltudlnal bands, Thick-
ness of layer, h = 30 mm, .

Experimental transformation of'polygonal cellules into trans-
versal bands in a gaseous layer in motion ashd heated beneath.
Thickness of the layer h = 20 mm,



Hg. 53.

Fe. 5.

Fig. 56,

Fig., 57.

Fig. 59.

Fig, 62,

Fig. 70.

Fig. 71.

. Fig. 73;

‘Titles of Illustrations (3)

Same transformation of polygonal cellules into trans-
versal bands, same conditions. Thickness of layer
h = 25 mm,

Coexistence of longitudinel bands ahd transversal bands
in a gaseous lagyer in motion heated from below, Thick- 7
ness of layer h = 10,5 mm,

Eddies in undulated bands ottained by slowing-up of the
eddies in straight bands. The partitions where currents
ascend stay straight, those where currents descend. became
undulated. Thickness of layer h = 4O mm.

Another case of eddies in undulated bands obtained by
slowing up, Two rolls, L and 7 intercalate themselves,
having constant width, between the rolls of the preceding
case, Thickness of the layer h = 30 mm,

Anoﬁher variety of eddies in u_ndulated bands; alternative
succession of sinusoidal bands of equal width and bands °

‘that consist of a succession of alternated swollen and

shrunken regions, Thickness of layer h = 30 mm,

Another case of eddies in undulated bands; group of 8
straight rolls accompanied by a group of 8 undiluted
rolls, ‘Thickness h = 30 mm, :

Eddies in twisted columns; undulation provoked by a very
high difference of temperature extremes of the gaseous
layer heated beneath. Concentrated smoke. Speed of transe
lation: V2= 6 cm/s. Thickness of layer h = 30 nm.,

Eddies in twisted columns: undulation provoked by a high
difference of temperature extremes. Smoke almost used up.
Speed of translation Ve¢8 cm/s. Thickness of layer h = 30mm.

Eddies in twisted columns: undulatidn provoked by a very high
difference of temperature extremes. Smoke all tut exhausted;
speed of translation V=3 em/s, Thickness h = 35 mm,

Eddies in longitudinal bands. Geometric measureménts: _
Thickness of layer h = 20 mm, Width of canal L = 352 mm,
Number of rolls n =16, _

Eddies in longitudinel bands. Geometric measurements: Thick-
ness h = 30 mm, Width L = 308 mm, Number of rollsn= 6, -

Eddies in longitudinal bands, Geometric measurements:

. Thickness_h = 4O mm, Width L = 335 mm.. Number of rolls

n= 6,

Eddies in longitudinal bands, Geametric measurements:



Fig,

Fig,

.Fig.

Fig.

- Fig.

Fig.

Fig.

Fig PY

Fig.

Flg °

Fig,

Titles of Illustrations (b)

73(cont) Thickness h = 50 mm, Width L = 285 mm. Number

7’4.

75.

76.

. 19.

80.

81.

83.

86.

87.

106.

108.

of rolls n= 1,

Eddies in longitudinal bands: case of an odd number of
rolls (21)., One of the two marginal rolls presents a
structure significant of progressive disappearance.
Thickness of layer h = 15 mm, Width L = 330 mm, Number
of rolls n= 21. :

Same experiment of eddies in longitudinal bands; one sees

here disappearing the last trace of the superfluous roll,

The system of 20 rolls will reestablish itself. Thickness
h =15 mm., Width L of canal = 330 mm, Number of rolls

n = 20,

Variant of the experiment of the eddies in longitudinal
bands; at t he start, 19 rolls took shape. The twentietn

is now taking shape. Thickness h = 15 mm, Width L = 330 mm,
Number n = 19. '

Normmal production of L longitudinal rolls in a layer of air
in translation heated from below. Thickness h = 40O mm,
Width of canal L = 200 mm,

By placing at the entry of the experiment chamber two little
obstacles, a and b, one provokes six longitudinal rolls.
Thickness h = 40 mm. Width E = 200 mm.

By placing at the entry of the experiment chamber three .
little obstacles, a, b and ¢, one provokes first 8 longi--
tudinal rolls which transform themselves into 6, Thick-
ness of the layer h = LO mm, Width L = 200 mm.

One contrives by imposing particular initial conditions,
to reduce the normal number of rolls, In the figure, pro-
duction of two rolls instead of four. Thickness h = LO mm,
Width L = 200 mm.

Experimental augmentation of the number of rolls by bifurca-
tion, Thickness h = LO mm, Width L = 335 mm.

BExperimental imposition, at the entry of theexperiment
chamber, of a number of rolls greater than the natural number
of rolls, Thickness h= 30 mm, Width L = 308 mm,

Helicoidal trajectories of eddies in longitudinal bands:
smoke was injected in small doses, Thickness h = 35 mm.
Width of canal L = 345 mm,

Experimental helicoidal trajectories of eddies in longi-
rudinal bands. Visualization by a filament of smoke injected
in small doses. Thickness h-= 50 mm, Width L = 345 mm.



Fig.

Fig,

Fig.

Fig,

Fig.

Fig.

Fig.

Fig.

Fig,

Fig,

109.

158.

159.
160.

162.
163.
16k,
165.

168,

169,

170,

172,

173.

Titles of Illustrations (%)

Experimental helicoidal trajectoriés of the marginal
rolls: visualized by a filament of smoke injected in
small doses, Thickness h = 50 mm, Width E = 330 mm,
Altocumulus translucidus in balls.

Cloudy layer fractionated into compartments., Cloud
elements are in contacét, :

Cloud layer fractionated into compartménts. The c¢loud

‘elements are separated by intervals of blue sky.

Altocumulus undulatus., The big rolls, that one may

"Judge to be at right angles to the general current, are

tattered, Taken at 10:30 at angle of 60°,

Mtocumilus undulatus. The big rolls, that one may
Jjudge to be parallel to the general wind, are .separated

by intervals of blue sky. They jam together towards the \

horizon under the effect of the perspective., Taken 9:15
N.W. Angle 15°,

Cirrus radiatus. The bands converge towards the horizon, .

Altocumulus undulatus. Simultaneous cloud organizations
along two perpendicular directions! (Pendulum bivalens})
Taken towards the S.W, ‘

Dimensions of cellular eddies in relation to the dimensions
of the deposits of water vapor condensed on the glass panes.

Electroconvective eddies in a layer of oil subtmitted to an
electric field. Intense current, Thickness of layer
h =2 m,

Electroconvective eddies in a layer of oil submitted to a
very intense electric field. Thickness of layer h = 5 mm.,
Distance between the 2 eléctrodes : d = 28 mm,
Electroconvective eddies of two dimensions in a layer of
oil between two electrodes of straight surfaces,

Two-dimensional electroconvective eddies in a layer of oil
between two concentric circular electrodes., (The picture :
contains an error 90 mm should be 180 mm,) (Diameter of the
electrodes: Exterior 2R, = 250 mm. Interior 2R, = 180 rm, )

Toroidal electroconvective eddies in o0il between two coaxial
cylinders.(Cut of the phenomenon visible by a plane of shadow.)

The difference d of the radii of the two cylindrical electrodes:
d = L5 mm,
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